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Abstract
Angiotensin II (AngII) acts at central type I (AT1) receptors to increase intake of water and saline.
In vitro studies demonstrated rapid desensitization of the AT1 receptor after AngII exposure and
behavioural studies in rats suggest that exposure to AngII decreases the dipsogenic potency of
subsequent AngII. Nevertheless, the effect of repeated AngII injections on saline intake remains
untested and a reliable paradigm for examining this purported behavioural desensitization has not
emerged from the literature. To address these issues, we established a reliable approach to study
AngII-induced dipsetic desensitization and used this approach to test the requirement of central
AT1 receptors and the specificity of the effect for water intake. Rats given a treatment regimen of
three injections of AngII (300 ng, icv), each separated by 20 min, drank less water than control
rats after a subsequent test injection of AngII. The effect was relatively short lasting, dependent on
the dose and timing of AngII, and was almost completely blocked by the AT1 receptor antagonist
losartan. In further testing, when rats were given access to both water and 1.5% saline, animals
that received an AngII treatment regimen drank less water than controls, but saline intake was
unaffected. These data support previous suggestions that AngII-induced water and saline intakes
are separable. Given the role of G protein uncoupling in desensitization of the AT1 receptor, these
data are consistent with the emerging hypothesis that AT1 receptor G protein-dependent
intracellular signalling pathways are more relevant for water, but not saline intake.

Keywords
thirst; desensitization; fluid homeostasis; salt intake

Introduction
Angiotensin II (AngII) plays an important role in the maintenance of body fluid homeostasis
through coordinated actions at the kidney, heart, vascular smooth muscle, and brain. Within
the brain, AngII acts at several sites to stimulate intake of water and NaCl (McKinley et al.,
1996; McKinley & Johnson, 2004; Daniels & Fluharty, 2009). Although the intakes of water
and saline generally occur together, there are several examples of these ingestive behaviours
being dissociated (Daniels et al., 2005; Samson et al., 2008; Daniels et al., 2009). The
separability of water and saline intakes, taken together with the rich literature in the field,
make the dipsogenic and natriorexigenic actions of AngII powerful models of endocrine
coordination of physiology and behaviour.
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The ingestive responses to AngII are mediated primarily by the AngII type I (AT1) receptor
(Kirby et al., 1992; Sakai et al., 1994; Sakai et al., 1995). Previous studies demonstrated a
rapid desensitization of the AT1 receptor that may be important in the regulation of systems
that respond to AngII (Thomas et al., 1996; Thomas, 1999; Guo et al., 2001). Indeed, a C-
terminal deletion of the AT1 receptor prevents receptor desensitization, thereby generating a
receptor that is hypersensitive to AngII in vitro (Conchon et al., 1998). When combined with
an N111S substitution that produces mild constitutive activation in vitro (Miserey-Lenkei et
al., 2002) and expressed in vivo using a knockin approach, the gain-of-function mutations
produce a moderately hypertensive phenotype and the development of cardiovascular
fibrosis (Billet et al., 2007). Perhaps more relevant to the present studies, wild-type mice
displayed acute hypertensive responses to AngII (returning to baseline within 3 minutes),
but the transgenic mice, with disrupted receptor desensitization, showed a more sustained
response that stayed elevated for at least 30 min (Billet et al., 2007). Thus, the
desensitization of the receptor may serve an important role in both normal and
pathophysiological states, offering precise regulation in one and protection in the other.

