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The role of the central opioid system in the control of water and salt intake is complex,with both stimulatory and
inhibitory effects having been observed. The aim of the present study was to investigate the participation of the
central κ-opioid receptors in the control of salt appetite. MaleWistar rats were submitted to two different exper-
imental protocols: sodium deficit produced by the diuretic, furosemide, and brain angiotensinergic stimulation
in rats under normal sodium balance. Lateral ventricle (LV) injections of Nor-binaltorphimine (Nor-BNI) at dif-
ferent doses (5, 10 and 20 nmol) inhibited hypertonic saline solution (1.5%) intake in sodium-depleted rats.
The salt appetite induced by an LV injection of angiotensin II (AngII) (10 ng) was also blocked by Nor-BNI injec-
tions into the LV, while no significant change was observed in water intake. Furthermore, the decrease in salt
intake seems not to have been due to a general inhibition of locomotor activity or to any change in palatability,
since central administration of Nor-BNI failed to modify the intake of a 0.1% saccharin solution when the animals
were submitted to a “dessert test” or to induce any significant locomotor deficit in the open-field test. Also the
central administration of Nor-BNIwas unable tomodify blood pressure in sodium-depleted animals. The present
results suggest that activation of endogenous κ-opioid receptors modulates salt appetite induced by sodium
depletion and by central angiotensinergic stimulation in rats.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The different families of opioid peptides include endorphins, en-
kephalins, dynorphins, and nociceptin/orphanin that act through
four major types of receptor: mu (μ), kappa (κ), delta (δ) and noci-
ceptin (N/OFQ). There is evidence of distinctive but overlapping dis-
tributions of μ, κ, δ and N/OFQ receptors in different areas of the
brain [1–7]. The endogenous opioid system is involved in a variety of
functions and is found in multiple networks throughout the brain,
especially in areas related to feeding and drinking behavior, cardiovas-
cular control and endocrine regulation [1,8]. The role of the brain opioid
system in regulating feeding behavior and modulating reward-related
responses and the palatability of different substances has been well-
documented [8–11]. The participation of the central opioid system in
the control of water and salt intake is rather complex, with both stimu-
latory and inhibitory effects having been observed depending on the
anatomical location, the type of opioid receptor involved and the
doses of the opioidergic agents used.
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The physiological regulation of body sodium depends on a multi-
faceted mechanism involving homeostatic responses and palatability
and reward aspects of salt intake. Sodium deficit motivates behavior
to specifically seek out and ingest the sodium ion [12–15]. Some stud-
ies have also shown the participation of endogenous opioid peptides
in salt preference. The antagonist opioid, naloxone, administered
both systemically and in the central nervous system, reduces the
intake of hypertonic, hypotonic and isotonic saline solutions which
are preferred overwater inwater-deprived rats [16–19]. Furthermore,
in water-deprived rats central administration of μ- and κ-antagonists,
but not δ-antagonists, decreases water intake in a two-bottle choice
test between water and saline solution (0.6% and 1.7%). However,
any of the antagonists used in this study were able to alter the intake
of saline solution [20]. Conversely, in non-deprived rats, saline intake
is increased by injecting selective δ-, μ- and κ-opioid agonists into the
cerebroventricular system and into the parabrachial nuclei [18,19,21].
In addition, systemic injections of morphine increase hypertonic
saline intake in sodium-depleted rats [22]. However, in this study,
the opioid agents were administered subcutaneously after repeated
sodium depletion. It has been shown that repeated sodium depletion
may alter the intake of saline solution [23,24], as well as the palatability
of salty solutions. Further studies are necessary to clarify the role of the
different central opioid peptides receptors in the control of salt appetite.

Because of the contradictions in the literature with respect to the
participation of opioid receptors, particularly the k-opioid receptors,
in salt appetite, the objective of the present study was to investigate
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the participation of the central κ-opioid receptors in the control of salt
appetite in two different models: 1) sodium deficiency produced by
single administration of the diuretic, furosemide; 2) cerebral admin-
istration of a natriorexigenic drug, angiotensin II, in rats with normal
sodium balance; two approaches that have largely been used in the
literature to study salt preference. In addition, the effect of central
k-opioid receptor blockade on locomotor activity, on palatable solution
intake (0.1% saccharin) and on blood pressure was investigated. The
hypothesis evaluated in this study is that opioid peptides are released
during homeostatic challenges and that interaction with κ-opioid
receptors may modulate different aspects of salt intake (homeostatic,
palatability and reward) in order to correct sodium imbalance.

2. Methods

2.1. Animals

Adult male Wistar rats weighing 220–250 g were used in the pre-
sent study and kept under controlled light (lights on from 5 AM to
7 PM) and temperature (22±2 °C) conditions. They had free access
to tap water and laboratory chow (Nuvital Nutrientes Ltda., Curitiba,
Brazil). Groups of rats used in one experimental set were not reused
in any other part of the study. All experiments were conducted be-
tween 7 AM and 11 AM. The experimental protocols were performed
according to the regulations established by the National Council for
the Control of Animal Experiments (Conselho Nacional de Controle de
Experimentação Animal — CONCEA, Brazil).

2.2. Surgical procedures

Five days before the experimental sessions the animals were anes-
thetized with ketamine/xylazine (80/7 mg/kg i.p.) to enable a guide
cannula (22-gauge) to be implanted into the lateral ventricle (LV)
according to the following coordinates: anteroposterior=0.9 mm be-
hind the bregma; lateral=1.5 mm; vertical=4.0 mmbelow the skull.
The guide cannula was fixed to the skull with metal screws and dental
cement. To avoid obstruction of the guide cannula, an obturator was
provided. After surgery, the animals were housed in individual cages
and had free access to two different bottles, one containing distilled
water and the other containing hypertonic saline solution (1.5%).
The animals were handled every day in order to minimize the stress
of the experimental procedure. The location of the guide cannula in
the LV and the intracerebroventricular injection site was confirmed
at the end of the experiment with the use of Evans Blue dye injected
through the cannula. The brains were removed, placed in formalin,
and later frozen and cut into 40 μm sections. The slices were stained
with cresyl violet and analyzed using light microscopy. Only data
from the animals in which the tip of the cannula was restricted to
the cerebroventricular space and the Evans Blue dye could not be
seen in the brain tissue surrounding the ventricle were included in
the study.

2.3. Drugs and microinjections

The drugs used were Nor-binaltorphimine (Nor-BNI), an opioid
antagonist selective to κ-opioid receptors [25,26], ICI199,441 an opioid
agonist preferentially binding to κ-opioid receptors [27], both ac-
quired from Tocris Bioscience, Ellisville, MO, USA, and angiotensin II
(AngII), which was purchased from Sigma Chemical, Co., St. Louis,
MO, USA. The doses of the drugs used in this study were compatible
with those used by other research groups: the doses of Nor-BNI
were 5, 10 and 20 nmol/rat [20], while the dose of ICI199,441 was
9.4 nmol/rat [28] and the dose of AngII was 10 ng/rat [29]. pH was
neutral in all solutions and no acid or basic solutions were injected.
Central injections were given using a Hamilton microsyringe con-
nected to a 30-gauge injector through polyethylene tubing (PE10).
A total volume of 2 μl was slowly injected (60 s). Furosemide, a loop
diuretic, was purchased from Sanofi-Aventis Ltd., São Paulo, Brazil.

