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Understanding the role of intracellular signaling pathways in ingestive behavior is a challenging problem in
behavioral neuroscience. This review summarizes work conducted on two systems with the aim of
identifying intracellular events that relate to food and fluid intake. The first set of experiments focused on
melanocortin receptors and their ability to signal through members of the mitogen-activated protein (MAP)
kinase family. The second set of experiments focused on the role of intracellular signaling pathways in water
and saline intakes that are stimulated by angiotensin I (Angll). The initial findings in each line of research
have been extended by subsequent research that is discussed in turn.

The paper represents an invited review by a symposium, award winner or keynote speaker at the Society for
the Study of Ingestive Behavior [SSIB] Annual Meeting in Portland, July 2009.
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1. Introduction

I hope there is little need to convince anybody reading this article
that studying ingestive behavior has provided countless benefits, yet
still offers virtually infinite promise for the future. It is clear that when
we study food intake, we gain understanding of processes that
underlie obesity. When we study fluid intake, we provide a more
complete understanding of body fluid homeostasis and the cardio-
vascular diseases related to its perturbations. In addition to these most
obvious benefits, ingestive behaviors have served as critical model
systems in studies of basic behavioral phenomena including motiva-
tion and reward, neurohormonal interface, steroid-peptide interac-
tions, and learning and memory.

In the recent history of these fields, it is reasonable to highlight two
discoveries that each catalyzed outbreaks of scientific progress and
achievement within their respective subfields. These discoveries are
the identification of the involvement of the peptide hormones
angiotensin II (Angll) in the regulation of fluid intake [1] and the
discovery of the involvement of leptin in the regulation of food intake
and obesity [2]. These two findings played similar roles in advancing
our understanding of the basic circuits regulating ingestive behaviors
and provided precise targets to guide future studies. In the case of
Angll, the discovery offered a unique (at the time) opportunity to
advance the understanding of how a peripherally derived peptide
could interface with the brain to affect behavior. This line of research
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identified the circumventricular organs as key sites of Angll action,
providing a novel mechanism by which a peripheral peptide could
affect the brain. These findings stimulated a series of elegant
neuroanatomical studies mapping afferent and efferent connections
between the structures and other brain areas (for examples of
relevant review articles, see [3-5]).

Decades after the groundbreaking work on angiotensin, the
discovery of leptin brought a similar, although arguably more robust,
flurry of investigation. The identification of leptin and its receptor
provided a perfect target to identify brain circuits with potential
relevance in the regulation of feeding and energy balance. These
circuits and the behavioral roles of these peptides have been reviewed
many times and a complete description seems unnecessary here,
where it should suffice to highlight that melanocortins are widely
accepted as part of a central leptin-responsive circuit.

This review will describe experiments performed on two ingestive
behavior-relevant signals, melanocortins and angiotensin, each
having a relatively narrow focus, but each keeping in mind a broader
goal of understanding the molecular events associated with ingestive
behaviors. Many of these experiments were performed in the
laboratory of Steven Fluharty at the University of Pennsylvania,
where I was a postdoctoral fellow, and subsequently extended by
several independent groups, including our group at the University at
Buffalo. The influence of Alan Epstein is clear, particularly with
respect to the work described that relates to thirst and salt intake.
Thus, the topic seemed especially appropriate for the Alan N. Epstein
Research Award symposium upon which this review is based.
Although I came to the field after his untimely death, I would like
to think that he would appreciate the ways we have tried to build
upon his legacy.
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2. Melanocortins and mitogen-activated protein (MAP) Kinase

The melanocortin system comprises several ligands and at least
five receptor subtypes. Even before components of this system
became implicated in the regulation of food intake, much had been
discovered about the relevant receptors. Originally identified as the
adrenocorticotropic hormone (ACTH) and melanocyte-stimulating
hormone (MSH) receptors [6,7], the family that would come to be
known as melanocortin receptors quickly grew to include five
receptor subtypes [8-10]. The initial studies that isolated and cloned
these receptors supported earlier suppositions that they were
prototypical seven-transmembrane receptors specifically coupled to
G, and, therefore, stimulated production of cAMP when activated [7-
17]. Although a connection between the receptors and G protein
signaling was firmly established, little was known about links
between melanocortin receptors and other intracellular signals. A
growing body of literature, however, suggested that other seven-
transmembrane receptors of initiating G protein-independent signal-
ing cascades, largely through the actions of arrestins [ 18]. Accordingly,
it seemed plausible, if not likely, that melanocortin receptors would
show similar additional signaling capabilities.

