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SUMMARY 

1. Somatostatin (SRIF) exerts diverse physiological actions in the body 
including regulation of hormone and neurotransmitter release and neuronal firing 
activity. Analogs of SRIF are used clinically to treat tumors and cancers and to 
block the hypersecretion of growth hormone in acromegaly. 

2. The recent cloning of five SRIF receptor subtypes has allowed for the 
identification of the molecular basis of the cellular actions of SRIF. The ligand 
binding domains and regions involved in coupling to G proteins and cellular 
effector systems are being identified and the processes by which SRIF inhibits cell 
growth and proliferation are being established. Furthermore, subtype selective 
agonists have been generated which are being used to investigate the specific 
biological roles of each SRIF receptor subtypes. 

3. Such information will be useful in developing a new generation of SRIF 
drugs that could be employed to treat metabolic diseases, disorders of the gut, 
cancer and abnormalities in the central nervous system such as epilepsy and 
Alzheimer's disease. 

INTRODUCTION 

Somatostatin (SRIF) is a 14 amino acid containing peptide that is expressed 
throughout the central and peripheral nervous systems as well as different organ 
(Brazeau et al. ,  1972; Epelbaum, 1986; Epelbaum et al. ,  1994; Raynor and 
Reisine, 1992; Reichlin, 1983). It is involved in the regulation of the release of a 
number of hormones and neurotransmitters. It inhibits the secretion of growth 
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hormone, thyroid stimulating hormone and prolactin from the anterior pituitary 
and reduces the release of insulin and glucagon from islet cells and amylase 
secretion from acinar cells of the pancreas (Brazeau et al. ,  1972; Epelbaum, 1986; 
Gomez-Pan et al. ,  1975; Hellman and Lernmark, 1969; Reichlin, 1983). SRIF also 
modulates the release of catecholamines and indoleamines in the brain and in 
particular was reported to stimulate the release of dopamine in the striatum 
(Chesselet and Reisine, 1983; Epelbaum, 1986; Raynor and Reisine, 1992). 

A higher molecular form of SRIF, somatostatin-28 (SRIF-28) is also 
biologically active. SRIF-28 consists of a 14 amino acid N-terminal extention of 
SRIF (Pradayrol et al. ,  1980). Like SRIF, SRIF-28 has been shown to inhibit 
hormone secretion from different organs and to regulate neurotransmission 
(Epelbaum, 1986; Raynor and Reisine, 1992; Mandarino et al., 1981; Brown et al. ,  
1977). 

SRIF and SRIF-28 are derived from prosomatostatin which is a biologically 
inactive precursor. In mammals, a single gene encodes prosomatostatin (Good- 
man et al . ,  1980; Montminy et al . ,  1984). This precursor is processed by 
proteolytic enzymes at mono- and dibasic amino acid residues to release SRIF 
and SRIF-28 (Sevarino et al.,  1987). In some tissues, SRIF is the predominant 
product of prosomatostatin processing whereas in other tissues it is SRIF-28 
suggesting that differential processing of prosomatostatin occurs. 

SRIF induces its biological actions by interacting with membrane associated 
receptors. Those receptors are linked to multiple cellular effector systems. SRIF 
has been reported to inhibit adenylyl cyclase activity (Jakobs et al . ,  1983; Law et 
al.,  1991) and voltage dependent Ca ++ currents (Ikeda and Schofield, 1989; 
Meriney et al . ,  1994; Shaprio and Hille, 1993; Wang et al. ,  1990a) and to 
potentiate both inwardly and delayed rectifying K ÷ currents (Mihara et al. ,  1987; 
Wang et al. ,  1989). SRIF has also been shown to stimulate a protein tyrosine 
phosphatase and this action has been linked to the antiproliferative actions of 
SRIF (Buscail et al.,  1994, 1995; Liebow et al.,  1989; Pan et al., 1992; Tahiri-Joutic 
et al.,  1992). 

The SRIF receptors are coupled to distinct cellular effector systems via GTP 
binding regulatory proteins (G proteins) (Law et al. ,  1991; Kleuss et al . ,  1991). A 
family of G proteins that have been shown to associate with SRIF receptors are 
the pertussis toxin sensitive G~ and Go. The G proteins consist of three subunits, 
alpha (G~), beta (Gb) and gamma (Gilman, 1987). There are three distinct forms 
of Gia referred to as Gi~l, G~2 and G,~3. These three forms are encoded by 
different genes but are from 85-94% identical in amino acid sequence (Jones and 
Reed, 1987). Two forms of Go~ exist that are derived from differential splicing 
and which vary in amino acid sequence in their C-terminal region. Biochemical 
studies indicate that SRIF receptors interact with multiple pertussis toxin sensitive 
G proteins (Law et al. ,  1991, 1993, 1994; Murray-Whelan and Schlegel, 1992; 
Brown and Schonbrunn, 1993) and functional studies suggest that selective G 
proteins link SRIF receptors to distinct cellular effector systems (Kleuss et al.,  
1991; Sengoles, 1994; Tallent and Reisine, 1992). These findings suggest that 
subtle differences in physical interaction of SRIF receptors with G proteins may 
direct the receptor to couple to specific cellular effector systems. These subtle 
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physical interactions may form the molecular basis for the diversity of cellular 
actions of SRIF. 

SRIF has been shown to initiate its biological actions by binding to a family 
of receptors. Both biochemical and functional studies have suggested the 
existence of multiple SRIF receptors (for review see Rens-Domiano and Reisine, 
1992). Studies in the late 1970's and early 1980's suggested that SRIF and SRIF 28 
might be able to induce distinct effects on pancreatic hormone secretion (Brown 
et al. ,  1977; Mandarino et al. ,  1981). SRIF 28 was found to be significantly more 
potent than SRIF in blocking insulin secretion whereas the reverse potency ratio 
was observed for inhibition of glucagon release. Receptor binding studies have 
also suggested that radiolabeled SRIF and SRIF 28 ligands may bind differently in 
brain versus pituitary tissues (Srikant and Patel, 1981). Furthermore, electrophy- 
siological studies found that SRIF could potentiate a delayed rectifying K ÷ 
current in embroyonic brain neurons in culture whereas SRIF 28 reduced this 
same current (Wang et  al. ,  1989). Since no cross-desensitization of these 
responses were observed (Wang et al. ,  1990b), it has been hypothesized that the 
two peptides acted on different receptors to modulate the K ÷ current. 

Biochemical studies have also indicated that subtypes of SRIF receptors are 
expressed in the body. Using a SRIF affinity column, He et al. (1989) was able to 
purify a 60 kDa SRIF binding protein from rat brain. Antibodies generated 
against this material immunoprecipitated specific SRIF binding sites from brain 
and a cell line AtT-20 and specifically immunoprecipitated a 60kDa 35S- 
methionine labeled protein from these cells (Theveniau et al. ,  1992). Further- 
more, by immunoblotting, 60kDa proteins were detected in tissues expressing 
SRIF receptors but not in tissues lacking any SRIF binding sites. Because only 
SRIF agonists were available and high affinity SRIF binding to receptors is 
dependent on G protein coupling, extensive pharmacological analysis on the 
60 kDa protein was not possible. 