2.4. Sodium depletion (experiments 1 and 2)

Animals received a subcutaneous injection of furosemide (10 mg/kg)
to induce renal sodium loss 24 h prior to the experimental sessions.
After the injections, the rats had free access to distilled water and the
standard rat chow was replaced by a low sodium diet (0.001% Na
+and 0.33% K+). Control animals not submitted to sodium depletion
received subcutaneous injections of isotonic saline solution instead of
furosemide. In experiment 1, the participation of central kappa opioid
receptors in the salt appetite of sodium-depleted rats was tested in
different groups of sodium-depleted animals receiving LV injections of
Nor-BNI at different doses (5, 10 and 20 nmol). In experiment 2, another
group of sodium-depleted animals received an LV injection of 20 nmol
of Nor-BNI plus ICI199,441, a κ-opioid receptor agonist, at a dose of
9.4 nmol, to confirm the specificity of Nor-BNI. Sodium-depleted control
animals received LV injections of isotonic saline solution. Bottles
containing hypertonic saline solution (1.5%) and distilled water were
reintroduced into the cages 15 min after the injections. The first mea-
surement of fluid intake was recorded 5 min after this and measure-
ments continued for the next 120 min. In an additional control group,
the animals received subcutaneous injections of isotonic saline solution
instead of furosemide and LV injections of isotonic saline solution.

2.5. Central angiotensinergic stimulation (experiment 3)

To study the participation of κ-opioid receptors in water and salt
intake under conditions of normal sodium balance, pharmacological
stimulation of central angiotensinergic pathways was performed. Dif-
ferent groups of rats received LV injections of Nor-BNI at different
doses (5, 10 and 20 nmol) 15 min before receiving AngII (10 ng/rat).
Bottles containing 1.5% saline solution and distilled water were
made available immediately after the LV injections of AngII. As in
the previous experimental sets, the first measurement of fluid intake
was recorded 5 min afterwards and measurement continued for the
next 120 min. In an additional control group, the animals received
central administration of saline instead of AngII.

2.6. Open field test (experiment 4A)

Different groups of rats receiving LV injections of Nor-BNI
(20 nmol) or saline solution were submitted to an open field test to
exclude the possibility that this agent could have induced a locomotor
alteration that would explain the inhibition of salt intake observed
here. In this test, the animals were placed in a circular acrylic box
(60 cm in diameter and 60 cm high) with an open top 30 min after an
injection of Nor-BNI or saline solution into the LV. The floorwas divided
into eight areas of equal sizewith a circle at the center (42.43 cm). Hand
operated counters and stopwatcheswere used to score locomotion over
a 10 min period by measuring the number of areas into which the rats
entered with all four paws. The behavioral experiments took place in
a sound-attenuated, temperature-controlled (24±1 °C) room between
7 AM and 11 AM. A white-noise generator provided constant back-
ground noise and the apparatus was cleaned with 70% ethanol and
dried before each session to minimize olfactory cues.

2.7. Dessert test (experiment 4B)

The effect of an LV injection of Nor-BNI on the intake of a 0.1% sac-
charin solution, a well-established model of hedonic behavior in rats
[30], was used to exclude the possibility of a non-specific, general in-
hibition of the central nervous system induced by this agent. In this
experiment, after LV cannulation the animals were kept in the usual
individual cages during the training period with free access only to



Fig. 1. Cumulative salt (panel A) and water intake (panel B) following lateral ventricle
injections of Nor-BNI at different doses (5, 10 and 20 nmol) or saline in sodium-
depleted (SD) rats. An additional group of animals not submitted to sodium depletion,
receiving lateral ventricle injections of saline, is also shown (normonatremic). The
pharmacological treatment and the number of animals used in each group are shown
in panel B. Data are presented asmeans+SEM (error bar above). The letter “a” indicates
a statistically significant difference (one-way ANOVA followed by Student–Newman–
Keul's test; pb0.05) when the different groups are compared to sodium-depleted ani-
mals receiving saline at each measurement period. The letter “b” indicates a statistically
significant difference when the different groups are compared to sodium-depleted rats
receiving 20 nmol of Nor-BNI at each measurement period. Each bar in the graph was
obtained from a naïve group of animals.
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tap water and were transferred to a different cage (the test cage) for
2 h each day for seven consecutive days. In the test cage the animals
had access to two bottles containing water and 0.1% saccharin solu-
tion. After this training period, the animals were divided into two
groups and were deprived of fluid for 24 h. Afterwards, the animals
received LV injections of Nor-BNI (20 nmol) or saline (controls)
15 min before being transferred to the test cage, and water and sac-
charin intake was recorded over a 120 min period.

2.8. Blood pressure recording (experiment 5)

One day before the experimental sessions, a catheter (PE50) filled
with heparin solution (1000 U/ml) was inserted into the left carotid
artery under ketamine/xylazine anesthesia, and exteriorized at the
nape of the animal's neck to permit blood pressure recording. At the
experimental session, the carotid catheter was connected to a pres-
sure transducer whose signal was amplified and digitally recorded
by an analog-to-digital interface (AqDados, version 5, Lynx Tecnolo-
gia Eletrônica LTDA, São Paulo, Brazil) and recorded (1 kHz) on a
microcomputer for posterior analysis. Distinct groups of sodium-
depleted animals received an LV injection of Nor-BNI (20 nmol) or
saline solution (controls) 10 min after baseline blood pressure was
recorded. In each of these groups, blood pressure continued to be
recorded for the next 120 min after Nor-BNI or saline solution was
injected. The experimental protocol used in this case was identical
to that used to study salt intake in the previous groups. Mean arterial
pressure (MAP) was calculated from systolic and diastolic pressure
measurements using the AcqKnowledge software program, version
3.5.7, developed by Biopac Systems, Inc., California, USA. The MAP
values at the end of the stabilization period (time zero) were used
as references to calculate the delta values that are presented through-
out the experiments.