The location of the melanocortin receptor subtypes provided
strong hints regarding their specific functions in melanocortin-related
events. Of the five receptor subtypes indentified, the melanocortin
type 3 (MC3) and type 4 (MC4) receptors were the only species found
at significant expression levels in brain tissue and their location in
hypothalamus and caudal brainstem regions associated with ingestive
behaviors and energy homeostasis provided a useful clue about their
function [19]. Indeed, direct evidence for a role of melanocortins in
food intake was demonstrated later by a number of independent
laboratories [20-23], each showing that central application of
melanocortin receptor agonists decreased food intake. The melano-
cortin system is unusual because it includes an endogenous
antagonist and application of this ligand or its analogs increased
feeding when given alone and blocked the intake-suppressive effects
of melanocortin agonists or leptin [20,22-25].

The relevant findings of Grill et al. [22] were particularly important
to my entry into this field of research, undoubtedly because the
experiments were performed in the same department in which I
completed my Ph.D. and because I had collaborated with the Grill
group on an unrelated project [26]. In addition to these personal and
professional links to Grill's group, we were especially intrigued by the
remarkable long-term effects of a single injection of a melanocortin
ligand. We were obviously not alone when we viewed this long-term
effect as strongly suggestive of some receptor mediated event beyond
that achieved by cAMP formation. Certainly the changes in gene
expression could have involved a transcription factor more directly
associated with cAMP, such as CREB, but we felt that it was equally
possible that an additional regulator of transcription could play a role.
To identify a relevant signal with known links to changes in gene
expression, we examined the potential coupling of melanocortin
receptors to MAP kinase family members. As is true for many scientific
discoveries, context is critical and in this case the work of other
researchers in my postdoctoral lab provided that context. Indeed,
there is no doubt that we chose to start with P**4>MAP kinase (also
known as ERK1/2) because members of the lab were investigating its
activation in other receptor systems, including work with angiotensin
receptors [27] that would influence my scientific career a second time
in later years. Given this other work in the lab and the growing
literature related to arrestin-related activation of MAP kinase family
members by other seven-transmembrane receptors [18] it was
straightforward enough to test if melanocortin receptor activation
increased phosphorylation of P4/42MAP kinase.

The first experiments, performed with Jonathan Roth, examined
these responses in N1E-115 cells. The lab had been exploring this cell
line with the hopes that it would provide a useful in vitro model for

the actions of a number of feeding-related peptide and receptor
systems. These cells were found to express a number of feeding-
relevant peptides, receptors, and signaling molecules, including MC3
and MC4 receptors [28] and, therefore, offered a potentially strong
model system, but have yet to become a widely used in vitro model for
ingestive behavior. Although we were not able to show reliable effects
of melanocortin agonists on P*¥42MAP kinase phosphorylation in the
N1E-115 cells, when we compiled data from multiple experiments we
found a hint of an effect, but one that was variable and failed to
achieve statistical significance. In spite of these negative results, we
continued to explore other means of testing if melanocortins activated
MAP kinase.

One possibility for the lack of a statistically significant result was
that something in the N1E-115 system masked our ability to observe
melanocortin-induced MAP kinase phosphorylation. In an effort to
circumvent this, we opted for a potentially “cleaner” model using
transient transfection of COS-1 cells [29]. Using this approach, we
were able to show that the synthetic melanocortin agonist, MTII
(AcNle*-c[Asp®, d-Phe’, Lys'°|a-MSH-(4-10)-NH,), increased cAMP
in cells transfected with MC3 or MC4 receptors, but had no effect in
untransfected cells or in cells that were transfected with the
expression vector alone (Fig. 1). In contrast to the similar effect on
cAMP in cells transfected with either MC3 or M(C4 receptor, we found
stark differences in the activation of MAP kinase that depended on
which receptor subtype was expressed. Specifically, MTII produced a
dose-responsive increase in phosphorylated P*42MAP kinase when
cells were transfected with MC4 receptor, but not when they were
transfected with MC3 receptor (Fig. 1). To the best of our knowledge,
this was the first demonstration of a melanocortin receptor
stimulating phosphorylation of a MAP kinase family member and
the first finding of different signaling mechanisms engaged by
melanocortin receptor subtypes. These experiments became the
basis of the thesis work of Caroline Patten, who replicated and
extended these studies as described later in this review.