Other investigators have identified 90 kDa SRIF receptors (reviewed in 
Rens-Domiano and Reisine, 1992). The size of the protein was similar to 90 kDa 
proteins covalently crosslinked with radiolabeled SRIF ligands. These proteins 
were found to be heavily glycosylated. Therefore, it was not clearly established 
whether the differences in size of these proteins and the rat brain SRIF binding 
site was due to differences in amino acid sequence or oligosacchride composition. 

Pharmacological studies have also suggested the existence of SRIF receptor 
subtypes. Initial studies revealed that the stable SRIF analog SMS 201-955 
interacted with more than one site in brain membrane, whereas it appeared to 
bind to only one site in the pituitary (Tran et al., 1985; Reubi, 1984). Further 
studies with the stable SRIF analog MK 678, which is the smallest peptide that 
can bind to SRIF receptors (Veber et al., 1984; Huany et al., 1992), showed a 
population of sites in brain and cell lines that exhibited high affinity for the 
peptide and a second population that exhibited no affinity for the peptide 
(Raynor and Reisine, 1989). Since MK 678 could be iodinated, its high affinity 
binding sites could be accurately analyzed and its distribution in brain could be 
determined by autoradiography (Martin et al., 1991). Such studies revealed that 
the MK 678 sensitive and insensitive sites had distinct distributions in brain, their 
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drug specificites clearly differed and their ionic and GTP sensitivities varied 
dramatically (Raynor et al. ,  1991; Raynor and Reisine, 1992). Thus, the 
accumulated evidence up until 1991 was that distinct populations of SRIF 
receptors were expressed in the body. However, clear approaches to identify 
these sites had not been established. 

CLONING OF SRIF RECEPTORS 

A major breakthrough in the SRIF field occurred with the cloning of SRIF 
receptors (Bell and Reisine, 1993). The first two receptors cloned were referred to 
as SSTR1 and SSTR2 (Yamada et al. ,  1992). They exhibited approximately 50% 
amino acid sequence similarity among themselves but little similarity with any 
other receptors. When expressed in COS cells they were found to bind 
radiolabeled SRIF analogs with high affinity and in a specific manner. Using 
probes derived from SSTR1 and SSTR2, Yasuda et al.  (1992) was able to clone a 
third receptor, SSTR3. While having high overall amino acid sequence similarity 
with SSTR1 and SSTR2, SSTR3 had some unique properties. Its third intracellu- 
lar loop was 10 amino acids larger than either SSTR1 or SSTR2. This is of interest 
since the size of the third intracellular loops of SSTR1 and SSTR2 are relatively 
small consisting of 28 amino acids. This difference in size of the third intracellular 
loop may have functional importance since this is a region of membrane 
associated receptors that has been proposed to be involved in the coupling to G 
proteins and celluar effector system. 

Following the cloning of SSTR3, two other SRIF receptor subtypes were 
cloned at about the same time. The receptor that is now referred to as SSTR4 was 
cloned by Bruno et al.  (1992) and SSTR5 was cloned by O'Carroll et al .  (1992). 
SSTR4 has relatively high amino acid sequence similarity with SSTR1 and has 
been shown to have similar pharmacological properties with this receptor. In 
contrast, SSTR5 has relatively high amino acid sequence similarity with SSTR2 
and shares its ligand selectivities most closely with SSTR2 than any other SRIF 
receptor. Because of the similarities in amino acid sequence and pharmacological 
properties, Hoyer et  al. (1994) have proposed that subfamilies of SRIF receptor 
subtypes exist with SSTR1 and SSTR4 comprising one family and SSTR2, SSTR3 
and SSTR5 forming the other family. 

Since the initial cloning of SSTR1 and SSTR2, the species homologs of each 
receptor have been identified (Corness et al. ,  1993; Demchyshyn et al . ,  1993; 
Kluxen et al. ,  1992; Matsumoto, et al. ,  1994; Meyerhof et al . ,  1992; O'Carroll et 
al. ,  1994; Panetta et  al . ,  1994; Rohrer et al. ,  1993; Xu et  al . ,  1993; Yamada et al . ,  
1992,1993a,b; Yasuda et al. ,  1993). Relatively little difference in amino acid 
sequences of rodent and human forms of SSTR1-SSTR4 have been identified and 
few differences in pharmacological properties have been reported, suggesting 
little deviation in the characteristics of th~se receptors during evolution. In 
contrast, rat and human SSTR5 are only 81% identical in amino acid sequence 
and have been reported in one study to exhibit considerable differences in ligand 
selectivity (O'Carroll et al, 1994). 
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DISTRIBUTION OF SRIF RECEPTOR mRNAs 

The mRNAs for the SRIF receptors have distinct but overlapping distribu- 
tions in the body (Breder et al. ,  1992; Bruno et al., 1993; Kaupman et al., 1993; 
Kong et al . ,  1994a; Meyerhof et al. ,  1992; Perez et al. ,  1994; Wulfsen et al. ,  1993). 
All are expressed in brain, but SSTR5 mRNA is very rare in this tissue and is 
only detectable with sensitive polymerase chain reaction technology (Bruno et al. ,  
1993). All are expressed in the pituitary and gut. In rat SSTR2 mRNA is the only 
SRIF receptor mRNA detected in the adrenal gland (Kong et al. ,  1994a) and in 
human SSTR5 mRNA is the only one expressed in heart (O'Carroll et al. ,  1994). 
This latter finding is of interest since recent pharmacological studies in the guinea 
pig heart have shown that SRIF-28 has a negative inotropic effect on heart and 
the pharmacological characterization of this response is consistent with the 
expression of a SSTR5-1ike receptor (Feniuk et al. ,  1993). Pancreatic islets 
predominantly express SSTR3 mRNA (Yamada et al. ,  1993), although mRNA for 
the other receptors is also expressed in this tissue. Interestingly, there is little 
evidence for a functional role of SSTR3 in the pancreas. The high level of SSTR3 
mRNA may therefore be untranslated, as has been suggested to occur with the 
very high level of SSTR3 mRNA in the rat cerebellum (Kong et al., 1994a), a 
brain region with few if any SRIF receptors (Epelbaum, 1986). 

SRIF receptor mRNAs have been found to be highly expressed in tumors 
(Buscail et al . ,  1994; Greeman and Melmed, 1994; Kubota et al . ,  1994; Patel et al. ,  
1994; Reubi et al. ,  1994, Taylor et al. ,  1994) which may be related to the 
usefulness of SRIF analogs in the treatment of cancer (Lamberts et al. ,  1991). In 
particular, SSTR2 mRNA is found in most cancerous tissues, which may explain 
the therapeutic effectiveness of Sandostatin, a compound that selectively interacts 
with human SSTR2 (O'Carroll et al., 1994). 