2.9. Statistical analysis

The data are presented as means±SEM. Statistical analyses were
performed using the GraphPad Prism software (GPAD, version 5.0,
San Diego, USA). To compare the effect of each treatment on sodium
appetite, the cumulative water and sodium intake were analyzed
using one-way ANOVA followed by the Student–Newman–Keul's
post-hoc test at each measurement interval. Student's t-test was
used to analyze the data obtained in the open field and dessert
tests. The delta values of MAP were analyzed using two-way repeated
measures ANOVA followed by the post-hoc Bonferroni test. Differ-
ences between the groups were considered statistically significant
when pb0.05

3. Results

3.1. Experiment 1 — Central effect of a kappa opioid receptor antagonist
on salt appetite in sodium-depleted rats

Fig. 1 (panel A) shows the effect of LV injections of Nor-BNI at the
doses of 5 (n=6), 10 (n=14) and 20 nmol (n=14) on cumulative
salt intake in sodium-depleted rats. As expected, the intake of hyper-
tonic saline was significantly lower in each measurement period in
the normonatremic animals receiving LV injections of isotonic saline
(n=9) when compared to sodium-depleted rats also receiving LV in-
jections of isotonic saline (n=10). The blockade of central κ-opioid
receptors by LV injection of the antagonist Nor-BNI induced a dose-
dependent inhibition of salt intake in sodium-depleted rats. At the
highest dose used (20 nmol), Nor-BNI significantly inhibited salt
intake in the sodium-depleted rats when compared to the sodium-
depleted control group. This inhibition of salt intake was evident in
all the measurement periods, beginning at the 0–15 min measure-
ment period. At the intermediate dose of Nor-BNI (10 nmol), salt
intake was significantly inhibited compared to that of the sodium-
depleted animals treated with isotonic saline. In this case, inhibition
started at the 0–30 min measurement period and persisted until the
end of the experiment. The salt intake in sodium-depleted rats receiv-
ing an LV injection of Nor-BNI at the lowest dose (5 nmol) was similar
to that found in the group of sodium-depleted rats receiving LV injec-
tions of isotonic saline. Furthermore, the salt intake in sodium-
depleted rats receiving 5 nmol of Nor-BNI was significantly different
throughout the entire experimental period compared to that of the
animals treated with Nor-BNI at the dose of 20 nmol. The one-way
ANOVA results are: 15 min — F(4,48)=8.617, pb0.0001; 30 min —

F(4,48)=10.50, pb0.0001; 60 min F(4,48)=19.99, pb0.0001; 90 min
F(4,48)=19.35, pb0.0001; 120 min F(4,48)=17.34, pb0.0001.

Fig. 1 (panel B) shows the effect of LV injections of Nor-BNI at the
doses of 5, 10 and 20 nmol on water intake in sodium-depleted rats.



Fig. 2. Cumulative salt (panel A) and water intake (panel B) in sodium-depleted ani-
mals pretreated with lateral ventricle injections of ICI199,441 (9.4 nmol) or saline before
receiving central administration of Nor-BNI (20 nmol), and in control animals receiving
two subsequent lateral ventricle injections of saline. An additional group of animals not
submitted to sodium-depletion, receiving two subsequent lateral ventricle injections of
saline, is also shown (normonatremic). The pharmacological treatment and the num-
ber of animals used in each group are shown in panel B. Data are presented as
means+SEM (error bar above). The letter “a” indicates a statistically significant differ-
ence (one-way ANOVA followed by Student–Newman–Keul's test; pb0.05) when the
different groups are compared to sodium-depleted animals receiving saline+saline
at each measurement period. The letter “b” indicates a statistically significant differ-
ence when the different groups are compared to sodium-depleted rats receiving
20 nmol of Nor-BNI+saline at each measurement period. Each bar in the graph was
obtained from a naïve group of animals.
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As expected, water intake was negligible in sodium-depleted rats and
remained unaltered by any of the treatments. The one-way ANOVA
results are: 15 min — F(4,48)=0.301, p=0.876; 30 min — F(4,48)=
1.009, p=0.412; 60 min — F(4,48)=1.129, p=0.354; 90 min —

F(4,48)=0.881, p=0.482; 120 min — F(4,48)=0.905, p=0.469.

3.2. Experiment 2 — Central effect of the kappa opioid receptor agonist,
ICI199,441, on the inhibitory action of Nor-BNI on salt appetite in
sodium-depleted animals

Fig. 2 (panel A) illustrates the effect of ICI199,441 (9.4 nmol, n=13)
on the inhibition of salt intake induced by Nor-BNI (20 nmol, n=11)
in sodium-depleted rats. As expected, saline-treated normonatremic
animals (n=9) drank significantly less hypertonic saline compared
to sodium-depleted rats also receiving LV injections of isotonic saline
(n=10). As in the previous experiment, at the dose of 20 nmol, Nor-
BNI exerted a significant inhibitory effect on salt intake throughout
the entire measurement period compared to sodium-depleted rats
receiving isotonic saline injections. Cumulative salt intake was signif-
icantly higher at all measurement periods in sodium-depleted rats re-
ceiving 9.4 nmol of ICI199,441 but pretreated with 20 nmol of Nor-BNI
(n=15) compared to the group treated with Nor-BNI alone. Indeed
the amount of salt intake in this group (Nor-BNI+ICI199,441) was sim-
ilar to that observed in saline-treated, sodium-depleted rats in each
measurement period. Central administration of ICI199,441 alone failed
to alter salt intake when compared to saline-treated, sodium-depleted
rats. The one-way ANOVA results are: 15 min — F(4,53)=8.611,
pb0.0001; 30 min — F(4,53)=15.75, pb0.0001; 60 min — F(4,53)=
27.26, pb0.0001; 90 min — F(4,53)=23.24, pb0.0001; 120 min —

F(4,53)=26.14, pb0.0001.
Fig. 2 (panel B) shows the effect of LV injections of the κ-opioid

antagonist (Nor-BNI 20 nmol) plus the agonist (ICI199,441 9.4 nmol)
on water intake in sodium-depleted rats. As expected, water intake
was very low in sodium-depleted rats and remained unaltered by any
of the treatments. The one-way ANOVA results are: 15 min — F(4,53)=
1.478, p=0.222; 30 min — F(4,53)=1.462, p=0.227; 60min —F(4,53)=
1.006, p=0.413; 90 min — F(4,53)=1.176, p=0.332; 120 min —

F(4,53)=0.709, p=0.589.

3.3. Experiment 3— Central effect of kappa opioid receptor antagonist on
salt appetite induced by angiotensin II

Fig. 3 (panel A) shows the effect of LV injections of Nor-BNI at the
doses of 5 (n=9), 10 (n=14) and 20 nmol (n=10) on cumulative
salt intake induced by central angiotensinergic stimulation in rats. The
blockade of central κ-opioid receptors impairs the salt intake induced
by stimulation of the central angiotensinergic system in a dose-
dependent way. Predictably, salt intake was very low in animals receiv-
ing an LV injection of isotonic saline (n=9) throughout the entire dura-
tion of the experiment (0.3±0.2 ml/100 g b.w.), while salt intake was
high in animals treated with 10 ng of AngII (n=10), beginning at the
0–15 min measurement period and lasting throughout the 0–120 min
period (5.4±0.27 ml/100 g b.w.). The salt intake induced by AngII
was significantly inhibited by pretreatment with Nor-BNI at the dose
of 20 nmol beginning at the 0–30 min period and lasting throughout
the 0–120 min period (1.1±0.6 ml/100 g b.w.). At the intermediate
dose, Nor-BNI (10 nmol) pretreatment also inhibited salt intake in-
duced by AngII and the amount of salt intake at the 0–120 min period
was 2.6±0.66 ml/100 g b.w. The salt intake in animals pretreated
with the lowest dose of Nor-BNI (5 nmol) and receiving AngII was sim-
ilar to that of the group pretreated with saline (saline+AngII). Further-
more, in this group, salt intake was significantly different from that
found in the animals pretreated with Nor-BNI at the dose of 20 nmol
at the 0–90 min measurement period and this difference persisted
until the end of the experiment (3.9±0.55 ml/100 g b.w.). The one-
way ANOVA results are: 15 min — F(4,47)=3.892, p=0.008; 30 min —
F(4,47)=6.305, p=0.0004; 60 min — F(4,47)=8.865, pb0.0001;
90 min— F(4,47)=12.53, pb0.0001; 120 min— F(4,47)=14.27, pb0.0001.