While the in vitro studies were being conducted, parallel efforts
were testing if melanocortin receptor activation stimulated MAP
kinase in vivo. To this end, we counted the number of cells in the
hypothalamus that were immunoreactive for phosphorylated P4
42MAP kinase after rats were injected with MTII into the lateral
ventricle. MTII-injected rats had a greater number of cells with
activated MAP kinase than were found in control rats (vehicle or no
injection; Fig. 2A). Our analysis indicated that virtually all of the
activated MAP kinase within the hypothalamus was in the paraven-
tricular nucleus (PVN). We also showed an almost complete
segregation of cells with activated MAP kinase and cells with oxytocin
(Fig. 2B). The staining for oxytocin, however, provided an excellent
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Fig. 1. cAMP and MAP kinase signaling through the melanocortin receptors. COS-1 cells
were transfected with MC3 or MC4 receptor and treated with MTII. Formation of cAMP
is shown on the left (white bars) and activated (phosphorylated) P*/4>MAP kinase is
shown on the right (black bars). Asterisks are used to indicate differences from cells in
the same transfection condition that were treated with vehicle.

Daniels et al. [29].
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Fig. 2. Melanocortin-induced P*42MAP kinase activation in rat PVN. (A) The number of
cells immunohistochemically labeled for phosphorylated P*/42MAP kinase in brains
from rats treated with vehicle or MTII is shown as the mean (£ SEM) cells per PVN
hemisection. An asterisk indicates p<0.05. (B) Double-labeling for phosphorylated P4+
42MAP kinase (red) and oxytocin (green) in the brain of a rat injected with MTIIL The
scale bar is 50 pm.

Data are from Daniels et al. [29].

landmark to which we compared the distribution of activated MAP
kinase, allowing us to conclude, with reasonable confidence, that the
majority of the activation was within the dorsal portion of the medial
parvocellular subdivision of the nucleus. We also noted a portion of
the PVN that was reliably devoid of MAP kinase staining and, with the
aid of the oxytocin as a landmark, were able to determine that it was
the ventral part of the medial parvocellular subdivision of the PVN. As
described below, a number of subsequent studies built upon these
findings while my attention shifted to a different research question.

3. Divergent signaling hypothesis of angiotensin-induced water
and saline intake

Although I joined the Fluharty lab as part of an effort to expand its
focus on body fluid homeostasis to include studies on energy
homeostasis, and therefore initially studied melanocortin receptors, I
was consistently intrigued by the work of others in the lab studying
angiotensin receptor-related events. The laboratory had a rich history in
the field of thirst and salt appetite and the lasting influence of Alan
Epstein was notable. I was often tempted to move toward the fluid
balance side of the lab and was even more tempted after helping
author a review paper on salt intake [30]. I eventually succumbed
and started an offshoot of a project that had been spearheaded by
Daniel Yee, a member of the Fluharty lab. Yee and others in the lab
had performed a series of in vitro mutational studies suggesting that
the structural elements of the angiotensin type 1 (AT;) receptor
that mediate its G protein signaling differed from those that
activated P#¥42MAP kinase [27]. The AT, receptor is well known to
stimulate the G protein G4, which initiates a biochemical cascade
leading to the activation of protein kinase C (PKC) and formation of
inositol trisphosphate (IP3). The additional ability of Angll to
stimulate activation of MAP kinase family members was already
recognized [31,32] and appeared involve [>-arrestins [ 18]. Studies in
the Fluharty lab extended this work by demonstrating that the
activation of P4/42MAP kinase could occur, at least in mutated
receptors, independent of the more traditionally ascribed G protein-
mediated signaling pathways. Thus, it seemed clear that this so-called G
protein-coupled receptor, like other members of the receptor super-
family, could do more than simply stimulate G proteins.

Although the mutagenesis strategies were at the forefront of the
research program, similar questions were exploiting advances in
peptide development to address some of the prevailing questions.
One specific set of experiments took advantage of the unusual
intracellular signaling response to a peptide that was similar to AnglI,

but with three substituted amino acids (Sar’,lle* lle-angiotensin II;
SIT). The ligand, developed by Miura and Karnik [33], was initially
thought to be an antagonist because it bound, but failed to activate,
the AT, receptor [33]. Interestingly, when activated MAP kinase,
rather than IP; formation, was used as the dependent variable, it
became clear that this analog acted as an agonist at the AT, receptor,
in spite of its inability to activate G protein-mediated events [34-36],
making it seem more appropriate to refer to the compound as a
“signaling selective agonist” rather than an agonist or antagonist [37].
Colleagues in the lab had replicated many of these in initial in vitro
findings and extended them to show that in addition to failing to
generate IP; formation, SII blocked activation of this pathway in the
presence of Angll (Fig. 3A-B). This finding alone was a small step
forward, but it offered what we perceived to be a unique opportunity
to test the ingestive responses that might occur from AT, receptor
activation with or without the full complement of intracellular
responses.