PHARMACOLOGICAL PROPERTIES OF THE CLONED 
SRIF RECEPTORS 

Ligand Selectivity 

The ligand selectivities of each cloned SRIF receptor have been investigated 
using receptor binding approaches. For these studies, the rodent or human 
receptors have been expressed in CHO or COS cells so that each receptor can be 
studied independently and under conditions of known receptor density. Human 
SSTR1 has been reported to bind SRIF and SRIF-28 with subnanomolar affinities 
(Raynor et  al. ,  1993a; Yamada et al., 1992; Rens-Domiano et al. ,  1992). However, 
most synthetic analogs of SRIF have very low affinity for SSTR1 and no 
compound has been identified that binds selectively to this receptor (Raynor et 

al. ,  1993a). 
Mouse SSTR2 also has high and similar affinity for the native SRIFs but also 

exhibits high affinity for synthetic hexa- and octapeptide analogs including the 
analogs SMS-201-995, MK 678 and BIM23014 (Raynor et al. ,  1993a). None of 
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these compounds bind specifically to SSTR2 although MK 678 preferentially 
labels this receptor. The analogs NC4-28B and NC8-12 do selectively interact with 
SSTR2 and have been employed to selectively activate this receptor (Raynor et 
at . ,  I993a, b). 

SSTR3 has intermediate ligand selectivities between SSTR1 and SSTR2. 
SRIF and SRIF-28 both bind potently to SSTR3 (Yasuda et al. ,  1992; Yamada et 
al . ,  1993; Raynor et al.,  1993a). Unlike SSTR1, synthetic hexa- and octapeptide 
analogs of SRIF do bind to SSTR3, although at lower potency than they interact 
with SSTR2. The linear peptide BIM23056 interacts with high affinity with SSTR3 
and has some selectivity for this receptor subtype (Raynor et al. ,  1993a). 
However, no other compounds have been found to bind selectively to this 
receptor. 

SSTR4, like SSTR1 has high affinity for native SRIF peptides but low affinity 
for smaller, more rigid analogs (Raynor et al. ,  1993b). The similar ligand 
selectivities may be related to the high amino acid sequence similarity of these 
receptor subtypes which is 61%. The similarities in amino acid sequence and 
ligand binding properties suggest that the ligand binding pockets or ligand 
recognition sites of the two receptors may be alike. 

SSTR5 is unique among the SRIF receptors since it expresses significantly 
higher affinity for SRIF-28 than SRIF (O'Carroll et al. ,  1992). Rat SSTR5 
expresses many similar pharmacological characteristics as SSTR2. It has high 
affinity for both hexa- and octapeptide SRIF analogs, particularly for SMS 
201-995 (Raynor et al.,  1993a,b). Several peptides have been found to selectively 
bind to the rat SSTR5 including the linear peptide BIM 23052 and the cyclic 
compound L362,855 (Raynor et al . ,  1993b). BIM23052 has recently been used to 
identify selective functions of rSSTR5 (Rossowski et al . ,  1993, 1994). 

The human homolog of SSTR5 has only 81% amino acid sequence identity 
with the rat receptor (O'Carroll et al.,  1994). SSTR5 is the only SRIF receptor 
with species variations in amino acid sequence. The amino acid sequence 
differences may contribute to functional variations of the species homologs since 
human SSTR5 has much lower affinity for most hexa- and octapeptide analogs of 
SRIF than the rat receptor. The clinically used analog SMS-201-995, while 
exhibiting similar high affinity for rat SSTR2 and SSTR5 has much lower affinity 
for human SSTR5 than human SSTR2, indicating the compound is likely to be a 
selective SSTR2 agonist in humans (Raynor et  al. ,  1993a,b; O'Carroll et al . ,  t994). 
Similarly, the peptide BIM 23052, which selectively interacts with rat SSTR5 and 
has been employed to identify selective functions of SSTR5 in studies using rats, 
is not selective for human SSTR5 and therefore would not be useful as a selective 
SSTR5 agonist in humans (O'Carroll et al . ,  1994). The only compound that 
exhibits some selectivity for rat and human SSTR5 compared to the other SRIF 
receptor subtypes is L362,855 (O'Carroll et al.,  1994). 

Distinct Biological Functions of SRIF Receptor Subtypes 

Using the subtype selective agonists at the different cloned SRIF receptors 
has allowed for the determination of the distinct functions mediated by SRIF 
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receptor subtypes in the body. Initial studies have shown that the rank order of 
potencies of SRIF analogs to bind to SSTR2 correlated highly with their potencies 
to inhibit growth hormone secretion from rat anterior pituitary cells in culture 
(Raynor et al. ,  1993a,b). In contrast, there was no relationship between the 
potencies of compounds to interact with the other SRIF receptor subtypes and 
their potencies to modulate growth hormone secretion. These findings suggest 
that SSTR2 may selectively mediate SRIF inhibition of growth hormone release 
from the anterior pituitary. 

Rossowski and Coy (1993) reported that the SSTR5 selective agonist 
BIM23052 inhibited in vivo insulin release in the rat as potently as SRIF. 
However, SSTR2 and SSTR3 selective agonists were either much less potent or 
ineffective in reducing insulin secretion. These authors have proposed the SSTR5 
in the rat may selectively mediate the inhibition of insulin release by SRIF. 

In contrast, these same authors (Rossowski and Coy, 1994) have proposed 
that SSTR2 may be selectively involved in the control of glucagon secretion. They 
reported that two SSTR2 selective agonists, NC-8-12 and DC-25-100 were more 
potent than SRIF in reducing glucagon secretion in vivo whereas an SSTR5 
selective agonist was much tess potent than SRIF and SSTR3 selective agonists 
were ineffective in modulating glucagon release. These findings indicate that 
glucagon and insulin secretion may be under the control of different SRIF 
receptor subtypes, which is consistent with previous evidence suggesting that 
separate SRIF 28-preferring and SRIF-preferring receptors were involved in the 
control of the secretion of these hormones (Mandarino et al. ,  1981; Brown et al. ,  

1977). 
In other studies by Rossowski et al. (1994), both SSTR2 and SSTR5 selective 

agonist were potent inhibitors of bombesin-stimulated pancreatic amylase secre- 
tion in vivo suggesting that these receptors had a role in the regulation of other 
pancreatic secretions. In contrast, it was observed that SSTR2-selective agonists 
inhibited gastric acid secretion much more potently that either SSTR3 or SSTR5 
selective agonists suggesting that this function of SRIF was only mediated by 
SSTR2. These in vivo studies are striking and suggest that it may be possible to 
selectively regulate distinct endocrine and exocrine functions of SRIF. As a result, 
subtype selective agonists may have a number of clinical applications in the 
treatment of disorders of hypersecretion of metabolic hormones such as insulin 
and glucagon and diseases of the gastrointestinal tract associated with abnormal 
acid or amylase release. 