Fig. 3 (panel B) shows the effect of LV injections of Nor-BNI at the
doses of 5, 10 and 20 nmol on water intake induced by central angio-
tensinergic stimulation in rats. As expected, in rats receiving a LV in-
jection of isotonic saline, water intake was very low throughout the
entire duration of the experiment (0.3±0.2 ml/ 100 g b.w.), while
water intake was higher in animals treated with 10 ng of AngII begin-
ning at the 0–15 min measurement period and lasting until 120 min
(5.3±0.9 ml/100 g b.w.). Nor-BNI failed to alter water intake induced
by LV injection of AngII (10 ng) at any of the doses used (5, 10 or
20 nmol) throughout the entire period of the experiment. The one-way
ANOVA results are: 15 min — F(4,47)=2.923, p=0.031; 30 min —

F(4,47)=5.656, p=0.0008; 60 min — F(4,47)=6.327, p=0.0004;

image of Fig.�2
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90 min — F(4,47)=6.808, p=0.0002; 120 min — F(4,47)=6.794,
p=0.0002.

Fig. 3 (panel C) shows the percentage of total fluid intake as water
and hypertonic saline at the end of the experimental session (120 min
after reintroduction of the bottles into the cages). One-way ANOVA
values are F(7,72)=10.46, pb0.0001. Unlike the previous experimental
sets, during this experimental session, central angiotensinergic stimu-
lation induces both water and salt intake. In the group pretreatedwith
Nor-BNI at the dose of 5 nmol the amount of salt intake was similar to
the amount of water intake. However, at the doses of 10 and 20 nmol,
salt intakewas significantly lower (30.2% and 14.5% respectively) than
water intake (69.8% and 85.5% respectively).

3.4. Experiment 4 — Central effect of the kappa opioid receptor antago-
nist on locomotor activity and hedonic behavior in rats

Fig. 4 (panel A) shows the results of the open field test. Central
blockade of κ-opioid receptors failed to alter locomotor activity in
sodium-depleted rats. Locomotor behavior was similar in the group
treated with an LV injection of Nor-BNI at the dose of 20 nmol
(n=10) and in the group of sodium-depleted animals receiving LV
injections of saline solution (n=11).

Fig. 4 (panel B) shows the results of the dessert test. The hedonic
behavior represented by preference for a palatable solution was con-
firmed by the higher saccharin intake compared to water intake in
saline-treated control animals. At the dose of 20 nmol, Nor-BNI
(n=6) injected into the LV failed to alter this hedonic preference. In-
deed, animals receiving this κ-opioid antagonist drank similar amounts
of saccharin (6.8±0.5 ml/100 g b.w.) and water (3.4±1.0 ml/100 g
b.w.) as saline-treated controls (saccharin=7.5±0.7 ml/100 g b.w.
and water=3.4±1.2 ml/100 g b.w.; n=7).

3.5. Experiment 5 — Central effect of the kappa opioid receptor antago-
nist on blood pressure in sodium-depleted rats

Fig. 5 shows the effects of Nor-BNI (20 nmol, n=8) on blood pres-
sure in rats submitted to sodium depletion using the same experi-
mental protocol used to study salt intake. In this situation, central
administration of Nor-BNI failed to modify blood pressure in sodium-
depleted animals compared to sodium-depleted controls (saline-treated,
n=6) throughout the entire experimental period.

4. Discussion

In the present study, the data obtained clearly show that: 1) phar-
macological blockade of central κ-opioid receptors by a selective an-
tagonist, Nor-BNI, results in a significant decrease in salt intake in
sodium-depleted rats; 2) the blockade of those receptors also inhibits
the salt intake induced by central angiotensinergic stimulation; 3) the
inhibitory effect on salt intake in sodium-depleted rats induced by the
blockade of central κ-opioid receptors is impaired by central adminis-
tration of a κ-opioid receptors agonist; 4) the dessert test revealed
that the hedonic ingestive behavior of a palatable saccharin solution
Fig. 3. Cumulative salt (panel A) and water intake (panel B) in animals pretreated with
lateral ventricle injections of Nor-BNI at different doses (5, 10 and 20 nmol) or saline
prior to receiving central administration of 10 ng of angiotensin II (Ang II) and in con-
trol animals receiving two subsequent lateral ventricle injections of saline. The phar-
macological treatment and the number of animals used in each group are shown in
panel A. Data are presented as means+SEM (error bar above). The letter “a” indicates
a statistically significant difference (one-way ANOVA followed by Student–Newman–
Keul's test; pb0.05) when the different groups are compared to the group of animals
receiving saline+AngII at each measurement period. The letter “b” indicates a statisti-
cally significant difference when the different groups are compared to rats receiving
20 nmol of Nor-BNI+AngII at each measurement period. The letter “c” indicates a sta-
tistically significant difference when the different groups are compared to the group of
animals receiving saline+saline at each measurement period. Each bar in the graph
was obtained from a naïve group of animals. panel C shows the percentage of total
fluid consumed as water and saline at the end of the experimental session (120 min)
in the same groups shown in panels A and B. ∗ indicates a statistically significant differ-
ence (one-way ANOVA followed by Student–Newman–Keul's test; pb0.05) when the
percentage of water intake is compared with the percentage of hypertonic saline in-
take in each group.

image of Fig.�3


Fig. 4. Panel A shows the number of areas entered over a 15 min periods in the “open
field” test carried out in rats receiving lateral ventricle injections of Nor-BNI (20 nmol)
or isotonic saline solution (controls). The treatment received by each group and the
number of animals used is indicated in the graph. Data are expressed as means+
SEM (error bar above). There was no statistically significant difference (t-test;
pb0.05) between the group of animals receiving Nor-BNI and the saline-treated ani-
mals. Panel B shows cumulative saccharin and water intake (ml/100 g body weight)
over a 2-h period in the test cage in rats receiving lateral ventricle injections of Nor-
BNI (20 nmol) or isotonic saline solution (controls). The treatment received by each
group and the number of animals used is indicated in the graph. Data are expressed
as means+SEM (error bar above). There was no statistically significant difference
(t-test; pb0.05) when the group of animals receiving Nor-BNI was compared to controls.

Fig. 5. Changes in mean blood pressure in sodium-depleted rats after injections of Nor-
BNI (■ 20 nmol; n=8) or saline solution (□; n=6), into the lateral ventricle. Blood
pressure recording between −10 and 0 min corresponds to a pre-drug baseline evalu-
ation. The injections were given at 0 min and the bottles containing water and saline
solution (1.5%) were immediately accessible. Data are presented as means+SEM
(error bar above). There was no statistically significant difference between the groups
(two-way ANOVA followed by Bonferroni test; pb0.05).
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is unaffected by the pharmacological blockade of central κ-opioid re-
ceptors; 5) the open field test showed that central blockade of
κ-opioid receptors did not reduce locomotor activity; 6) the blockade
of central κ-opioid receptors failed to modify blood pressure in ani-
mals submitted to sodium-depletion.

