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Summary
The five somatostatin receptor subtypes, named sst1 to sst5, activate both distinct and common
signaling pathways and exhibit different patterns of receptor regulation. Until recently it was believed
that once a particular somatostatin receptor was activated by an agonist, all the downstream signaling
and regulatory effects characteristic of that receptor subtype in that cellular environment would be
triggered. Thus, differences in the actions of somatostatin analogs between tissues were attributed
to variability in the nature and concentration of the sst receptor subtypes and effectors expressed in
different targets. However, agonists have recently been shown to exhibit functional selectivity at
individual sst receptors such that they can elicit a subset of that receptor’s potential effects, a property
known as biased agonism. This review will summarize the evidence for functionally selective
somatostatin receptor agonists and discuss the implications and promise of these new findings.
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INTRODUCTION
The somatostatin receptor family is encoded by five genes, named sst1 – sst5. The mRNA
produced from the sst2 gene is alternatively spliced in rodents and thus produces two protein
products, sst2A and sst2B, that differ in their carboxy-termini. In contrast, the mRNAs for the
other sst genes are not spliced. Thus, six different somatostatin receptor proteins are known
and have been extensively characterized. Other articles in this compendium discuss recent
developments in understanding the signaling and regulation of the individual sst receptor
subtypes either alone or in the presence of heterologous G protein coupled receptors (GPCRs).
These reviews demonstrate that the nature of the receptor isotypes present in a particular
cellular environment is a critical determinant of the tissue response to somatostatin. However,
recent studies have shown that the nature of the agonist is also critically important for
determining the biological consequences of receptor activation. In this review I will discuss
the evidence showing that agonists can exhibit functional selectivity at somatostatin receptors
and direct a receptor to activate only select components of its biological repertoire.
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Somatostatin receptor signaling and regulation involve multiple interacting partners
The binding of hormone to somatostatin receptors initiates a complex set of signaling events
triggered by the interaction of the activated receptors with a large number of different protein
partners (for recent reviews see (Csaba and Dournaud, 2001; Lahlou et al., 2004; Olias et al.,
2004; Schonbrunn, 2004), reviews in this compendium). As members of the seven-
transmembrane domain receptor family, it is not surprising that much of somatostatin receptor
signaling involves activation of heterotrimeric G proteins. All somatostatin receptor subtypes
inhibit adenylyl cyclase via the pertussis toxin sensitive G protein family, Gi/Go. Further, some
somatostatin receptors activate K channels and/or inhibit Ca channels via Gi/Go proteins in
endocrine or neuronal target cells leading to an inhibitory effect on secretion. In fact, recent
evidence indicates that pertussis toxin sensitive G proteins also mediate the stimulation of
tyrosine phosphatases by somatostatin receptors thereby producing some of the cytostatic
actions of somatostatin (Arena et al., 2007) as well as the stimulation of phospholipase C
activity leading to smooth muscle contraction (Murthy et al., 1996). In addition to activating
the Gi/Go family of G proteins, somatostatin receptors can act via pertussis toxin independent
mechanisms. In some cases these mechanisms involve activation of pertussis toxin insensitive
G proteins, such as G12 or G14 (Hou et al., 1994; Komatsuzaki et al., 2001; Lin et al., 1996;
Liu and Wong, 2005) whereas in other instances a direct interaction between sst receptors and
phosphatases or kinases has been proposed (Bousquet et al., 2006; Ferjoux et al., 2003; Lopez
et al., 1996). The list of molecules that bind to activated somatostatin receptors to initiate
intracellular signaling is still undoubtedly incomplete and will continue to expand with
additional studies. However, it is clear that the spectrum of interactions that occur between the
activated receptor and its effectors determines the subsequent intracellular signaling events
and, ultimately, the biological consequences of somatostatin receptor activation.