In our first experiments, we injected Angll, SII, or vehicle into the
forebrain ventricles of rats and measured the resultant water intake.
Not surprisingly, rats that were injected with Angll drank a
considerable amount of water and those injected with vehicle drank
almost no water. Although we started the experiment with no real
prediction of what would happen, it would be disingenuous to say
that we were not a bit disappointed to find that the rats injected with
SII drank virtually no water and closely resembled those injected with
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Fig. 3. The angiotensin analog, SII, stimulates MAP kinase and saline intake, but
antagonizes Angll-induced IP; formation and water intake. (A) Angll and SII similarly
increase activated P*/42MAP kinase in COS-1 cells transfected with the AT; receptor.
(B) COS-1 cells were transfected with AT; receptor and subsequently treated with
vehicle (ctrl) or Angll in the presence or absence of SII. SII failed to stimulate IP3
formation and prevented Angll-induced IP; formation. (C) Water intake in a one-bottle
test was stimulated by Angll injected into the forebrain ventricle of male rats; however,
rats injected with SII did not drink more water than controls and Angll-induced intake
was prevented by SII (D) Rats injected with Angll or SII drank similar volumes of 1.5%
saline in a two-bottle test. Asterisks indicate p<0.05 as compared to controls.

Data are from Daniels et al. [38].
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vehicle. We conducted additional experiments to determine if SII
prevented water intake stimulated by Angll, in addition to the lack of
response when SII was given alone, and found that it reliably
antagonized the dipsogenic effect of Angll (Fig. 3). The real surprise
came later, when we examined the effect of SII in rats that were given
access to both water and saline. At this point, we were quite convinced
that the experiment was going to produce another set of negative
results, but recognized that it was worth doing, if only for the sake of
completeness. To our surprise, we found that SII- and Angll-treated
rats drank markedly different amounts of water, but both groups
drank similar amounts of saline, each greater than that consumed by
the control group (Fig. 3). We subsequently confirmed that SII
activated P*/42MAP kinase in rat brain, published the findings [38],
and expanded upon our ideas in a presentation at the International
Congress on Neuroendocrinology [39] to conceptualize the present
working hypothesis. This hypothesis, which I think of as the
“divergent signaling hypothesis of Angll-induced water and saline
intake,” predicts that the divergent limbs of Angll intracellular
signaling pathways each have different relevance for the separable
water and saline intakes stimulated by Angll. More specifically, we
hypothesized that the G protein-mediated limb is more relevant for
water intake than for saline intake, and that activated MAP kinase is
more relevant for saline intake than it is for water intake, at least with
respect to the response to Angll.

4. Building upon the foundations

Both of these lines of research have received considerable
development since the initial studies. The melanocortin studies have
been expanded upon mostly by other researchers whereas my
laboratory at the University at Buffalo has continued the work on
angiotensin-mediated ingestive responses, specifically testing the
hypothesis emerging from the studies using SII. The studies related to
these lines of research will be discussed in turn.

4.1. Further studies related to melanocortin stimulation of MAP kinase
signaling pathways

Since the time we found that the MC4 receptor stimulates
phosphorylation of P4/42MAP kinase, a number of quite elegant
studies have supported and extended our findings. Vongs et al. [40]
extended our findings in rodent receptors to show that the human
MC4 receptor also activates P4/42MAP kinase. These studies also
showed that the response was blocked by PI3 kinase inhibitors and,
interestingly, unaffected by PKA inhibitors. In subsequent studies, we
also found that a PKA inhibitor failed to block melanocortin-induced
PA44/42\AP kinase activation [41]. Thus, the relevant signal to activate
MAP kinase appears upstream of PKA.