One of the procedures used here to induce salt intake was sodium-
depletion, which was achieved by subcutaneous administration of the
diuretic, furosemide. This is a classic model for inducing salt appetite
and during the experimental sessions the animals had access to both
distilled water and saline solution in a concentration that is usually
aversive to rats [31,32]. Furosemide treatment depletes the animal
of both sodium and water. With the experimental paradigm used
here, water intake is permitted (overnight) prior to allowing access
to saline solution. During the experiments, only salt intake was
recorded, since water deficit was largely restored before access to
saline was provided. In the two-bottle choice test between water
and saline solution, as expected water intake was found to be very
low compared to salt intake, which demonstrated a clear preference
for salt. When sodium-depleted animals are treated with central
injection of Nor-BNI at the doses of 10 (intermediate dose) and
20 nmol (highest dose), salt preference is inhibited. Although, there
is a decrease in the total fluid intake, this is mainly due to the
decrease in salt intake and not to a disproportional inhibition in salt
and water intake.

Different brain neurotransmitters, including endogenous opioids,
may mediate the palatability as well as the preference for specific
macronutrients and fluid solutions [33–39]. The majority of studies
have shown the involvement of central opioid peptides in regulating
preference for sweet-tasting fluids [40,41]. However, some studies
have also shown the participation of endogenous opioid peptides in
salt preference. The blockade of opioid receptors with naloxone
reduces the intake of hypertonic, hypotonic and isotonic saline
solutions in water-deprived rats [16–19]. On the other hand, central
stimulation of κ-, μ- and δ-opioid receptors increases saline intake
in non-deprived rats [18,19,21]. In addition, in rats submitted to
repeated sodium depletion, systemic injections of morphine increase
hypertonic saline intake [22]. It has been shown that the quantity of
saline solution ingested and the palatability of salty solutions are
altered by repeated sodium depletion [23,24].

In the present study, central injection of Nor-BNI decreased the
salt intake induced by sodium-depletion in a dose-dependent way.
In contrast, another research group reported that central injections
of Nor-BNI in fluid-deprived (24 h) animals failed to change either
hypotonic or hypertonic saline intake [20]. In that study, the investi-
gators recorded the amount of fluid intake only 3 h after a central in-
jection of Nor-BNI, while in the present study salt and water intake

image of Fig.�4
image of Fig.�5


512 A.I.R. Nascimento et al. / Physiology & Behavior 106 (2012) 506–514
were measured sooner after central injections of Nor-BNI. Indeed,
15 min after the fluid bottles were reintroduced into the cages the
amount of hypertonic saline intake was significantly lower in the an-
imals treated with the highest dose of Nor-BNI (20 nmol) compared
to saline-treated, sodium-depleted control animals. Although there
was a slight increase in salt intake at the end of the experimental ses-
sion (2 h) in Nor-BNI-treated animals, it never reached the amount of
salt drunk by the control group. Another essential difference between
the previous data and the present findings concerns the experimental
protocol used to induce salt appetite, fluid deprivation and sodium-
depletion respectively. These conditions may trigger diverse mecha-
nisms that culminate with salt intake, which may explain the
inhibition in salt intake in sodium-depleted animals, but not in
fluid-deprived rats after κ-opioid receptors blockade. These data sug-
gest that central κ-opioid receptor may modulate salt appetite in
sodium-depleted rats.

The selectivity of Nor-BNI for κ-opioid receptors has been shown
both in vitro and in vivo [42–44]. Nor-BNI is able to block the effect of
the κ-opioid receptor agonist, ICI199,441 in vivo and in vitro [45,46].
Also, the effect of another κ-opioid receptor agonist U69,593 on neuro-
nal activity is blocked by Nor-BNI with an apparent equilibriumdissoci-
ation constant (Ki) of 0.26 nM, as determined by the Schild analysis in
the electrophysiological assay. Furthermore, in a binding study, Nor-
BNI presented a Ki of 0.24 nM, as measured by radioligand binding dis-
placement [42]. The κ-opioid receptor agonist, ICI199,441, has been
shown to have a high affinity and selectivity for the κ-opioid receptors
and is 146-foldmore active thanU-50488 in vitro in themouse vas defe-
rens model. Furthermore, it was found to exert potent naloxone-
reversible analgesic effects (ED50=0.004 mg/kg sc) in an abdominal
constriction model [47,48]. In the present study, central administration
of the κ-opioid receptor agonist, ICI199,441, was unable to alter salt intake
in sodium-depleted rats. However, since sodium-depleted rats drink a
large amount of hypertonic saline, it is unlikely that pharmacological
stimulation of κ-opioid receptors would further increase the volume
of hypertonic saline intake. In contrast, in sodium-depleted rats pre-
treated with Nor-BNI, a competitive antagonist of κ-opioid receptors,
and receiving central administration of ICI199,441, the inhibitory effect
of the central κ-opioid receptors blockade was reverted. These physio-
logical data from the present study suggest that the ICI199,441 may
have displaced the binding of Nor-BNI to the κ-opioid receptors. How-
ever further pharmacological and/or biochemical studies need to be
performed to confirm this hypothesis.

In the present study, the effect of κ-opioid receptors on ingestive
behavior seems to be specific for sodium appetite since the water in-
take induced by AngII remained unchanged by Nor-BNI pretreatment,
while salt intake was inhibited in a dose-dependent way. Analyzing
the percentage of water and salt intake relative to the total amount
of fluid intake, it is clear that central administration of Nor-BNI at
the doses of 10 and 20 nmol inhibits the preference for salt induced
by central AngII stimulation. These data confirm the functional effect
of κ-opioid receptors specifically on the control of salt appetite.

The interaction between opiatergic and angiotensinergic systems
has already been shown, both at central and peripheral levels. At
peripheral level, naloxone has been shown to attenuate the pressor
response of an intravenous infusion of AngII [49]. Furthermore,
systemic naltrexone inhibits water intake induced by subcutaneous
AngII or hypertonic saline [50]. At central level, naloxone was found
to inhibit water intake induced by AngII [51,52]. Moreover, the
κ-opioid receptor antagonist, MR2266, injected intracerebroventricu-
larly, prevents the pressor effect and the alteration of baroreceptor
sensitivity induced by Ang II [53]. Confirming this functional interac-
tion between the opiatergic and angiotensinergic systems, some
morphological data have shown a reciprocal synaptic relationship
between enkephalinergic and AngII neurons. In the area postrema,
presynaptic enkephalin axon terminals were found to make synapses
on the Ang perikarya and dendrites. On the other hand, AngII axon
terminals also make synapses on the enkephalin perikarya and den-
drites, although this is less common than the aforementioned relation-
ship between these two neuronal pathways [54]. Therefore, it is
reasonable to affirm that AngII modulates endogenous opioid peptide
release leading to increased sodium appetite, as suggested by the pre-
sent data.