MOLECULAR AND CELLULAR ACTIONS OF S ~ F  

SRIF Receptor/G Protein Coupling 

SRIF receptors have been shown to couple to G proteins using a number of 
different approaches. High affinity agonist binding to SRIF receptors in brain, 
peripheral organs and in cell lines is reduced by GTP analogs and pertussis toxin 



604 Reisine 

treatment indicating an interaction of the receptors with either Gi and/or Go 
(Epelbaum, 1986; Raynor and Reisine, 1992; Law et al., in press). Multiple 
approaches have been used to identify which G proteins associate with SRIF 
receptors. Law et al (1991) solubitized SRIF receptor/G protein complexes with 
the mild detergent CHAPS and was able to immunoprecipitate rat brain and 
AtT-20 SRIF receptors with peptide directed antisera against Gia~, G,a3 and Goa 
but not antisera against Gia2, suggesting SRIF can selectivity interact with some 
but not all pertussis toxin sensitive G proteins. Similar results were observed by 
Murray-Whelan and Schelgel (1992) and Brown and Schonbrunn (1993) using 
complementary approaches. The different G proteins may couple SRIF receptors 
to distinct cellular effector systems. Tallent and Reisine (1992) showed that Gm 
selectively coupled SRIF receptors to adenylyl cyclase in AtT-20 cells. In these 
studies, peptide directed antisera against G~1 blocked the inhibition of forskolin 
stimulated adenylyl cyclase activity by SRIF. In contrast, antisera against Gia2, 
G,,3 and Go~ did not alter the ability of SRIF to inhibit adenylyl cyclase activity. 
Similar results have also been reported by Sengoles (1994). She generated GH3 
cells expressing pertussis toxin insensitive G proteins. Pertussis toxin treated cells 
expressing a mutant G~,I responded to SRIF with an inhibition of cAMP 
formation, whereas cells expressing a mutant G,~2 did not. However, this author 
also reported that Gia3 coupled SRIF receptors to adenylyl cyclase, indicating that 
both G~  and G~3 couple SRIF receptors to adenylyl cyclase. 

While Gi~ couples SRIF receptors to adenylyl cyclase, Kleuss et al. (1991) 
have proposed that Go~ selectively couples SRIF receptors to Ca*+ channels. In 
their studies, Go, expression was knocked-down using antisense approaches and 
coupling of the SRIF receptor with Ca ++ channels in G H  3 was diminished. In 
contrast, knock-down of Gi, had no clear effect on SRIF receptor coupling to the 
same channel. These investigators have also proposed that the beta36 and the 
gamma3 subunits of G proteins are necessary for SRIF receptors to couple to 
Ca++ channels (Kleuss et al., 1992, 1993). These findings are consistent with 
previous biochemical studies of Law et al. (1991) who reported that the beta36 and 
the gamma3 subunits selectively form stable complexes with SRIF receptors. 

To investigate the G proteins associated with the cloned SRIF receptors, Law 
et al. (1993), solubilized SSTR2A expressed in cHO-DG44 cells and attempted to 
immunoprecipitate SSTR2A/G protein complexes with peptide-directed antisera 
against different alpha subunits. These investigators reported that G~a3 and Go~ 
formed stable complexes with SSTR2A. This finding differed from results 
obtained with SRIF receptors expressed in brain or AtT-20 cells which indicated 
that Gia~, as well as Gia3 and Go~ associate with SRIF receptors (Law et al., 1991). 
The difference in the results may be due to the detection of multiple SRIF 
receptors in brain and AtT-20 cells, so that a mixture of SRIF receptor subtypes 
were detected whereas the studies with the cloned SSTR2A only examined one 
receptor subtype. Alternatively, processing or physical modifications of en- 
dogenous SSTR2-1ike receptors may direct that receptor to associate with Gia I, 
whereas the unprocessed cloned receptor is unable to effectively associate with 
this G protein. 

The functional significance of the lack of coupling of SSTR2A to G ~  is not 
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established. It may be related to the inability of some investigators to observe 
clear coupling of this cloned receptor to adenylyl cyclase (Bell and Reisine, 1993; 
Buscail et al. ,  1994; Law et al . ,  1993; Rens-Domiano et al. ,  1992; Yasuda et  al.  
1992). However, it should be noted that other investigators have found this 
receptor mediates the inhibition of cAMP formation by SRIF (Garcia and Myers, 
1994; Hershberger et al . ,  1994; Hoyer et al. ,  1994; Kaupmann et  al. ,  1993; Tomura 
et al. ,  1994). 

SSTR3 associates with pertussis toxin sensitive G proteins which couple the 
receptor to adenylyl cyclase (Yasuda et al. ,  1993). SSTR3 expressed in CHO- 
DG44 cells which lack Gial and G~a2 but express Gia3, did not couple to adenylyl 
cyclase. In contrast, SSTR3 expressed in COS-7 ceils, which express all three 
forms of Gia, and 293 cells which express Gia3 and G~3, but not Gia2, coupled to 
adenylyl cyclase and mediated the inhibition of cAMP formation by SRIF (Law et 
al. ,  1993). These findings suggested that G ~  was necessary to couple SSTR3 to 
adenylyl cyclase (Law et al . ,  1994; Yasuda et al. ,  1992). To more directly test this 
hypothesis, Law et al. (1994) cotransfected SSTR3 with either G~a~ or G~a2 into 
CHO-DG44 cells. In cells expressing G~ ,  SSTR3 coupled to adenylyl cyclase and 
mediated SRIF inhibition of cAMP accumulation whereas in cells expressing G~a2, 
but lacking G~a~, it did not. These findings established that G~,1 couples SSTR3 to 
adenylyl cyclase. 

Identification of functional differences of G~ subtypes is particularly interest- 
ing since the amino acid sequences of the alpha subunits are very similar. G~al, 
which couples SSTR3 to adenylyl cyclase and Gia3, which does not, are 94% 
identical in amino acid sequence (Jones and Reed, 1987). This high similarity 
indicates that small structural differences of the alpha subunits must be 
responsible for the functional differences. 

To identify regions of Gia involved in coupling SSTR3 to adenylyt cyctase, 
Law et al.  (1994) generated chimeric alpha subunits consisting of the N-terminal 
two-thirds of Gia2 ligated to the C-terminal third of either Gial or Gia3. Following 
coexpression of SSTR3 with these individual chimeras in CHO-DG44 cells, 
SSTR3 was found to couple to adenylyl cyctase in cells expressing the chimera 
consisting of the N-terminus of Gi,2 and the C-terminus of G~I but not Gia3. This 
finding revealed an essential role of the C-terminus of G,~, in coupling SSTR3 to 
adenylyl cyclase, which is of importance since this region of the G~a subtypes only 
differ by a few amino acid residues. As a result, only a few amino acid residues 
are critical for directing SSTR3 to couple to adenylyl cyclase. 

Coupling of SRIF Receptors to Ionic Conductance Channels 

SRIF receptors couple to multiple ionic conductance channels to modulate 
the functions of electrically active cells. SRIF inhibits voltage dependent, L-type 
Ca ~' channels to reduce Ca ++ conductance and influx into cells (Ikeda and 
Schofield, 1989; Kleuss et al . ,  1991; Wang et al. ,  1990a). Furthermore, SRIF 
potentiates K ÷ conductance through inwardly rectifying, delayed rectifying, 
Ca++-dependent and an M-type K ÷ channels (Mihara et al. ,  1987; Moore et  al. ,  
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1988; Wang et al . ,  1989; White et al. ,  1991). The regulation of Ca ++ and K + 
conductances may be related to the ability of SRIF to generally inhibit 
neurotransmitter and hormone release and reduce the firing activity of neurons 
and endocrine and exocrine cells. 