In spite of the compelling evidence for a role of receptor desensitization in some of the
physiological responses to AngII, much less is known about its role in ingestive responses.
High doses of AngII desensitized calcium transients in primary cultures of subfornical organ
(SFO) neurons (Gebke et al., 1998) and AngII reduced the dipsogenic potency of subsequent
administration of AngII in rats (Quirk et al., 1988; Torsoni et al., 2004). Nevertheless, a
reliable paradigm for AngII-induced behavioural desensitization appears to be lacking in the
literature. In the present studies, we sought to establish a reliable paradigm to produce
behavioural desensitization of the response to AngII with the primary goal of testing for
separability of the effect on water and saline intakes. In our initial studies we found an
optimal means of producing behavioural desensitization, determined that this desensitization
was dependent on the timing and dose of AngII, found that the effect was relatively short-
lasting, and showed that it was attenuated by an AT1 receptor antagonist. With respect to our
more salient goal of evaluating the separability of the effect on water and saline intakes, we
found that repeated AngII decreased the water intake after a subsequent AngII challenge, but
we failed to detect any effect of repeated AngII on saline intake. These data add to a
growing body of research demonstrating divergence of AngII-induced water and saline
intakes. Moreover, these findings suggest that the observed behavioural desensitization
provides a useful model system to elucidate mechanisms underlying receptor desensitization
and the separability of water and salt intakes.

Materials and Methods
Experimental Animals

The handling and care of laboratory animals conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All experimental protocols were
approved by the Institutional Animal Care and Use Committee of the State University of
New York at Buffalo. Adult male Sprague Dawley rats (175–199 g, 196 total; individual
experimental group numbers are provided in the relevant sections of results) were obtained
from Charles River Laboratories (Wilmington, MA, USA) or Harlan Laboratories
Incorporated (Indianapolis, IN, USA). Rats were individually housed in hanging steel wire
mesh cages in a temperature and humidity controlled colony room and maintained on a
12:12 hr light:dark schedule. All animals were allowed access to food (2018 global rodent
diet, Harlan Teklad, Madison, WI) and tap water ad libitum, unless otherwise stated.
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Drugs
Angiotensin II (AngII) was purchased from Bachem Bioscience Inc. (King of Prussia, PA,
USA) and diluted in tris-buffered saline (TBS). Losartan potassium (losartan) was obtained
from Sigma-Aldrich (St. Louis, MO, USA) and diluted in normal saline (0.9%).

Lateral ventricle cannula implantation
Rats were anesthetized by a combination of ketamine (70 mg/kg) and xylazine (5 mg/kg)
before being fixed in a stereotaxic frame. A chronic indwelling cannula (26 GA; Plastics
One Inc., Roanoke, VA, USA) aimed at the lateral ventricle was implanted 1.4 mm lateral to
midline; 0.9 mm posterior to bregma; and 1.8 mm ventral to dura. Cannulae were affixed
with dental cement and bone screws and rats were allowed to recover for no fewer than 5
days.

Verification of proper cannula placement
Proper cannula placement and AngII responsiveness were verified one week before and
three days after each complete experiment by lateral intracerebroventricular (icv) injection
of 10 ng AngII in 1μl tris-buffered saline (TBS) using the injection procedure described
below. A lower dose of AngII was selected for the verification procedures because it is less
likely than a high dose to stimulate drinking if a cannula is near, but not precisely positioned
in the ventricle. Data from animals that drank at least 6 ml of water in 30 min were included
in the analysis (approximately 7% of rats drank less than 6 ml in the verification procedures
and were, therefore, removed from subsequent analysis). To reduce the number of
experimental animals required during the initial experiments in which we attempted to
optimize the protocol, some rats were used in more than one experiment. Reuse of rats was
minimal and, almost exclusively in the early studies that are not included in the figures
presented. Whenever rats were used in a second experiment, we first verified cannula
patency again, as described above, and care was taken to ensure that the previous treatment
status and ratio of new rats to previously used rats was balanced between experimental
groups in the new experiment.