Understanding the role of opioid peptides in brain function is a
rather complex matter. Endogenous opioids operate at many sites in
the brain through four opioid families, enkephalins, dynorphins, en-
dorphins and nociceptin/orphanin, interacting with different types
of receptors distributed widely throughout the brain [1–7]. It is note-
worthy that in areas of the brain related to the control of water and
salt intake such as the septal and preoptic areas, paraventricular nu-
clei, lateral hypothalamus, periventricular nuclei and amygdala the
density of μ, κ and δ receptors is moderate to high [2–4,55]. There is
evidence that both dopaminergic and opiatergic systems in the nucle-
us accumbens and ventral tegmental areas are involved in appetitive
behaviors and are associated with motivated behavior and drug-
abuse [8,41,56,57].

In the present study, Nor-BNI had no effect on saccharin intake in
the “dessert test”. This is in agreement with data published in the lit-
erature showing that intake of a palatable sucrose solution (10%) is
reduced by injections of a μ-opioid receptor antagonist but not a
κ-opioid receptor antagonist into the nucleus accumbens and ventral
tegmental area [39,58,59]. Opioid peptides acting in the nucleus
accumbens and ventral tegmental area have been shown to modulate
the hedonic/reward processing of ingestive behavior based on the
palatability of substances, while opioid peptides acting in the basolat-
eral amygdala are involved in the motivational and learning process
of ingestive behavior [60]. With respect to salt appetite, delta-opioid
receptors at the nucleus accumbens and ventral tegmental area
have been shown to participate in the control of salt intake [61]. In
the present study, the blockade of κ-opioid receptors appears not to
alter the palatability of the sodium solution (1.5%), and the inhibitory
effect of Nor-BNI on salt intake may involve a reward-independent
mechanism. However, further studies will have to be performed to
clarify the role of different opioid receptors in the brain areas control-
ling salt appetite.

It has been shown that locomotor activity may be affected by opioid
peptides. In general, μ- and δ-opioid receptors are associated with
hyperactivity, while activation of κ-opioid receptors decreases locomo-
tion [62]. In order to test the hypothesis that the decrease in salt intake
caused by the blockade of κ-opioid receptors was not due to a general
inhibition of locomotor activity, the open field test was performed in
the present study. Results showed that locomotor activity was similar
in sodium-depleted animals receiving intracerebroventricular injec-
tions of Nor-BNI and in the sodium-depleted control animals. Therefore,
the inhibition of salt appetite induced by the blockade of κ-opioid
receptors is specific for this behavior and not a consequence of any loco-
motor impairment.

Endogenous opioids may also modulate cardiovascular responses,
although published data are not consistent, with both hypotension
and hypertension having been described [1,9,62]. In general, μ- and
δ-opioid receptors reduce blood pressure and heart rate [61]. Con-
cerning κ-opioid receptors, a hypertensive effect was observed fol-
lowing blockade of the κ-opioid receptors in anesthetized rats,
whereas in unanesthetized animals no change in blood pressure
was found [53,63,64]. In the present study, intracerebroventricular
injections of Nor-BNI had no effect on blood pressure in sodium-
depleted rats; hence the antinatriorexigenic effect induced by
κ-opioid receptor blockade is not due to a hypertensive response.

The data obtained in the present study may have clinical relevance
since both agonists and antagonist of κ-opioid receptors have been
used in different clinical intervention. It has been shown that κ-opioid
receptors are implicated in the control of food intake in animals models
of bulimia and binge-like eating [35–37] and pain mechanism and the
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mediation of central and peripheral antinociception [65–68]. Further-
more, pharmacological manipulation of central κ-opioid receptors has
been used in current clinical practice to detoxify patients addicted to
opioids and maintain abstinence from illicit drugs [69–73]. In addition,
κ-opioid receptor antagonists may prove useful for the treatment of
depression,while κ-opioid receptor agonistsmay be useful for the treat-
ment of bipolar disorder or mania [74].

In conclusion, these data show that the blockade of central
κ-opioid receptors inhibits salt intake in two different models: sodi-
um depletion and brain angiotensinergic stimulation. The decrease
in salt intake does not appear to be due to a general inhibition of lo-
comotor activity or to any change in palatability. The present study
builds on and extends previous findings by Bodnar group [20] by in-
dicating that particular physiological conditions, sodium-depletion
and central angiotensinergic stimulation, are sensitive to κ-opioid re-
ceptor, whereas water deprivation is not.
Acknowledgments

We are grateful to Mr. José de Souza for his skillful technical assis-
tance. The present study was supported by grants provided by the
Brazilian Council of Research (CNPq) and by the Financial Agency
for the Support of Research in the State of Bahia (FAPESB). Ana Isabel
R. Nascimento received fellowship from the State University of South-
west Bahia. We are also thankful to Professor Emílio de Castro e Silva
(in memoriam) for valuable discussion all along this study.
References

[1] Bodnar RJ. Endogenous opiates and behavior: 2009. Peptides 2010;31:325–59.
[2] Mansour A, Khachaturian H, Lewis ME, Akil H, Watson SJ. Autoradiographic differ-

entiation of mu delta and kappa opioid receptors in the rat forebrain and mid-
brain. J Neurosci 1987;7:2445–64.

[3] Mansour A, Fox CA, Akil H, Watson SJ. Opioid-receptor mRNA expression in the rat
CNS: anatomical and functional implications. Trends Neurosci 1995;18:22–9.

[4] George SR, Zastawny RL, Brionesurbina R, Cheng R, Nguyen T, Heiber M, et al. Dis-
tinct distributions of mu delta and kappa opioid receptor mRNA in rat brain. Bio-
chem Biophys Res Commun 1994;205:1438–44.

[5] Reinscheid RK, Nothacker HP, Bourson A, Ardati A, Henningsen RA, Bunzow JR, et al.
Orphanin FQ: a neuropeptide that activates an opioid-like G protein-coupled recep-
tor. Science 1995;270:792–4.

[6] Meunier JC, Mollereau C, Toll L, Suaudeau C, Moisand C, Alvinerie P, et al. Isolation
and structure of the endogenous agonist of opioid receptor-like ORL1 receptor.
Nature 1995;377:532–5.

[7] Isgor C, Shieh KR, Akil H, Watson SJ. Colocalization of estrogen beta receptor mes-
senger RNA with orphanin FQ, vasopressin and oxytocin in the rat hypothalamic
paraventricular and supraoptic nuclei. Anat Embryol 2003;206:461–9.

[8] Le Merrer J, Becker JA, Befort K, Kieffer BL. Reward processing by the opioid sys-
tem in the brain. Physiol Rev 2009;89:1379–412.

[9] Vaccarino AL, Kastin AJ. Endogenous opiates: 1999. Peptides 2000;21:1975–2034.
[10] Bodnar RJ. Endogenous opioids and feeding behavior: a 30-year historical per-

spective. Peptides 2004;25:697–725.
[11] Levine AS. The animal model in food intake regulation: examples from the opioid

literature. Physiol Behav 2006;89:92–6.
[12] Johnson AK, Thunhorst RL. The neuroendocrinology of thirst and salt appetite:

visceral sensory signals and mechanisms of central integration. Front Neuroendo-
crinol 1997;18:292–353.