The subtypes of receptors which mediate the regulation of these channels by 
SRIF have not been clearly established. MK 678, an agonist that preferentially 
binds to SSTR2, has been shown to inhibit Ca ++ currents in embroyonic brain 
neurons in culture (Raynor et al.,  1991) and in the pituitary cell line AtT-20 
(Reisine et al. ,  1994). Furthermore, other SSTR2 selective agonists have been 
found to inhibit Ca ++ currents in AtT-20 cells, suggesting that this receptor 
subtype is coupled to this current. In these cells, the SSTR5-selective agonist 
BIM23052 also inhibits the L-type Ca ++ current, suggesting that this receptor 
subtype may couple to the Ca ++ channel. 

SRIF Receptors and Cell Proliferation 

SRIF analogs have antiproliferative effects and are used clinically to treat 
tumors expressed in endocrine and exocrine organs (Lamberts et al. ,  1991). Susini 
and coworkers have reported that the cloned human SSTR1 and SSTR2 and the 
rat and human SSTR5 can mediate antiproliferative effects of SRIF and some of 
its analogs, whereas SSTR3 and SSTR4 do not appear to be involved in mediating 
SRIF's effects on cell proliferation (Buscail et al.,  1994, 1995). The ability of 
SSTR1 and SSTR2 to mediate antiproliferative effects of SRIF were correlated 
with their abilities to mediate the stimulation of a membrane tyrosine phos- 
phatase. The effects of SRIF were not related to actions on adenylyl cyclase or an 
inhibition of cAMP formation because neither receptor coupled to adenylyl 
cyclase in the cells examined. The close association of a tyrosine phosphatase with 
SSTR2 was further established by the coimmunoprecipitation of the receptor and 
phosphatase with antisera against the receptor or enzyme (Zeggari et al. ,  1994). 
The coupling of SSTR2 to the phosphatase was GTP and pertussis toxin-sensitive 
suggesting an intermediary role of a G protein in the coupling. However, the 
identity of the G protein (s) has not been established. Furthermore, it is not 
clearly established what is the mechanism by which stimulation of the tyrosine 
phosphatase causes antiprotiferative effects of SRIF. 

SSTR5 was also able to mediate antiproliferative effects of the SRIF analog 
RC-160 (Buscail et al . ,  1995). However, no coupling of this receptor with tyrosine 
phosphatase activity was observed and pharmacological treatments which block 
tyrosine phosphatase activity did not prevent the antiproliferative effects of 
SRIF in cells expressing this receptor. In contrast, in CHO cells expressing this 
receptor, SRIF was able to inhibit Ca ++ mobilization induced by cholecystokinin. 
Conceivably by blocking Ca ++ mobilization, SRIF may hinder activation of key 
enzymes involved in the cell proliferation process. 

These findings indicate that three different receptor subtypes are involved in 
mediating antiproliferative effects of SRIF analogs. The most commonly 
employed SRIF analog used to treat tumors in humans is Sandostatin (Lamberts 
et al. ,  1991), which selectively interacts with human SSTR2 (O'Carroll et al . ,  
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1994). The finding that human SSTR1 and SSTR5 also mediate antiproliferative 
effects of SRIF analogs and that mRNA for these receptors are also detectable in 
human tumors, suggest that agonists selective for these receptors may be useful in 
treating cancers. Agonists selective at SSTR1 may be particularly useful since 
continuous stimulation of SSTR2 with agonist causes rapid desensitization 
(Rens-Domiano et al. ,  1992) which could result in. loss of the theraputic effects of 
Sandostatin thereby diminishing its clinical effectiveness. Similarly, SSTR5 rapidly 
desensitizes (Raynor et al. ,  1993b). SSTR1, however, is the one SRIF receptor 
subtype that is very resistent to agonist induced regulation (Rens-Domiano et al. ,  
1992) and therefore activation of this receptor subtype could provide lasting 
inhibition of tumor growth. 

STRUCTURE-FUNCTION ANALYSIS OF THE SRIF RECEPTORS 

With the cloning of the SRIF receptor, it has now become possible to 
investigate structural aspects of the receptors involved in their ligand recognition 
and coupling to cellular effector systems. Many G protein linked receptor have 
conserved aspartate residues in their second transmembrane spanning region that 
are involved in mediating Na + regulation of agonist binding and are also 
believed to have a role in G protein coupling of the receptors. Mutagenesis 
studies of alpha2-adrenergic receptors (Horstman et al.,  1990) and delta opioid 
receptors (Kong et al. ,  1993a) have revealed a critical role of this conserved 
charged amino acid in Na + regulation of agonist binding. Mutations of aspartate 
79 of the mouse SSTR2 to an asparagine was also found to abolish Na + 
regulation of agonist binding to this receptor (Kong et al. ,  1993b). However, the 
ligand selectivities of this receptor were similar to the wild-type receptor. This 
finding differs from those observed with the delta opioid receptor, which showed 
a critical role of the conserved aspartate in the affinity of the receptor for agonists 
as well as the sensitivity of the receptor to Na + regulation. 

To identify ligand binding domains of the SRIF receptors, Fitzpatrick and 
Vandlen (1994) constructed a series of chimeric receptors consisting of fragments 
of SSTR1 and SSTR2. They labeled the receptors with an iodinated SRIF-28 
ligand which binds to both SRIF receptor subtypes equally well and then tested 
MK 678 for its ability to displace the binding of this radioligand to the different 
mutant receptors. MK 678 is the smallest, most rigid SRIF analog available that 
binds potently to SSTR2 (Veber et al. 1984; Huany et al. ,  1992) but does not 
interact with SSTR1. By screening different SSTR1 chimeras containing small 
fragments of SSTR2 for their affinities for MK 678, it was possible to identify MK 
678 binding domains. These authors showed that both the second and third 
extraceltular loops contributed to MK 678 binding with the third extracellular 
loop being most important for the interaction of this synthetic peptide with 
SSTR2. 

This finding is particularly important because it emphasizes the importance of 
extracellular loops in the binding of peptides to their receptors. Initial mutagene- 
sis studies on the beta-adrenergic receptor indicated that catecholamines and 
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synthetic adrenergic ligands bound to hydrophobic pockets created by the 
transmembrane spanning regions of the receptor and that hydrophillic extracellu- 
lar loops of the receptor contributed little to ligand binding (Dixon et al.,  1987). 
Such findings have served as the model to explain how ligands interact with G 
protein linked receptors. However, different mechanisms may subserve peptide 
interactions with their receptors. Peptides are larger molecules than catecholam- 
ines or classical neurotransmitters and may therefore not easily fit into a 
hydrophobic pocket. Studies with the various peptide receptors such as the kappa 
opioid receptor (Kong et al. ,  1994) as well as the tachykinin receptors (Gether et 
al. ,  1993) and SSTR2 (Fitzpatrick and Vandlen, 1994) have established the critical 
role of hydrophillic extracellular loops as having a predominant role in ligand 
binding. Furthermore, because of the relatively large size of the peptides, multiple 
contact sites appear to be required for binding to peptide receptors. This has been 
reported for the tachykinin receptors and is likely to be the case for SRIF 
receptors since the studies of Fitzpatrick and Vandlen (1994) have shown that 
SRIF-28 binding to SSTR2 requires additional sites besides the second and third 
extracellular loops. 