Injection protocol and intake measures
Injections were performed using a Hamilton syringe attached to water-filled PE 50 tubing
and were made through a 33 ga injection cannula fabricated to extend beyond the guide
cannula into the lateral ventricle. All injections were 1μl and the injection cannula was left
in place for approximately 30 seconds after each injection. Fluid intake was measured using
a 100 ml bottle with 1 ml gradations. Total intake was calculated as the volume of fluid
remaining at a given time less the initial starting volume. All injections were performed
early in the lights-on portion of the light cycle. For the experiment in which both water and
1.5% NaCl intakes were measured, animals were given access to water and 1.5% NaCl
overnight prior to the day of testing in order to allow for habituation to the two-bottle
paradigm. The concentration of saline (1.5%) was selected to maintain consistency with
previous experiments (Daniels et al., 2005; Daniels et al., 2009) and to help ensure a modest
salt ingestion following AngII administration.

In each experiment, multiple injections were administered at varying intervals and
concentrations. To differentiate experimental and challenge injections, we refer to the
experimental injection(s) as the “treatment regimen” and use the term “test injection” to
describe the challenge dose, which was given immediately before intake measures began
and does not vary between animals in any given experiment. Food and water were removed
at the onset of the first injection and subsequently replaced after the test injection in every
experiment. For clarity, the design of each experiment is described in the corresponding
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portion of the results section and a timeline is provided when appropriate in each
corresponding figure.

Data analysis
To avoid statistical errors related to measures of cumulative intake data (Fitts, 2006), we
analyzed and report non-cumulative intake, except where noted. All data were analyzed
using SPSS software (version 16.0; SPSS, Chicago, IL, USA). In most cases, mixed design
ANOVAs using between-subjects effects of treatment groups and within-subjects effects of
time were used and statistically significant main or interaction effects (p<0.05) were further
analyzed by posthoc tests using simple-effects probes. When reported, analysis of total (30
min) intake was performed using a Student’s t-test.

Results
A single injection of AngII failed to reliably affect the drinking response to subsequent
AngII

In order to establish a reliable protocol for producing AngII-induced desensitization, we first
sought to replicate a previous finding (Torsoni et al., 2004) using a treatment regimen
consisting of a single injection of AngII (300 ng) followed by a test injection of AngII (300
ng or 10 ng) given 2 hr later. Unlike the previous study, we failed to detect a statistically
significant effect of this treatment regimen on water intake stimulated by a test dose of 300
ng AngII (F1,8=0.622, p=0.453, n=5 per group; data not shown) or 10 ng AngII
(F1,16=1.442, p=0.247, n=9 per group; data not shown). We also performed the experiment
using a lower dose of AngII (10 ng) as the treatment regimen, but still observed no effect of
this treatment on intake after a subsequent test injection of 10 ng AngII (F1,8=0.647,
p=0.444, n=5 per group; data not shown).

Repeated injections of AngII decreased the drinking response to subsequent AngII
In light of the finding that 2 successive injections of AngII at varying concentrations,
administered 2 hr apart, did not reliably attenuate water intake in our laboratory, we tested
the effects of greater exposure to AngII over a longer period of time. Accordingly, we used a
treatment regimen that comprised 3 injections of AngII (300 ng) or vehicle (TBS), each
given 20 min apart (a timeline of the design is shown in Figure 1A). Rats that received a
treatment regimen of AngII drank less water than controls after control and experimental
groups received a subsequent test injection of 300 ng AngII (F1,8=5.762, p=0.043, n=5 per
group; Figure 1B) or 100 ng AngII (F1,12=7.078, p=0.021, n=7 per group; Figure 1C) 20
min after the treatment regimen. When we used a 100 ng test injection, we found a
statistically significant time × treatment interaction (F3,36=3.521, p=0.025), but failed to
observe a statistically significant interaction when a 300 ng test injection was used
(F3,24=1.879, p=0.160). Posthoc tests on the statistically significant interaction indicated that
the majority of water intake occurred during the first 5 min and that the desensitizing effect
of AngII was most prominent during this period. The desensitizing effect of the AngII
treatment regimen approximated but did not reach statistical significance when a test dose of
10 ng AngII was used (F1,8=4.348, p=0.071, n=5 per group; data not shown).