In addition to the multiplicity of partners involved in somatostatin receptor signaling, a different
set of agonist triggered protein interactions lead to somatostatin receptor desensitization and
internalization. Somatostatin binding is known to be rapidly followed by phosphorylation of
sst1, sst2A and sst3 receptors by G protein coupled receptor kinases or GRKs (Elberg et al.,
2002; Hipkin et al., 1997; Liu and Schonbrunn, 2001; Roth et al., 1997). The GRK family
consists of six serine-threonine kinases that specifically bind to and phosphorylate agonist
activated GPCRs (Moore et al., 2007; Reiter and Lefkowitz, 2006). Receptor phosphorylation
results in the recruitment of cytoplasmic proteins called arrestins in a receptor subtype specific
manner ((Brasselet et al., 2002; Kreuzer et al., 2001; Liu et al., 2005; Tulipano et al., 2004);
Liu et al submitted for publication). Generally, the binding of arrestins to an activated,
phosphorylated GPCR blocks further interaction between the receptors and G proteins and thus
results in the desensitization of G-protein mediated signaling. In addition, arrestins play a key
role in directing GPCRs to clathrin coated vesicles and to the endocytic macinery. The
consequent receptor internalization removes GPCRs from the cell surface so that they are no
longer available for agonist stimulation - a second mechanism for desensitization. Most
interestingly, arrestins have recently been shown to also play an important role in G-protein
independent GPCR signaling by recruiting cytosolic molecules to the receptor-arrestin
complex (Dewire et al., 2007). Although the precise role of receptor phosphorylation and
arrestin binding in the desensitization, trafficking and signaling of different somatostatin
receptor subtypes has not been fully elucidated, these highly regulated and specific protein-
protein interactions are recognized to play a critical role somatostatin receptor function.

This brief overview just begins to indicate the number of proteins that specifically recognize
somatostatin receptors after, but not before, agonist binding as well as the resulting complexity
involved in somatostatin receptor signaling and regulation. Thus, for somatostatin receptors,
as for GPCRs in general, it has become critical to understand the nature of receptor activation.
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Ligand binding and functional selectivity in G protein coupled receptors
Early models of receptor activation proposed that the binding of an agonist shifted an
equilibrium from “the inactive”, basal conformation of a receptor to “the active” conformation
by stabilizing the latter (Fig 1, Model 1) (Kenakin, 2004;Perez and Karnik, 2005). Agonists
were proposed to differ both in their affinity for the receptor and in their ability to shift the
equilibrium from the inactive to the active receptor state. However, receptors in “the active”
conformation were able to couple to the entire spectrum of cytoplasmic effector proteins
targeted by that receptor and therefore to produce all the biological consequences of those
signaling interactions. Therefore, this two-state model for receptor activation predicted that,
in a given cellular environment, the relative potencies of agonists for inducing any two
biological effects from a single receptor would be the same (Kenakin, 2004;Perez and Karnik,
2005). This is because only the amount of activated receptor formed will vary with agonist not
its structure.

The two-state model for receptor activation has dominated much of the literature on
somatostatin receptors. In most instances analog activities have been deduced from only one
or two measurements such as inhibition of hormone secretion or modulation of second
messenger production. Such representative measurements were then used to indicate the
overall potency and efficacy of the analogs under investigation.

Subsequent studies in the signal transduction field have shown that a two-state model cannot
explain the effect of many agonists to induce only some of the possible responses following
receptor activation. The concept of selective receptor modulators is probably most widely
recognized in the nuclear receptor field where it has had an enormous impact on steroid receptor
targeted therapeutics (Jordan, 2007). However, recent studies have demonstrated that the
general concept of selective receptor modulators also applies to GPCRs (for recent reviews see
(Galandrin et al., 2007; Kenakin, 2004; Neubig, 2007; Perez and Karnik, 2005; Urban et al.,
2007; Violin and Lefkowitz, 2007)) and this evolution in our understanding again promises to
have important consequences for drug development (Mailman, 2007). New terms have been
coined to describe the idea that agonists can selectively activate different signaling pathways
and responses via a single GPCR. These terms include “functionally selective agonism”,
“protean agonism”, “biased agonism” and “ligand directed trafficking of receptor signals”
among others. Such selective signaling is explained by a model in which agonists not only
exhibit different affinities for a receptor, but they also stabilize different active receptor
conformations (Fig 1, Model 2). These different activated receptor structures determine the
affinity of the receptor for the spectrum of cytoplasmic proteins which mediate its signaling
effects, such as G proteins, kinases, and phosphatases, as well as its regulation, such as GRKs
or arrestins. Thus, this model predicts that in any given cell type, the relative potencies or
efficacies of two agonists for various biological effects may differ even though their actions
are triggered by a single receptor subtype.