SSTR5, unlike the other SRIF receptors, has significantly higher affinity for 
SRIF-28 than SRIF (O'Carroll et al.,  1992). To investigate the structural basis of 
this selectivity, Ozenberger and Hadcock (1995) generated a series of chimeric 
receptors consisting of fragments of SSTR2 and SSTR5. SSTR2 has similar high 
affinity for SRIF-28 and SRIF. Their analysis of the chimeras lead them to 
propose that a region in the vicinity of transmembrane 6 contains sites in SSTR2 
that were necessary for high affinity binding of SRIF that were not present in 
SSTR5. They then observed that there is a conserved tyrosine in transmembrane 
6 of SSTR1-4 that is a phenylalanine in SSTR5. Mutation of the phenylalanine in 
SSTR5 to a tyrosine confered onto the mutant receptor high affinity for SRIF and 
the receptor lost its selectivity for SRIF-28. Therefore, a single hydroxyl group 
was critical for creating the selectivity of SSTR5 for SRIF-28. Interestingly, while 
this residue was critical for the high affinity of the receptor for SRIF, it is not 
necessary for high affinity for SRIF-28, which is consistent with the results of 
Fitzpatrick and Vandlen (1994). SRIF-28 must therefore have more determinants 
in SRIF receptors for binding than either SRIF or the synthetic SRIF analogs. 
SRIF-28 is the largest peptide that binds to SRIF receptors and it is conceivable 
that the N-terminal extension of the peptide allows it to recognize more contact 
sites in SRIF receptors than the smaller peptides. Since SRIF-28 is the only 
peptide that binds to all SRIF receptors with high affinity, it is possible that all 
SRIF receptors have common recognition sites for this extended part of SRIF-28. 

Regions of SRIF receptors involved in coupling to G proteins and adenylyl 
cyclase may involve the third intracellular loop. SSTR2 is expressed as two forms 
due to alternative splicing (Vanetti et al . ,  1992, 1993). The non-spliced form 
SSTR2A and the spliced form SSTR2B, have identical amino acid sequences from 
residues 1-331. They then diverge in amino acid sequence in their C-terminus with 
SSTR2B being shorter in length and differing in sequence. SSTR2B more 
effectively couples to adenylyl cyclase than SSTR2A (Vanetti et al. ,  1993; Reisine 
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et al. 1994a). Mutagenesis studies have shown that the difference in coupling are 
not due to the length of the C-terminus. In fact, truncation of the C-terminus of 
SSTR2 results in a receptor that effectively couples to adenylyl cyclase (Vanetti et 

al. 1993; Woulfe and Reisine, 1994; Law et al . ,  1995). Therefore, the C-terminus 
of SSTR2 is not needed for coupling to adenylyt cyclase. This findings suggests 
that intraceltular loops may be important for coupling the SRIF receptors to 
adenylyl cyclase. 

The importance of intracellular loops of the SRIF receptors in coupling the 
receptors to adenylyl cyclase is further suggested from studies involving SSTR1. 
In studies by Reisine et al. (1994b), SSTR1 was not able to effectively couple to 
adenylyl cyclase in COS-7 cells. In contrast, a chimeric SSTR1 containing the 
third intracellular loop of the delta opioid receptor coupled to adenylyl cyclase 
and mediated SRIF inhibition of cAMP accumulation. The delta opioid receptor 
couples to adenylyl cyclase. However, a chimeric delta receptor containing the 
third intracellular loop of SSTR1 did not effectively couple to adenylyl cyclase. 
These findings suggest that the inability of SSTR1 to couple with adenylyl cyclase 
may be due to unique sequences in the third intracellular loop. Conversely, the 
ability of delta receptor and possibly SSTR2 to couple to adenylyl cyclase may be 
due to their unique third intracellular loops. 

FUTURE DIRECTIONS 

The cloning of the SRIF receptors has lead to structure-function analvsis 
which is revealing how SRIF induces its cellular functions. It has also provided 
the means to identify subtype selective agonists. Such compounds are allowing for 
investigation into the specific functions of each receptor subtype. They will also 
lead to the development of a new generation of SRIF drugs. Such drugs could be 
employed to treat metabolic disorders involving imbalances in insulin and 
glucagon secretion. They could also be used to treat diseases of the gastrointes- 
tinal tract involving abnormalities in acid secretion. In addition, they may be 
more useful than present strategies to treat tumors or cancers. It may also be 
possible to develop SRIF ligands that can cross diffusion barriers such as the 
blood brain barrier. This could be accomplished through molecular modeling of 
rigid SRIF analogs such as L362,301 (Huany et al . ,  1992) and the development of 
non-peptide SRIF agonists. SRIF drugs that could enter the nervous system could 
also be employed to treat diseases such as epilepsy and Alzheimer's disease, 
which are associated with deficits of SRIF in the brain (Epelbaum, 1986; Raynor 
and Reisine, 1992). 

ACKNOWLEDGEMENT 

This work was supported by NIH Grants MH 45533 and MH 48518. 



610 Reisine 

REFERENCES 

Bell, G. I. and Reisine, T. (1993). Molecular biology of SRIF receptors. Trends Neurosci. 16:34-38. 
Brazeau, P., Vale, W., Burgus, R., Ling, N., Rivier, J., and Guillemin, R. (1972). Hypothalamic 

polypeptide that inhibits the secretion of immunoreactive pituitary growth hormone. Science 
129:,77-79. 

Breder, C. D., Yamada, Y., Yasuda, K., Seino, S., Saper, C. B., and Bell, G. I. (1992). Differential 
expression of SRIF receptor subtypes in brain. J. Neurosci. 12:3920-3934. 

Brown, M., Rivier, J., and Vale, W. (1977). SRIF analogs with selected biological activities. Science 
196:1467-1468. 

Brown, P., and Schonbrunn, A. (1993). Affinity purification of a SRIF receptor-G protein complex 
demonstrates specificity in receptor G protein coupling. J. BioL Chem. 268:6668-6676. 

Bruno, J. F., Xu, Y., Song, J., and Berelowitz, M. (1992). Molecular cloning and functional expression 
of a novel brain specific SRIF receptor. Proc. Natl. Acad. Sci. 89:11151-11155. 