To determine the duration of the desensitizing effect of repeated AngII, we replicated the
above experiment but administered an additional test injection of 100 ng AngII to all
animals 24 hr after the final test injection and measured water intake over the following 30
min. In replication of our earlier finding, animals that had received a treatment regimen
comprising 3 injections of AngII (300 ng) drank less water in response to the subsequent test
injection of 100 ng AngII (F1,14=4.935, p=0.043, n=8 per group; Figure 2A). After a second
test injection of 100 ng AngII given 24 hr later, we did not observe any differences in water
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intake between animals that had previously received an AngII or a vehicle treatment
regimen (t=1.210, p=0.246; Figure 2B). Food and water were available ad libitum for the 24
hr between test injections.

The AT1 receptor antagonist losartan attenuated the desensitizing effect of AngII
To confirm previous studies (e.g., Toney & Porter, 1993a, b) and determine the optimal dose
of losartan for our experiments, we administered losartan (0.5, 1.0, 5.0, or 10 μg) or saline
20 min before an injection of AngII (100 ng) and measured the resultant water intake. As
shown in Figure 3, increasing losartan concentration was associated with less water intake
after injection of AngII (main effect of losartan, F4,15=25.261, p<0.001, n=4 per dose
group). A statistically significant time x dose interaction (F12,45=5.179, p<0.001 ) and
subsequent posthoc tests found significant effects of the 5 and 10 μg doses at both 5
(p<0.01; Figure 3B) and 10 min (p<0.01); the times at which most of the water intake
occurred in the saline-pretreated rats.

Additional investigation also was important to determine the duration of the effect of
losartan, because the goal of the studies was to minimize any effect of losartan on the test
injection while maximizing the blockade of AT1 receptors during the treatment regimen. To
this end, we performed a time-course analysis using 10 μg of losartan given 20, 40, 60, 80,
or 100 min before injection of 100 ng AngII. We then compared water intake from rats
exposed to losartan and AngII with intake by rats given AngII alone. As shown in Figure 4,
there was a significant main effect of losartan on water intake (F5,28=10.681, p<0.001, n=3–
6 per group). Posthoc tests indicated that this effect was markedly diminished or completely
absent when losartan was given 60 min or more before AngII. A statistically significant time
x group interaction (F15,84=3.982, p<0.001 ) and additional posthoc tests on the time course
of fluid intake indicated that the effect of losartan was most prominent when the greatest
amount of water intake occurred in control rats; specifically, during the first 5 (p<0.01;
Figure 4B) and 10 min (p<0.01) after AngII was given.

Using the dose-response and time-course analyses as guides, we examined the effects of
losartan pretreatment on the desensitizing properties of the repeated AngII treatment
regimen. As illustrated in Figure 5, losartan attenuated the desensitizing effects of an AngII
treatment regimen (300 ng ×3) on water intake after a test injection of 100 ng AngII
(F3,123=3.731, p=0.013 in a three-way interaction of within-subject effects of time and
between-subjects effects of pretreatment and treatment regimen, n=10–12 per group).
Posthoc tests were used to probe data from individual times and, as was true in the studies
described above, we found that the effects of losartan occurred during the first 5 min after
the test injection, when the greatest amount of water intake occurred in the control groups.
Consistent with the studies above, our posthoc tests showed that, in the absence of losartan,
animals receiving a treatment regimen of AngII drank less water than those receiving a
vehicle treatment regimen (p<0.001). We did not detect an effect of losartan pretreatment on
intake in the vehicle treatment regimen groups (p=0.898). On the other hand, losartan almost
completely blocked the desensitizing effect of the AngII treatment regimen (p<0.001),
although animals in the losartan/AngII group drank slightly less than controls (mean intakes:
6.0 ml and 6.7 ml, respectively, p<0.05). As was true for the other experiments, the effects
were prominent in the first 5 min (p<0.01) after the test injection, when the greatest amount
of water intake occurred in control rats. We found no statistically significant differences in
intake at any other time.
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The desensitizing properties of the AngII treatment regimen did not affect AngII-induced
intake of 1.5% NaCl solution