Functionally selective agonists at somatostatin receptors
The first systematic studies to characterize the effects of a large number of somatostatin analogs
on multiple signaling end points were carried out by Hoyer’s group (Siehler and Hoyer,
1999a; Siehler and Hoyer, 1999b; Siehler and Hoyer, 1999c; Siehler et al., 2005). These
investigators compared the potencies and efficacies of somatostatin analogs in CCL39 cells
stexpressing one of the sst receptor subtypes on three parameters: (1) stimulation of GTPγS
binding in membrane preparations, (2) inhibition of forskolin stimulated cyclic AMP
production in intact cells, and (3) stimulation of phosphoinositide accumulation also in intact
cells. Cyclic AMP production was a readout for receptor inhibition of adenylyl cyclase via
pertussis toxin sensitive G proteins whereas inositol phosphate production resulted from
phospholipase C stimulation via both PTX sensitive and insensitive pathways.
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In general, agonist-induced GTPγS binding, phosphoinositide turnover, and inhibition of
adenylyl cyclase showed major differences both in the rank order of potencies and in the relative
efficacies of different analogs. However, although suggestive, the lack of correlation observed
in these studies did not directly demonstrate preferential coupling of individual somatostatin
receptors to particular signaling pathways largely because the assays used did not segregate
the signaling events triggered by sst receptor activation. Thus, agonist stimulation of GTPγS
binding reflects receptor activation of all receptor-interacting G proteins, including the
pertussis toxin sensitive G proteins that couple somatostatin receptors to adenylyl cyclase and
the pertussis toxin insensitive G proteins that are at least partially responsible for coupling
receptors to phospholipase C. Further, since cyclic AMP measurements were made after 15
min of agonist stimulation whereas phosphoinositide production was determined after 50 min
of stimulation, the effect of receptor desensitization will differ in the two assays. We now know
that desensitization can occur after few minutes of agonist stimulation for several somatostatin
receptor subtypes (Beaumont et al., 1998; Elberg et al., 2002; Engstrom et al., 2006; Hipkin et
al., 1997; Holliday et al., 2007; Liu et al., 2000). Thus, desensitization will influence second
messenger formation in assays conducted in intact cells and the impact of desensitization on
such measurements will vary with the time of incubation. Nonetheless, the observed differences
in the activities of somatostatin agonists to regulate diverse second messenger systems via the
same receptor did provide suggestive evidence for the existence of multiple agonist-specific
receptor conformations preferentially coupled to particular intracellular signaling events
(Siehler and Hoyer, 1999b; Siehler and Hoyer, 1999c).

To further test whether functional selectivity occurs with somatostatin receptors we examined
the effects of 11 somatostatin analogs on two distinct receptor-activated pathways (Liu et al.,
2005). Our aim was to minimize cross-over effects in the end-points used to measure receptor
interaction with different effector molecules. Using CHO cells expressing only sst2A receptors,
we measured the potencies and efficacies of a series of analogs to inhibit cyclic AMP
production and to stimulate receptor internalization. Receptor internalization is unaffected by
pertussis toxin pretreatment and depends on arrestin binding to the receptor (Liu et al
manuscript submitted). In contrast, inhibition of cyclic AMP production is abolished by
pertussis toxin and is therefore mediated entirely by receptor activation of Gi/Go proteins.
Finally, to minimize the effects of receptor desensitization, cyclic AMP measurements were
made after only 10 min of agonist stimulation.

All but one of the analogs tested behaved as full agonist for both inhibition of cyclic AMP
production and stimulation of receptor endocytosis (Liu et al., 2005). However, their relative
potencies for the two activities varied about 10-fold. Interestingly, the analogs tested fell into
two groups. The native peptides SS14, SS28 and cortistatin were all close to equipotent at
inhibiting cyclic AMP production and at stimulating receptor endocytosis. In contrast,
synthetic, short somatostatin analogs, such as [Tyr3]octreotide and vapreotide were 5 to 10
times more potent at signal generation than receptor internalization (Liu et al., 2005). These
differences in potency ratios demonstrate that agonists do not stabilize a common active state
of the sst2A receptor that then causes both cyclase inhibition and receptor internalization (Liu
et al., 2005). Rather, agonists must stabilize different receptor conformations with varying
abilities to activate downstream signaling pathways.

Surprisingly, the peptidomimetic L-779,976 was unique in that it was a partial agonist for
stimulating receptor internalization even though it was more potent than the native peptides
for both cyclic AMP inhibition and receptor endocytosis. Consistent with the lower efficacy
of L-779,976 for receptor internalization, the sst2A receptor-arrestin complex formed upon
agonist binding was far less stable when the receptor was occupied by L-779,976 than when
it was occupied by SS14 (Liu et al., 2005). These results show a direct, agonist-specific effect
on the interaction of the sst2A receptor with one of its effector proteins. Therefore, they provide
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strong support for the conclusion that the conformation of the activated receptor depends on
the agonist bound and, further, that agonists determine the nature of the interactions between
the receptor and down-stream effectors.