[13] Epstein AN. Neurohormonal control of salt intake in the rat. Brain Res Bull
1991;27:315–20.

[14] Schulkin J. Behavior of sodium-deficient rats: the search for a salty taste. J Comp
Physiol Psychol 1982;96:628–34.

[15] Krause EG, Sakai RR. Richter and sodium appetite: from adrenalectomy to molec-
ular biology. Appetite 2007;9:353–67.

[16] Cooper SJ, Gilbert DB. Naloxone suppresses fluid consumption in tests of choice
between sodium chloride solutions and water intake in male and female water-
deprived rats. Psychopharmacology 1984;84:362–7.

[17] Gilbert DB, Cooper SJ. Naloxone antagonizes the hyperdipsic effect of sulpiride in
a salt-preference test in male and female rats. Neuropharmacology 1986;25:
743–7.

[18] Gosnell BA, Majchrzak MJ. Effects of a selective mu opioid receptor agonist and
naloxone on the intake of sodium chloride solutions. Psychopharmacology
1990;100:66–71.

[19] Gosnell BA, Majchrzak MJ, Krahn DD. Effects of preferential delta and kappa opi-
oid receptor agonists on the intake of hypotonic saline. Physiol Behav 1990;47:
601–3.
[20] Bodnar RJ, Glass MJ, Koch JE. Analysis of central opioid receptor subtype antago-
nism of hypotonic and hypertonic saline intake in water-deprived rats. Brain
Res Bull 1995;36:293–300.

[21] De Oliveira LB, De Luca LA, Jr Menani JV. Opioid activation in the lateral parabra-
chial nucleus induces hypertonic sodium intake. Neuroscience 2008;155:350–8.

[22] Hubbell CL, McCutcheon NB. Opioidergic manipulations affect intake of 3% NaCl in
sodium-deficient rats. Pharmacol Biochem Behav 1993;46:473–6.

[23] Leshem M, Kavushansky A, Devys JM, Thornton S. Enhancement revisited: the ef-
fects of multiple depletions on sodium intake in rats vary with strain, substrain,
and gender. Physiol Behav 2004;82:571–80.

[24] Dietz DM, Curtis KS, Contreras RJ. Taste, salience, and increased NaCl ingestion
after repeated sodium depletions. Chem Senses 2006;31:33–41.

[25] Portoghese PS, Lipkowski AW, Takemori AE. Binaltorphimine and norbinaltorphi-
mine potent and selective kappa-opioid receptor antagonists. Life Sci 1987;40:
1287–92.

[26] Takemori AE, Ho BY, Naeseth JS, Portoghese PS. Nor-binaltorphimine a highly se-
lective kappa-opioid antagonist in analgesic and receptor binding assays. J Phar-
macol Exp Ther 1988;246:255–8.

[27] Chen C, Yin J, Li JG, Xue JC, Weerawarna SA, NelsonWL, et al. Irreversible binding of
N-methyl-N-[(1S)-1-(4-isothiocyanatophenyl)-2-(1-pyrrolidinyl)ethyl-3,4
-dichlorophenylacetamide to the cloned rat kappa opioid receptor. Life Sci 1997;61:
787–94.

[28] Ohsawa M, Kamei J. Modification of kappa-opioid receptor agonist-induced antino-
ciception by diabetes in the mouse brain and spinal cord. Pharmacol Sci 2005;98:
25–32.

[29] Fitzsimons JT. Angiotensin thirst and sodium appetite. Physiol Rev 1998;78:
583–686.

[30] Johnson AK, Schwob JE. Cephalic angiotensin receptors mediating drinking to sys-
temic angiotensin II. Pharmacol Biochem Behav 1975;3:1077–84.

[31] Johnson AK. The sensory psychobiology of thirst and salt appetite. Med Sci Sports
Exerc 2007;39:1388–400.

[32] Geerling JC, Loewy AD. Central regulation of sodium appetite. Exp Physiol 2008;93:
177–209.

[33] Koch JE, Glass MJ, Cooper ML, Bodnar RJ. Alterations in deprivation glucoprivic
and sucrose intake following general mu and kappa opioid antagonists in the hy-
pothalamic paraventricular nucleus of rats. Neuroscience 1995;66:951–7.

[34] Leventhal L, Kirkham TC, Cole JL, Bodnar RJ. Selective actions of central mu and
kappa opioid antagonists upon sucrose intake in sham-fed rats. Brain Res
1995;685:205–10.

[35] Cottone P, Sabino V, Steardo L, Zorrilla EP. Opioid-dependent anticipatory nega-
tive contrast and binge-like eating in rats with limited access to highly preferred
food. Neuropsychopharmacology 2008;33:524–35.

[36] Hagan MM, Moss DE. An animal model of bulimia nervosa: opioid sensitivity to
fasting episodes. Pharmacol Biochem Behav 1991;39:421–2.

[37] Boggiano MM, Chandler PC, Viana JB, Oswald KD, Maldonado CR, Wauford PK.
Combined dieting and stress evoke exaggerated responses to opioids in binge-
eating rats. Behav Neurosci 2005;119:1207–14.

[38] Reid LD. Endogenous opioid peptides and regulation of drinking and feeding. Am J
Clin Nutr 1985;42:1099–132.

[39] Ragnauth A, Moroz M, Bodnar RJ. Multiple opioid receptors mediate feeding eli-
cited by mu and delta opioid receptor subtype agonists in the nucleus accumbens
shell in rats. Brain Res 2000;876:76–87.

[40] Olszewski PK, Levine AS. Central opioids and consumption of sweet tastants:
when reward outweighs homeostasis. Physiol Behav 2007;91:506–12.

[41] Kelley AE, Bakshi VP, Haber SN, Steininger TL, Will MJ, Zhang M. Opioid modula-
tion of taste hedonics within the ventral striatum. Physiol Behav 2002;76:365–77.

[42] Wagner JJ, Caudle RM, Chavkin C. Kappa-opioids decrease excitatory transmission
in the dentate gyrus of the guinea pig hippocampus. J Neurosci 1992;12:132–41.

[43] Birch PJ, Hayes AG, Sheehan MJ, Tyers MB. Norbinaltorphimine: antagonist profile
at kappa opioid receptors. Eur J Pharmacol 1987;144:405–8.

[44] Raffa RB, Baron DA, Tallarida RJ. Schild (apparent pA2) analysis of a kappa-opioid
antagonist in Planaria. Eur J Pharmacol 2006;540:200–1.

[45] Nakae Y, Fujita S, Namiki A. Modulation of myofilament Ca2+ sensitivity by δ- and
κ-opioid agonists in intact guinea pig hearts. Anesth Analg 2003;96:733–9.

[46] Endoh T, Tajima A, Suzuki T, Kamei J, Narita M, Tseng L, et al. Characterization of the
antinociceptive effects of TRK-820 in the rat. Eur J Pharmacol 2000;387:133–40.

[47] Costello GF, Main BG, Barlow JJ, Carroll JA, Shaw JS. A novel series of potent and
selective agonists at the opioid kappa-receptor. Eur J Pharmacol 1988;151:475–8.