Although the studies described above measured AngII-induced water intake, it is important
to note that AngII also stimulates intake of saline solutions (Buggy & Fisher, 1974; Daniels
et al., 2005; Daniels et al., 2009) and recent studies suggest that these intakes are governed
by separable cellular signalling mechanisms (Daniels et al., 2005; Daniels et al., 2009). To
determine if the attenuation of intake observed above affected both water and saline intakes,
we repeated our experiments using a two-bottle test (water vs. 1.5% NaCl). Using the
paradigm established above in which rats received a treatment regimen comprising 3
injections of vehicle (TBS) or AngII (300 ng), followed by a test injection of AngII (100
ng), we again found that rats given an AngII treatment regimen drank less water than
controls (F1,16=7.102, p=0.017, n=9 per group; Figure 6B). The intake pattern appeared to
differ from that observed in our previous experiments, but posthoc probes were not justified
because we did not find a statistically significant group x time interaction (F3,48=2.611,
p=0.062). Nevertheless, a direct comparison of this experiment with the earlier experiments
is difficult because of clear differences in the context. More relevant, however, is the finding
that total water intake over the 30 min testing period was different between animals that had
received the AngII treatment regimen and those that had received vehicle (t=2.665, p=0.017;
Figure 6D), but no similar differences in saline intake were found (F1,16=2.00, p=0.176;
Figures 6C and 6D).

Discussion
In the present studies, we used supraphysiological doses of AngII to produce a behavioural
desensitization of the water intake normally occurring after central injection of AngII.
Although a rat will drink in response to very low doses of AngII, we found that larger doses
were needed to observe behavioural desensitization. Nevertheless, the finding that animals
given multiple injections of AngII summing to as much as 1 μg drank less than animals
given only 100 ng of AngII is remarkable, especially considering very early studies on
AngII suggesting a sigmoidal dose-response curve with doses as high as 4 μg (Epstein et al.,
1970). Given the timing of the injections, it is reasonable to conclude that the observed
behavioural desensitization reflects receptor desensitization that has been observed in a
number of in vitro studies (Thomas et al., 1996; Thomas, 1999; Guo et al., 2001).

It is important to note that the magnitude of the difference in water intake may be less
important than the fact that a difference was found. Indeed, drinking by rats given multiple
injections of AngII may reflect the dipsogenic effect of any or all of the injections.
Accordingly, any desensitization occurring after multiple injections of AngII actually may
be underestimated. The extent to which this occurred is likely minimal, however, because
Fregly and Rowland (1986) showed that when water was withheld for 15 min after central
application of AngII, drinking was only 40% of that observed when rats were given
immediate access after the injection of AngII. When the delay was 30 min, rats drank no
more than vehicle controls. As such, any residual drinking from earlier injections, given no
sooner than 20 min before the test injection, would likely have only a modest, if any, impact
on water intake after the test injection. Similarly, differences in the timing of water and
saline intakes could selectively mask desensitization of saline intake, but leave an effect on
water intake observable. Specifically, if there were a delayed saline intake resulting from
one or more of the earlier injections of AngII, it could negate any desensitization that would
become observable later. We believe this is unlikely, however, especially because of our
previous findings that showed only a slight difference in time between water and 1.5% NaCl
intakes (no more than 5 min) after injection of AngII (Daniels et al., 2009). It is also notable
that after isoproterenol injection, the dipsogenic effects of which require intact AT1
receptors in the SFO (Krause et al., 2008), delaying access to fluid attenuated saline intake,
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but had no effect on water intake (Chiaraviglio, 1979). Thus, it seems that any delayed
response would more likely mask desensitization of water intake than of saline intake. These
considerations make it clear that the magnitude of the observed desensitization may be less
meaningful than the actual existence of the effect.