Two subsequent studies indicated that agonist specific receptor conformations also exist with
other sst receptor subtypes. Cescato et al showed that several of the most potent synthetic sst5
agonists, such as KE108, and L-817,818, were unable to produce internalization of this receptor
subtype even though the native peptides, SS14 and SS28 were effective (Cescato et al.,
2006). The striking dissociation between the high potency and efficacy of these analogs to
inhibit cyclic AMP production (Reubi et al., 2002; Rohrer et al., 1998) and their inability to
stimulate receptor internalization (Cescato et al., 2006) demonstrates functional selectivity of
agonists at the sst5 receptor.

Using cytosensor microphysiometry, two groups have reported differential agonist activity at
sst4 receptors (Engstrom et al., 2006; Smalley et al., 1998). Both groups measured analog
stimulation of the extracellular acidification rate (EAR), which results from activation of the
Na+/H+ antiporter via pertussis toxin sensitive G proteins. They measured the increase in EAR
during a 10 to 50 sec agonist stimulation of sst4 expressing CHO cells as well as the
desensitization of this response to multiple peptide challenges. Strikingly, in both studies the
ability of agonists to produce an EAR response was unrelated to their ability to induce
desensitization. The results support the conclusion that analogs cause differential activation of
receptor-effector pathways and the formation of multiple activated conformations of sst4.
Moreover, these studies provide the first demonstration that somatostatin receptor
desensitization can be separated from receptor signaling, an observation with important
therapeutic implications.

In summary, it is now clear that signaling by, and regulation of, sst 2, sst4 and sst5 receptors
are sensitive to the nature of the activating agonist. It is likely that additional examples of
functional agonist selectivity will be forthcoming at these as well as other somatostatin receptor
subtypes, as such examples are now streaming in for the entire GPCR family.

The identification of biased agonists at sst receptors means that we can no longer assume that
all agonists are functionally equivalent and produce the same spectrum of effects at individual
sst receptors. Moreover, we may have to re-examine some past studies in which the effects of
specific and nonselective agonists are compared. Previously, the effects of one analog which
was able to simultaneously active multiple receptors were often compared with the effects of
another analog that was specific for a single somatostatin receptor isotype. Differences in the
activities of two such analogs were interpreted as resulting from an interaction, either direct or
indirect, between the receptor subtypes activated by the nonselective agonist. However, the
new results summarized here indicate that some of the previous observations comparing
specific and broad spectrum agonists may have resulted from differential effects of the two
compounds at target receptors rather than from receptor interactions. The use of receptor
specific antagonists together with agonist that simultaneously target multiple receptors will
undoubtedly help to sort out the potentially complex interactions that may occur between
somatostatin receptor subtypes as well as between somatostatin receptors and heterologous
GPCRs.

The promise and challenge of functionally selective somatostatin analogs
Biased agonism has now been demonstrated for several somatostatin receptor subtypes.
However, the number of functionally selective somatostatin receptor agonists is still small and
their discriminatory effects on receptor action have been limited to a few end points -namely
receptor signaling via pertussis toxin sensitive G proteins and receptor regulation
(internalization or desensitization) by mechanisms which are likely to involve arrestin
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recruitment. Further, the structural basis for the observed differences in receptor activity are
unknown and we are nowhere near the point that we can identify specific ligand-receptor
interactions that can direct the receptor to the activation of particular effectors. Despite these
gaps in our understanding, it is clear that the potential for selective therapeutic effects at
somatostatin receptors is much broader than previously recognized, as drugs may not only
target particular somatostatin receptor subtypes but may also induce differential activities at
specific receptors. Thus, for somatostatin receptors, as for GPCRs in general, the possibility
of new drugs with different pharmacological profiles at specifically targeted receptor subtypes
holds great promise.
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Figure 1. Models for receptor activation
Model 1 shows two agonists (A1 and A2) that stabilize the same active receptor conformation
(R*). The agonists differ in their binding affinity for the receptor and the effectiveness with
which they can stabilize the active receptor conformation. However, since the conformation
of the activated receptor (R*) is independent of the agonist bound, all agonists will stimulate
the same spectrum of effectors (Ea and Eb) and produce the same spectrum of biological
responses.
Model 2 shows two agonists (A1 and A2) that each stabilize a different active receptor
conformation (denoted by R* in different fonts). Agonists differ both in their binding affinity
for the receptor and the conformation of the activated receptor that they stabilize. Each receptor
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conformation will activate a characteristic subset of effectors (e.g. Ea or Eb) from the spectrum
of possible effectors for the receptor and therefore each agonist can induce a characteristic set
of biological responses that can differ from those induced by other agonists acting at the same
receptor.
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