Buscail, L., Delesque, N., Esteve J.-P., Saint-Laurent, N., Prats, H., Clerc, P., Robberecht, D., Bell, 
G. I,, Liebow, C., Schally, A. V., Vaysse, N., and Susini, C. (1994). Stimulation of tyrosine 
phosphatase and inhibition of cell proliferation by SRIF analogues: mediation by human SRIF 
receptor subtypes SSTR1 and SSTR2. Proc. NatL Acad. Sci. 91:2315-2319 

Buscail, L., Esteve, J. P.. Saint-Laurent, N., Bertrand, V., Reisine, T., O'Carroll, A. M., Bell, G. I., 
Schally, A., Vaysse, N., and Susini, C. (1995). Inhibition of cell proliferation by the somatostatin 
analogue RC-160 is mediated by SSTR2 and SSTR5 somatostatin receptor subtypes through 
different mechanisms. Proc. Natl. Acad. Sci. 92:1580-1584. 

Chesselet, M.-F., and Reisine, T. (I983). Somatostatin regulates dopamine release in rat striatal slices 
and cat caudate nucleus. J. Neurosci. 3:232-236. 

Corness, J. D., Demchyshyn, L. L., Seeman, P., Van Tol, H. H. M., Srikant, C. B., Kent, G., Patel, Y. 
C., and Niznik, H. B. (1993). A human SRIF receptor (SSTR3), located on chromosome 22, 
displays preferential affinity for SRIF-14 like peptides. FEBS Left. 321:279-284. 

Demchyshyn, L L., Srikant, C. B., Sunahara, R. K., Kent, G., Seeman, P., Van Tol, H. H. M., 
Panetta, R., Patel, Y. C., and Niznik, H. B. (1993). Cloning and expression of a human 
SRIF-14-selective receptor variant (SRIF receptor 4) located on chromosome 20. Mol. 
Pharmacol. 43:894-901. 

Dixon, R., Sigal, I., Rands, E., Register, R., Candelore, M., Blake, A., and Strader, C. (1987). Ligand 
binding to beta-adrenergic receptor involves its rhodopsin-like core. Nature 326:73-77. 

Epelbaum, J. (1986). SRIF in the central nervous system: Physiology and pathological modification. 
Prog. NeurobioL 27:63-100. 

Epelbaum, J., Dournaud, P., Fodor, M., and Viollet, C. (1994). The neurobiology of SRIF. Crit. Rev. 
Neurobiol. 8:25-44. 

Feniuk, W., Dimech, J., and Humphrey, P. P. A. (1993). Characterization of SRIF receptors in 
guinea-pig isolated ileum, vas deferens and right atrium. Br. J. Pharmacol. 110:1156-1164. 

Fitzpatrick, V., and Vandlen, R. (1994). Agonist selectivity determinants in SRIF receptor subtypes I 
and II. J. Biol. Chem. 269:24621-24626. 

Garcia, P. D., and Myers, R. M. (1994). Pituitary cell line GH3 expresses two SRIF receptor subtypes 
that inhibit adenylyl cyclase: functional expression of rat SRIF receptor subtypes 1 and 2 in 
human embryonic kidney 293 cells. MoL Pharmacol. 45:402-409. 

Gether, U., Johansen, T., Snider, R., Lowe, J., Nakanishi, S., and Schwartz, T. (1993). Different 
binding epitopes on the NK-1 receptor for substance P and a non-peptide antagonist. Nature 
362:345 -348. 

Gilman, A. (1987). G proteins: Transducers of receptor-generated signals. Annu. Rev, Biochem. 
56:615-649. 

Gomez-Pan, A., Reed, J., Albinus, M., Shaw, B., Hall, R., Besser, G., Coy, D., Kastin, A., and 
Schally, A. (1975). Direct inhibition of gastric acid and pepsin secretion by growth-hormone 
release-inhibiting hormone in cats. Lancet 1:888-890. 

Goodman, R., Jacobs, J., Chin, W., Lund, P., Dee, P., and Habner, J. (1980). Nucleotide sequence of 
a cloned structural gene coding for a precusor of pancreatic somatostatin. Proc. Natl. Acad. Sci. 
77:5869-5873. 

Greenman, Y., and Melmed, S. (t994). Heterogeneous expression of two SRIF receptor subtypes in 
pituitary tumors. J. Clin. EndocrinoL Metabol. 78:398-403. 

He, H. T., Johnson, K., Thermos, K., and Reisine, T. (I989). Purification of a putative brain SRIF 
receptor. Proc. Natl. Acad. Sci. 86:1480-1484. 

Hellman, B., and Lernmark, A, (1969). Inhibition of the in vitro secretion of insulin by an extract of 
pancreatic alphal cells. Endocrinology 84:1484-1488. 



Somatostatin 611 

Hershberger, R. E., Newman, B. L., Florio, T., Bunzow, J., Civelli, O., Li, X.-J., Forte, M., and Stork, 
P. B. (1994). The SRIF receptors SSTRI and SSTR2 are coupled to inhibition of adenylyl cyclase 
in CHO cells via pertussis toxin-sensitive pathways. Endocrinology 134:1277-1285. 

Horstman, D., Brandon, S., Wilson, A., Guyer, C., Cragoe, E., and Limbird, L. (1990). An aspartate 
conserved among G-protein linked receptors confers atlosteric regulation of alpha2-adrenergic 
receptors by sodium. J. Biol. Chem. 265:21590-21595. 

Hoyer, D., et al. (1994). Molecular pharmacology of somatostatin receptors. Naunyn-Schmiedeberg's 
Arch. Pharmacol. 350:441-453. 

Huany, Z., He, Y., Raynor, K., Tallent, M., Reisine, T., and Goodman, M. (1992). Side chain chiral 
methylated SRIF analog synthesis and conformational analysis. J. Am. Chem. Soc. 114:9390- 
9401. 

Ikeda, S., and Schofield, G. (1989). SRIF blocks a Ca ~" current in rat sympathetic ganglion neurons. 
J. Physiol. 409:221-240. 

Jakobs, K., Aktories, K., and Schultz, G. (1983). A nucleotide regulator), site for SRIF inhibition of 
adenylyl cyclase in $49 lymphoma cells. Nature 303:177-178. 

Jones, D., and Reed, R. (1987). Molecular cloning of five GTP-binding protein cDNA species from rat 
olfactory neuroepithelium. J. Biol. Chem. 262:14241-14249. 

Kaupmann, K., Bruns, C., Hoyer, D., Seuwen, K., and Lubbert, H. (1993). mRNA distribution and 
second messenger coupling of four SRIF receptors expressed in brain. FEBS Lett 331:53-5991. 

Kleuss, C., Scherubl, H., Hescheler, J., Schultz, G., and Wittig, B. (1993). Selectivity in signal 
transduction determined by gamma subunits of heterotrimeric G proteins. Science 259:832-834 

Kleuss, C., Scherubl, H., Hescheler, J., Schultz, G., and Wittig, B. (1992). Different beta-subunits 
determine G-protein interaction with transmembrane receptors. Nature 358:424-426 

Kleuss, C., Hescheler, J., Ewel, C., Rosenthal, W., Schultz, G., and Wittig, R. (1991). Assignment of 
G-protein subtypes to specific receptors inducing inhibition of calcium currents. Nature 
353:43-48. 

Kluxen, F.-W., Bruns, C., and Lubbert, H. (1992). Expression cloning of a rat brain SRIF receptor 
cDNA. Proc. Natl. Aead. Sci. USA 89:4618-4622. 