Although it was important to establish a working protocol for detecting the behavioural
desensitization, the primary goal of the present work was to better our understanding of
AngII-induced desensitization and determine if the observed response was specific to water
intake or if it extended to saline intake. These experiments found a notable difference in the
desensitizing effect of AngII on water and saline intakes. This effect was clear even though
the pattern of intake differed slightly from the single-bottle studies that measured only water
intake. Specifically, most fluid intake occurred during the first 5 min in the single-bottle
tests, but intake was more distributed across the first 10 min in the two-bottle test; however,
this difference in intake pattern is not surprising. Indeed, numerous intake measures have
been shown to change when rats are given fewer or a greater number of choices (Sclafani &
Springer, 1976; Tordoff & Bachmanov, 2003). In spite of the different intake patterns, rats
given the AngII treatment regimen drank less water than the controls, but saline intakes were
similar.

Exploring the possible explanations for why the effect was limited to water intake without
extending to saline intake is important and potentially informative. One possibility is that
separate sub-populations of receptors, with different susceptibility to desensitization,
mediate the respective effects of AngII on water and saline intakes. A second possibility is
that differences in the dose-response curves for the two ingestive behaviours make one less
sensitive to perturbation than the other, especially if the mechanism underlying the
desensitization involves receptor availability. Any such differences in receptor availability
could develop through a number of mechanisms, including receptor occupancy with or
without receptor internalization. Although receptor occupancy is a feasible means by which
the receptor may have a limited response to additional AngII, it is unlikely that such
occupancy would not involve other meaningful changes. Indeed, receptor internalization has
been identified as an important component of desensitization (Thomas et al., 1996; Hunyady
et al., 2000). This internalization, or even simply receptor occupancy, could make the
population of receptors less sensitive and this could become behaviourally relevant given
that we found previously that 1.5% saline intake occurred after lower doses of AngII than
those needed to stimulate water intake (Daniels et al., 2009). A third, and perhaps more
integrative, possibility is that the differences in behaviour reflect differential regulation of
intracellular signalling pathways.

It has been hypothesized that AT1 receptor signalling pathways play separable roles in water
and saline intakes stimulated by AngII (Daniels et al., 2005; Daniels et al., 2007). More
recent experiments provide support for this hypothesis by demonstrating that G protein-
dependent pathways appear to be more important for water intake stimulated by AngII,
whereas G protein-independent pathways may be more relevant for AngII-stimulated saline
intake (Daniels et al., 2009). This alone cannot explain the present results, but additional
studies have demonstrated that AT1 receptors, like other members of the G protein-coupled
receptor (GPCR) superfamily, are regulated by GPCR kinases (GRKs) that reduce receptor-
G protein interactions and contribute to receptor desensitization (Gainetdinov et al., 2004;
Penela et al., 2006; Mehta & Griendling, 2007). Given that previous studies from our lab
have shown a greater role for G protein-mediated pathways in water intake than in saline
intake and agonist binding is known to affect G protein coupling, it is tempting to speculate
that the behavioural differences observed resulted from agonist-induced G protein
uncoupling. If further research supported this, it would provide additional support for the
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hypothesis that water and saline intakes are regulated by separable intracellular signalling
pathways.