The precise mechanism responsible for coupling the MC4 receptor
to MAP kinase family members remains elusive, but subsequent
mutational and inhibitor studies provide useful clues for those
attempting to elucidate the specifics in this system. Although we and
others failed to prevent melanocortin-induced activation of P44/42MAP
kinase by PKA inhibition [40,41], we found that inhibiting adenylyl
cyclase prevented P442MAP kinase phosphorylation [41], suggesting
the requirement of cAMP. It is important to note that CAMP does not,
however, appear sufficient for P4/42MAP kinase activation because
increased cAMP after MC3 receptor activation was not reliably
associated with increased phosphorylation of P**42MAP kinase
[29,41]. Nevertheless, these experiments represent a significant step
toward understanding the putative connection between the MC4
receptor and MAP kinase family members.

Establishing a role for MAP kinase in the behavioral effects of
melanocortins is a considerably more difficult problem, but one that
has been the subject of studies by several groups, including the groups
led by Berthoud and by Schwartz. Studies by Berthoud's group

demonstrated melanocortin-induced activation of P*#42MAP kinase in
the caudal brainstem, another site of MC4 receptor expression [42].
Taken together with previous studies from the Berthoud lab [43], the
data support an interesting convergence of melanocortins and
cholecystokinin (CCK). More specifically, peripheral CCK administra-
tion increased activated P*42MAP kinase in the caudal brainstem
[43], but this effect was prevented by injection of a melanocortin
receptor antagonist into the fourth ventricle [42]. Moreover, hind-
brain application of U0126, a potent inhibitor of P4¥42MAP kinase,
prevented the intake-suppressive effect of MTII [42] or CCK [43]. The
requirement of this interaction for the intake-suppressive effect of
CCK has been both supported and questioned by studies using MC4
receptor knock-out models with one group showing that mice
without MC4 receptors fail to respond to CCK [44] and another
showing a complete, if not an enhanced, response in these mice [45].
Although this issue seems to remain unresolved, an intact CCK
response in these mice suggests that mechanisms other than
melanocortin receptors can account for the actions of CCK, at least
in the genetically disrupted model.

The behavioral relevance of melanocortin-relevant MAP kinase
family members in the hypothalamus has received less attention,
even though this was the site in which the first in vivo association
between melanocortins and MAP kinase was observed [29]. Recent
studies and ongoing work by Schwartz and colleagues, however, may
offer some clues about the role of melanocortin-relevant MAP kinase
signaling in this brain area. Recently, Blouet et al. [46] reported that
leucine administration activates melanocortin-producing neurons in
the medial basal hypothalamus and that the anorexic effect of leucine
is attenuated by a melanocortin antagonist. Although it is difficult to
establish a direct link between MAP kinase family members and this
response in vivo, it is particularly intriguing that leucine administra-
tion activated P442MAP kinase in the PVN and that the anorexic effect
of leucine was prevented by the MAP kinase inhibitor U0126 [46]. In
spite of this strong suggestion that melanocortin-mediated MAP
kinase is involved in the response to leucine, immunohistochemical
data in the study reveal a subtle discrepancy that remains to be
reconciled. Specifically, when we activated forebrain melanocortin
receptors by injecting MTII into the lateral ventricle, we found that the
resultant phosphorylated MAP kinase was almost completely segre-
gated from oxytocin-producing neurons in the PVN [29]. In contrast,
the MAP kinase activation in the PVN that Blouet et al. found after
leucine injections into the mediobasal hypothalamus was co-localized
with oxytocin [46]. Thus, it appears that the amount of overlap
depends on the context, raising a number of open and interesting
questions.

4.2. Further studies related to the divergent signaling hypothesis of
angiotensin-induced water and saline intake

Unlike the work with melanocortins, which was extended mostly
by other research groups, the studies on angiotensin signaling and
behavior have been built upon almost exclusively by my lab at the
University at Buffalo. The first and most obvious experiment was
designed as a direct test of the hypothesis generated by our earlier
studies. Toward this end, we adopted a strategy used by Fleegal and
Sumners [47] and used a PKC inhibitor to test the requirement of PKC
in water intake stimulated by Angll. Building upon these earlier
studies, we replicated their finding that the PKC inhibitor, cheler-
ythrine, attenuated water intake after Angll treatment and extended it
to show that chelerythrine had no effect on saline intake (Fig. 4A).
This finding is consistent with our hypothesis that G protein-mediated
pathways are more relevant to water intake than they are to salt
intake [48]. In a separate set of experiments, we used a similar
experimental design, but instead of a chelerythrine pretreatment, rats
were given the MAP kinase inhibitor, U0126, before injection of Angll.
Rats given the MAP kinase inhibitor drank markedly less saline than
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Fig. 4. The effect of PKC or MAP kinase inhibition on 60-minute water and saline intakes
in response to Angll. Data are shown as the mean 4+ SEM intake relative to the average
response to Angll alone. PKC inhibition attenuated water, but not saline intake (A),
whereas MAP kinase inhibition reduced saline, but not water intake (B). Asterisks are
used to intake differences from vehicle-treated or inhibitor-only groups and crosses
intake differences from all other treatment groups (p<0.05) using the raw intake data
before transformation to percent of mean baseline intakes.