[48] Costello GF, James R, Shaw JS, Slater AM, Stutchbury NC. 2-(3,4-Dichlorophenyl)-
N-methyl-N-[2-(1-pyrrolidinyl)-1-substituted- ethyl]-acetamides: the use of
conformational analysis in the development of a novel series of potent opioid
kappa agonists. J Med Chem 1991;34:181–9.

[49] Kirby DA, Spealman RD. Attenuation by naloxone of the pressor effects of angio-
tensin II in conscious cynomolgus monkeys. Life Sci 1988;43:453–8.

[50] Ruegg H, Hahn B, Koch JE, Bodnar RJ. Differential modulation of angiotensin II and
hypertonic saline-induced drinking by opioid receptor subtype antagonists in
rats. Brain Res 1994;635:203–10.

[51] Brown DR, Holtzman SG. Suppression of drinking by naloxone in the rat: a further
characterization. Eur J Pharmacol 1981;69:331–40.

[52] Summy-Long JY, Keil LC, Deen K, Severs WB. Opiate regulation of angiotensin-
induced drinking and vasopressin release. J Pharmacol Exp Ther 1981;217:630–7.

[53] Rabkin SW. Endogenous kappa opioids mediate the action of brain angiotensin II
to increase blood pressure. Neuropeptides 2007;41:411–9.

[54] Guan JL, Wang QP, Lu S, Shioda S. Reciprocal synaptic relationships between an-
giotensin II-containing neurons and enkephalinergic neurons in the rat area post-
rema. Synapse 2001;41:112–7.



514 A.I.R. Nascimento et al. / Physiology & Behavior 106 (2012) 506–514
[55] Kitchen I, Slowe SJ, Matthes HW, Kieffer B. Quantitative autoradiographic map-
ping of mu-, delta- and kappa-opioid receptors in knockout mice lacking the
mu-opioid receptor gene. Brain Res 1997;778:73–88.

[56] Baldo BA, Kelley AE. Discrete neurochemical coding of distinguishable motiva-
tional processes: insights from nucleus accumbens control of feeding. Psycho-
pharmacology 2007;191:439–59.

[57] Contet C, Kieffer BL, Befort K. Mu opioid receptor: a gateway to drug addiction.
Curr Opin Neurobiol 2004;14:370–8.

[58] Ragnauth A, Ruegg H, Bodnar RJ. Evaluation of opioid receptor subtype antagonist
effects in the ventral tegmental area upon food intake under deprivation, gluco-
privic and palatable conditions. Brain Res 1997;767:8–16.

[59] Bodnar RJ, Glass MJ, Ragnauth A, Cooper ML. General, mu and kappa opioid antag-
onists in the nucleus accumbens alter food intake under deprivation, glucoprivic
and palatable conditions. Brain Res 1995;700:205–12.

[60] Wassum KM, Ostlund SB, Maidment NT, Balleine BW. Distinct opioid circuits de-
termine the palatability and the desirability of rewarding events. Proc Natl Acad
Sci U S A 2009;106:12512–7.

[61] Lucas LR, Grillo CA, McEwen BS. Salt appetite in sodium-depleted or sodium-replete
conditions: possible role of opioid receptors. Neuroendocrinology 2007;85:139–47.

[62] Fichna J, Janecka A, Costentin J, Do Rego JC. The endomorphin system and its
evolving neurophysiological role. Pharmacol Rev 2007;59:88–123.

[63] Guo HT, Zhang RH, Huang LY, Li J, Liu YL, Bi H, et al. Mechanisms involved in the
hypotensive effect of a kappa-opioid receptor agonist in hypertensive rats. Arch
Med Res 2007;38:723–9.

[64] Fregoneze JB, Oliveira EF, Ribeiro VF, Ferreira HS, De Castro e Silva E. Multiple opi-
oid receptors mediate the hypotensive response induced by central 5-HT3 recep-
tor stimulation. Neuropeptides 2011;45:219–27.
[65] Harrington CJ, Zaydfudim V. Buprenorphine maintenance therapy hinders acute
pain management in trauma. Am Surg 2010;76:397–9.

[66] Induru RR, Davis MP. Buprenorphine for neuropathic pain — targeting hyperalge-
sia. Am J Hosp Palliat Care 2009;26:470–3.

[67] Arendt-Nielsen L, Olesen AE, Staahl C, Menzaghi F, Kell S, Wong GY, et al. Analgesic
efficacy of peripheral kappa-opioid receptor agonist CR665 compared to oxycodone
in a multi-modal multi-tissue experimental human pain model: selective effect on
visceral pain. Anesthesiology 2009;111:616–24.

[68] Trescot AM, Datta S, Lee M, Hansen H. Opioid pharmacology. Pain Physician
2008;11:S133–53.

[69] Boothby LA, Doering PL. Buprenorphine for the treatment of opioid dependence.
Am J Health Syst Pharm 2007;64:266–72.

[70] Orman JS, Keating GM. Buprenorphine/naloxone: a review of its use in the treat-
ment of opioid dependence. Drugs 2009;69:577–607.

[71] Ziedonis DM, Amass L, Steinberg M, Woody G, Krejci J, Annon JJ, et al. Predictors of
outcome for short-term medically supervised opioid withdrawal during a ran-
domized, multicenter trial of buprenorphine-naloxone and clonidine in the
NIDA clinical trials network drug and alcohol dependence. Drug Alcohol Depend
2009;99:28–36.

[72] Mysels D, Sullivan MA. The kappa-opiate receptor impacts the pathophysiology
and behavior of substance use. Am J Addict 2009;18:272–6.

[73] Helm S, Trescot AM, Colson J, Sehgal N, Silverman S. Opioid antagonists partial ag-
onists and agonists/antagonists: the role of office-based detoxification. Pain Phy-
sician 2008;11:225–35.

[74] Carlezon Jr WA, Béguin C, Knoll AT, Cohen BM. Kappa-opioid ligands in the study
and treatment of mood disorders. Pharmacol Ther 2009;123:334–43.


	Central kappa opioid receptors modulate salt appetite in rats
	1. Introduction
	2. Methods
	2.1. Animals
	2.2. Surgical procedures
	2.3. Drugs and microinjections
	2.4. Sodium depletion (experiments 1 and 2)
	2.5. Central angiotensinergic stimulation (experiment 3)
	2.6. Open field test (experiment 4A)
	2.7. Dessert test (experiment 4B)
	2.8. Blood pressure recording (experiment 5)
	2.9. Statistical analysis

	3. Results
	3.1. Experiment 1 — Central effect of a kappa opioid receptor antagonist on salt appetite in sodium-depleted rats
	3.2. Experiment 2 — Central effect of the kappa opioid receptor agonist, ICI199,441, on the inhibitory action of Nor-BNI on...
	3.3. Experiment 3 — Central effect of kappa opioid receptor antagonist on salt appetite induced by angiotensin II
	3.4. Experiment 4 — Central effect of the kappa opioid receptor antagonist on locomotor activity and hedonic behavior in rats
	3.5. Experiment 5 — Central effect of the kappa opioid receptor antagonist on blood pressure in sodium-depleted rats

	4. Discussion
	Acknowledgments
	References