In spite of the clear difference in water intake after repeated injections of AngII and the
plausible underlying mechanisms involved, it is important to consider some caveats and
limitations of the present studies before drawing any conclusions. In addition to the
observed fluid intake, injection of AngII causes increased blood pressure, which we did not
measure. This is an important consideration because elevations in blood pressure inhibit
drinking through actions involving arterial baroreceptors (Stocker et al., 2002). With respect
to the present findings, however, it is important to note that the vast majority of studies
investigating AngII-induced pressor responses use chronic infusions of AngII, rather than a
single injection or a series of acute injections. Nevertheless, the informative time-course of
the pressor response after central or peripheral AngII infusion is found in the studies of
Hutchinson et al. (1976). These experiments show that the pressor response to peripheral
infusion of AngII is far more sensitive than the response to central infusions. Perhaps more
relevant to the present studies, blood pressure returned to baseline by 10 min after
administration of AngII ended, regardless of the route of AngII administration. This was true
even when a total of 20 μg AngII was infused over a 10 min period (most of the present
studies injected a total of 1 μg AngII over 60 min). Thus, the rapid recovery of blood
pressure previously observed makes it unlikely that any hypertensive effects persisted for
the entire inter-injection interval in the present studies. This is not to say that there was no
pressor response to the test injection, but simply that there is no reason to believe that the
response would differ between the experimental groups (which all received the same test
injection in any given experiment). Accordingly, it seems unlikely that group differences in
blood pressure account for the different ingestive responses observed.

In addition to affecting blood pressure, AngII increases natriuresis and vasopressin
secretion, which combine to reduce plasma sodium concentration and osmolality (Coghlan
et al., 1981; Fluharty & Manaker, 1983). It is imaginable that decreased plasma sodium
would selectively increase sodium intake, thereby masking any desensitization of sodium
intake by the treatment regimen. We believe this is unlikely, however, because previous
reports in sheep (Coghlan et al., 1981) and rats (Fluharty & Manaker, 1983) indicate that the
loss of sodium is delayed, and therefore not likely to have occurred until after our intake
measures are complete. Indeed, it is important to note that the saline intake measured in the
present study and our previous studies (Daniels et al., 2005; Daniels et al., 2009) likely
occurs during what Fluharty and Manaker (1983) called the “early phase” of sodium intake,
which precedes sodium loss. This rapid, “early phase” intake is observable when rats are
offered more concentrated saline (e.g., 3%), but even more so when rats are provided more
dilute, yet still hypertonic, concentrations of saline such as the 1.5%–1.8% saline used here
and previously (Buggy & Fisher, 1974; Daniels et al., 2005; Daniels et al., 2009).
Nevertheless, the more dramatic phase of intake, that traditionally considered a salt appetite,
occurs after a delay of 8–12 hr that likely results from the increased natriuresis and
vasopressin secretion previously reported (Coghlan et al., 1981; Fluharty & Manaker, 1983).
As described above, our earlier studies suggest that lower doses of AngII are needed to
generate “early phase” intake of 1.5% saline than are needed to stimulate water intake
(Daniels et al., 2009). Accordingly, it seems unlikely that the effect of AngII on sodium loss
affected intake of either water or saline in the present studies because these intakes both
occurred in the timeframe of the “early phase” noted by Fluharty and Manaker (1983).

A responsible interpretation of any decrease in behaviour resulting from a pharmacological
treatment must consider the possibility that the decrease is a secondary effect of the
treatment, potentially resulting from an unforeseen deleterious consequence of the treatment
such as malaise. The potential for AngII-induced malaise is suggested by a previous report
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showing taste aversion learning associated with AngII (Grupp & Chow, 1993). On the other
hand, a comparison of taste aversion learning in rats and cats showed a robust taste aversion
in cats, but not rats, after pairing novel flavour with AngII (Rabin et al., 1986). The copious
water intake after central administration of AngII at doses as high as 4 μg, taken together
with the indication that the dose-response curve levelled off after 100 ng (Epstein et al.,
1970), further argues against any malaise stimulated by the doses of AngII given in the
present studies. Moreover, we failed to detect an effect of repeated AngII on saline intake,
which would likely be altered if the observed treatment effect was due to a general malaise.
Therefore, it seems unlikely that malaise accounts for the observed differences. Even in the
absence of malaise, it is still possible that the observed response was not specific to drinking
stimulated by AngII, but also would affect the responses to other dipsogenic stimuli. In spite
of the differences in approaches used here and previously, it is notable and relevant that the
behavioural desensitization produced by repeated AngII, as reported in Quirk et al. (1988),
did not affect drinking after central injection of carbachol or neurotensin. Thus, it is
reasonable to predict that the response observed here would be similarly specific.