Daniels et al. [48].

rats given only Angll, but the groups drank similar amounts of water
(Fig. 4B). Thus, our first direct test supported the hypotheses
generated from our earlier SII experiments.

Additional work in the laboratory has tried to build upon the clear
separability of angiotensin-induced water and salt intakes, while
remaining cognizant of the potential roles of divergent intracellular
signaling pathways. The idea that water and salt intakes are
separately regulated is not novel by any means. Indeed, the classic
double-depletion hypothesis [49,50] predicts that depletion of the
intracellular fluid compartment stimulates water intake whereas
dehydration of the extracellular compartment is a stimulus for intake
of both water and salt. Given that Angll, at least of peripheral origin, is
a key signal of extracellular dehydration, it is not surprising that
responses to Angll include both water and salt intake. The natures of
these two intakes, however, are largely considered separate events
with different properties. Many studies suggest differences in the
temporal properties and sensitivity of the intakes, specifically that
water intake is more sensitive and occurs faster than salt intake and
that salt intake likely is more proximally dependent on sodium loss
stimulated by Angll. Our studies and studies of others, however,
suggest that this is an oversimplified perspective based almost
exclusively on experiments with concentrated saline solutions.
Indeed, a dose-response analysis of water and saline intakes after
Angll in our lab showed that stimulation of 1.5% saline intake occurred
at a lower dose of Angll than was needed to stimulate water intake
[48]. Based on this finding, on other experiments from our lab
[38,51,52], and on experiments from other labs [53,54] showing that

Angll-induced salt intake can occur independent from sodium loss, it
seems important to differentiate between the nature of the ingestive
response and, perhaps, consider salt “appetite” a select form of salt
intake in which concentrations of saline that are normally aversive are
readily consumed, but recognize that rapid and sensitive initiation of
salt intake can be observed when more dilute saline is offered. Even
when more concentrated saline (e.g., 3.0%) was offered, separate
phases of salt intake were observed in earlier studies of the effects of
Angll on intake. In 1983, Fluharty and Manaker [55] noted two
separate phases of Angll-induced intake, the first occurring early and
preceding any pressor-induced sodium excretion, and the second
occurring 8-12 h after onset of Angll, when a sodium deficit was
established. Separating Angll-induced water intake from the second
phase of salt intake, or salt “appetite,” is common, but demonstrating
separability between water intake and the early phase of salt intake
has received far less attention. Our laboratory has focused on
understanding the differences in this early phase of salt intake,
which appears to occur simultaneously with the rapid onset of water
intake after administration of AngIl.

One line of research in the laboratory has focused on this early
phase of salt intake and the potential for separable regulation of water
and salt intake by studying the effects of ghrelin on fluid intake.
Recent work from our lab [56] and from another group [57] indicate
that ghrelin, although more recognized for its orexigenic property,
decreases water intake when given with a dipsogenic stimulus.
Preliminary studies in our laboratory, conducted primarily by
Elizabeth Mietlicki, suggest that ghrelin has different effects on
water and saline intakes, affecting saline intake, but not water intake,
in some experiments, while affecting both intakes, but in opposite
directions, in others. These experiments are still in preliminary form
and require a great deal of further study, but we hope that they will
help us understand what appears to be a paradoxical response to
ghrelin, at least with respect to water intake. More specifically, it
remains unclear what the adaptive value could be for a peptide to
increase food intake (thereby adding solute to the body and
concentrating body fluid) while decreasing water intake. Thus,
gaining a more complete picture of the ingestive responses to ghrelin
may provide a more complete context to help address the current
problem. Nevertheless, our initial experiments appear to provide an
example of separable regulation of water and saline intakes.

A separate line of research, conducted primarily by Peter Vento,
has used ingestive behavior as an endpoint to examine AT; receptor
desensitization that has been shown in vitro [58-61] and is likely
responsible for the decreased behavior observed after short-term,
repeated Angll injections [62,63]. To this end, we have attempted to
replicate previous findings [62] showing behavioral desensitization
after repeated Angll. We were not able to demonstrate tachyphylaxis
using the administration protocols in previous reports, but optimized
a procedure that reliably decreased water intake after a challenge
injection of Angll in our laboratory. Specifically, administration of
Angll in three successive lateral ventricle injections, each 20 min apart
(“treatment regimen”) without access to water, followed by a fourth
challenge injection (“test”) and the return of water, produced less
drinking than a treatment regimen of vehicle followed by the same
challenge injection of Angll. In other words, we found that rats given
more injections of Angll, spaced out over 60 min, drank less than rats
given a single injection of Angll, suggesting a desensitizing property of
the earlier doses on the final “test” injection. To date, we have
replicated this behavioral desensitization in 4 separate experiments
using different challenge injection doses and have shown that the
desensitization can be attenuated by pretreatment with the AT
receptor antagonist, losartan, if the administration of losartan is timed
to affect the treatment regimen, but not the test injection. More
relevant to the present discussion related to separating water and salt
intakes, when we performed a 5th experiment, but provided both
water and saline after the test injection, we found that rats given a
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treatment regimen of Angll again drank less water than their vehicle-
treated counterparts, but we found no difference in their saline
intakes. Accordingly, these data provide another example of separable
effects on water and saline intakes stimulated by Angll. These data
were presented in abstract form [51] and are the basis of a manuscript
we are preparing for publication.

There are, of course, a number of factors that remain to be
addressed with respect to these data (issues that will be more
thoroughly discussed when the data are available in manuscript
form), but it is tempting to speculate that the difference in water and
saline intakes we observed relate to our earlier findings that these
intakes are regulated by separate intracellular signaling pathways
[38,39,48]. In this regard, it is noteworthy that manipulating the G
protein-mediated pathway by inhibiting PKC reduced water intake
without affecting saline intake [47,48] because G protein uncoupling
is a well-recognized event associated with AT, receptor desensitiza-
tion [64-66]. If the G protein-mediated signaling pathways are indeed
more relevant to Angll-induced water intake, but not saline intake,
and desensitization involves G protein uncoupling, the predicted
behavioral result of desensitization would be exactly as we observed
in our experiments. Thus, these findings are consistent with, and
indirectly supportive of, our hypothesis that different intracellular
signaling pathways regulate water and saline intakes stimulated by
Angll. If, however, our subsequent experiments indicate that MAP
kinase and G protein-mediated signaling are equally affected by the
treatment regimen, we will be forced to reconsider this logic.
Experiments addressing this and other open questions are currently
underway.

5. Conclusion

As indicated earlier, this article is based upon and describes data
presented in the Society for the Study of Ingestive Behavior's 2009
Alan N. Epstein Award lecture. It is difficult to think of an award that
would have more personal meaning to me because of the influence
that Alan Epstein has had on my professional development. Indeed,
many of the numerous official and unofficial mentors I have
accumulated in my short scientific career trained or collaborated
with Epstein (e.g., Richard Miselis, Steven Fluharty, and Harvey Grill)
and his teachings certainly affected the lessons they passed down to
me. From my perspective, the name of the award is equally
meaningful as the awarding society. The Society for the Study of
Ingestive Behavior has become a home to me since early in my
postdoctoral fellowship and continues to be an ideal place to
exchange ideas and refine my thinking. The many members who [
look forward to seeing at each meeting have greatly influenced my
career and I owe a debt of gratitude to each of them. In Epstein's
obituary, Stellar [67] wrote of a scientific meeting that “he [Epstein]
called his ‘natal meeting,’ for it was his first meeting and his first love.”
The annual meeting of the Society for the Study of Ingestive Behavior
was not my first meeting, but, with respect to scientific meetings, it is
my first love and I believe I understand fully what Epstein meant.

The data described here are simply a small step forward in a line of
research beginning with the discovery that the renin-angiotensin
system stimulates drinking [1,68]. Whether or not data from other
groups or our own continue to support our hypotheses, [ hope that the
knowledge gained by asking the relevant questions will help move the
field forward in at least some small way. Indeed, much remains to be
understood about the mechanisms involved in what Alan Epstein
called the “neurohormonal control of salt intake in the rat” [69].
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