Although additional research is needed to clarify the many issues raised by the present
studies, this report describes a useful model for understanding more about the effects of
AngII and, more specifically, the mechanisms underlying receptor desensitization. Indeed,
receptor desensitization appears to be a critical feature of the renin-angiotensin system and
may play a role in various human health issues. Moreover, determining how the behavioural
desensitization remains specific for one AT1 receptor-mediated behaviour (water intake) and
not another (saline intake) could provide valuable information about the mechanism
underlying desensitization to AngII and, perhaps, other receptor systems.
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Figure 1.
A treatment regimen (TR) comprising 3 injections of AngII decreased the drinking response
to a subsequent test injection (T) of AngII. A timeline displaying the injection protocol is
shown in panel A. Rats given a treatment regimen of AngII (300 ng) drank less water than
those in the vehicle treatment regimen group after a test injection of 300 ng AngII
(*p=0.043, n=5 per group; panel B) or 100 ng AngII (*p=0.021, n=7 per group; panel C).
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Figure 2.
The experiment illustrated in Figure 1 was repeated using new groups of rats and the total
water intake over a thirty minute testing period is shown in panel A. Again, rats in the AngII
treatment regimen group (300 ng AngII ×3) drank less after a test injection of AngII (100
ng) than rats in the vehicle treatment regimen group (1 μl TBS ×3; *p=0.043, n=8 per
group). There were no differences in thirty minute water intake after a second test injection
of AngII (100 ng) was given to all rats 24 h after the first test injection (p=0.246; panel B).
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Figure 3.
Injection of the AT1-receptor antagonist losartan decreased the drinking response to AngII
in a dose-dependent manner. Non-cumulative intakes by rats given various doses of losartan,
administered by icv injection 20 min before 100 ng AngII, are shown in panel A (*p<0.001,
†p<0.01, n=4 per group). The effects of losartan on intake were most prominent during the
first 5 min of testing, when most water consumption occurred (bars with different letters
differed from each other statistically, p<0.05; panel B).
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Figure 4.
Time-course of the antagonistic effect of losartan on AngII-induced drinking. Non-
cumulative water intake by rats given icv injections of losartan 20, 40, 60, 80, or 100 min
before 100 ng AngII is shown in panel A. Analysis of the data revealed a main effect of
losartan on water intake (p<0.001, n=3–6 per group) and posthoc tests confirmed that the
effect was statistically significant at 5 and 10 min (*p<0.001, †p<0.01). Data from the 5 min
bin are shown in the histogram in panel B. Bars with different letters differed from each
other statistically (p<0.05).
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Figure 5.
Losartan markedly attenuated the desensitizing effect of a repeated AngII treatment regimen
(TR) on water intake after a test injection (T) of AngII. A timeline indicating the injection
protocol is illustrated in panel A. We found a three-way interaction between a within-subject
effect of time and between-subjects effects of pretreatment and treatment regimen (p=0.013,
n=10–12 per group). Posthoc probes indicated that the effect of losartan occurred at the 5
min bin (*p<0.01), which is shown in the histogram in panel C. Bars with different letters
differed from each other statistically (p<0.05).
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Figure 6.
Repeated injections of AngII affected subsequent water, but not 1.5% NaCl intake, in a two-
bottle test. Rats were given a treatment regimen (TR) comprising 3 injections of AngII or
vehicle, before a test injection (T) of AngII. A timeline of the experimental design is shown
in panel A. Consistent with the findings above, rats given multiple injections of AngII drank
less water than control rats (*p=0.017, n=9 per group; panel B). Intake of 1.5% NaCl did not
differ between the groups (p=0.176; panel C). Total intake during the course of the testing
period is shown in panel D (*p=0.017).
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