Kong, H., DePaoli, A. M., Breder, C. D., Yasuda, K., Bell, G. I., and Reisine, T. (1994a). Differential 
expression of SRIF receptor subtypes SSTR1, SSTR2 and SSTR3 in adult rat brain, pituitary and 
adrenal gland. Analysis by RNA blotting and in situ hybridization. Neuroscience 59:175-184. 

Kong, H., Raynor, K., and Reisine, T. (1994b). Amino acids in the cloned mouse kappa receptor that 
are necessary for high affinity agonist binding but not antagonist binding. Reg. Pep. 54:155-156. 

Kong, H., Raynor, K., Yasuda, K., Moe, S., Portoghese, P., Bell, G. I., and Reisine, T. (1993a). A 
single residue, aspartic acid 95, in the delta opioid receptor specifies selective high affinity agonist 
binding. J. Biol. Chem. 268:23055-23058. 

Kong, H., Raynor, K., Yasuda, K.. Bell, G. I., and Reisine, T. (1993b). Mutation of an aspartate at 
residue 79 in the srif receptor subtype SSTR2 prevents Na" regulation of agonist binding but does 
not affect apparent receptor/G protein association. Mol. Pharmacot. 44:380-384. 

Kubota, A., Yamada, Y., Kagimoto, S., Sbimatsu, A., lmamura, M., Tsuda, K., Imura, H., Seino, S., 
and Seino, Y. (1994). Identification of SRIF receptor subtypes and an implication for the efficacy 
of SRIF analog SMS 201-955 in treatment of human endocrine tumors. J. Clin. Invest. 
93:1321-1325. 

Lamberts, S., Krenning, E., and Reubi, J.-C. (1991). The role of SRIF and its analogs in the diagnosis 
and treatment of tumors. Endocrine Rev. 12:450-482. 

Law, S., Woulfe, D., and Reisine, T. (1995). SRIF receptor activation of cellular effector systems. 
Minireview. Cellular Signalling. 7:1-8. 

Law, S., Manning, D., and Reisine, T. (1991). Identification of the subunits of GTP binding proteins 
coupled to SRIF receptors. J. Biol. Chem. 266:17885-17897. 

Law, S., Yasuda, K., Bell, G. 1., and Reisine, T. (1993). Gia3 and Goa selectively associate with the 
cloned SRIF receptor subtype SSTR2. J. Biol. Chem. 268:10721-10727. 

Law, S., Zaina, S,, Sweet, R., Yasuda, K., Bell, G. I., Stadel, J., and Reisine, T. (1994). Gial 
selectively couples the SRIF receptor subtype SSTR3 to adenylyl cyclase: Identification of the 
functional domains of this alpha subunit necessary for mediating SRIF's inhibition of cAMP 
formation. Mol. Pharmacol. 45:587-590. 

Liebow, C., Reilly, C., Serrano, M. and Schally, A. (1989). SRIF analogues inhibit the growth of 
pancreatic cancer by stimulating tyrosine phosphatase. Proc. Natl. Acad. Sci. 86:2003-2007. 

Mandarino, L., Stenner, D., Blanchard, W., Nissen, S., Gerich, J., Ling, N., Brazeau, P., Bohlen, P., 
Esch, F., and Guillemin, R. (1981). Selective effects of SRIF-14, -25, and -28 on in vitro insulin 
and glucagon secretion. Nature 291:76-77. 

Martin, J.-L., Chesselet, M.-F., Raynor, K., Gonzales, C., and Reisine, T. (1991). Differential 



612 Reisine 

distribution of SRIF receptor subtypes in rat brain revealed by newly developed srif analogs. 
Neuroscience 41:581-593. 

Matsumoto, K., Yokogoshi, Y., Fujinaka, Y., Zhang, C., and Saito, S. (1994). Molecular cloning and 
sequencing of porcine SRIF receptor 2. Biochem. Biophys, Res. Comm. 199:298-305. 

Meriney, S., Gray, D., and Pilaf, G. (1994). SRIF-induced inhibition of neuronal Ca** current 
modulated by cGMP-dependent protein kinase. Nature 369:.336-339. 

MeyerhoL W., Wulfsen, I., Schonrock, C., Fehr, S., and Richter, D. (1992). Molecular cloning of a 
SRIF-28 receptor and comparison of its expression pattern with that of a SRIF-14 receptor in rat 
brain. Proc. Natl. Acad. Sci. USA 89:10267-10271. 

Mihara, S., North, R., and Suprenant, A. (1987). SRIF increases an inwardly rectifying potassium 
conductance in guinea-pig submucous plexus neurons. J. Physiol. 390:335-355. 

Montminy, M., Goodman, R., and Habener, J. (1984). Primary structure of the gene encoding rat 
proprosomatostatin. Proc. Natl. Acad. Sci. 81:3337-3340. 

Moore, S., Madamba, S., Joels, M., and Siggins G. (1988). Somatostatin augments the M-current in 
hippocampal neurons. Science 239:278-280. 

Murray-Whelan, R., and Schlegel, W. (1992). Brain SRIF receptor-G protein interaction: Ga 
C-terminal antibodies demonstrate coupling of the soluble receptor with Gial-3 but not Go. J. 
Biol. Chem. 267:2960-2965. 

O'Carroll, A.-M., Lolait, S. J., Konig, M., and Mahan, L. C. (1992). Molecular cloning and expression 
of a pituitary SRIF receptor with preferential affinity for srif-28. Mol. Pharmacol. 42:939-946. 

O'Carroll, A.-M., Raynor, K., Lolait, S. J., and Reisine, T. (1994). Characterization of cloned human 
SRIF receptor SSTR5. Mol. PharmacoL 48:291-298. 

Ozenberger, B., and Hadcock, J. (1995). A single amino acid substitution in the somatostatin receptor 
subtype 5 increases affinity for SRIF 14. Mol. Pharmacol. 47:82-87. 

Pan, M., Florio, T., and Stork, P. (1992). G protein activation of a hormone-stimulated phosphatase in 
human tumor cells. Science 256:1215-1217. 

Panetta, R., Greenwood, M. T., Warszynska, A., Demchyshyn, L. L., Day, R., Niznik, H. B., Srikant, 
C. B., and Patel, Y. C. (1994). Molecular cloning, functional characterization and chromosomal 
localization of a human SRIF receptor (SRIF receptor type 5) with preferential affinity for SRIF 
28. MoL Pharmacol. 45:417-427. 

Patel, Y., Panetta, R., Escher, E., Greenwood, M., and Srikant, C. (1994). Expression of multiple 
SRIF receptor genes in AtT-20 cells. J. Biol. Chem 269:1506-1509. 

Perez, J., Rigo, M., Kaupmann, C., Bruns, C., Yasuda, K., Bell, G. I., Lubbert, H., and Hoyer, D. 
(1994). Localization of SRIF (SRIF) SSTR-1, SSTR-2 and SSTR-3 receptor mRNA in rat brain 
by in situ hybridization. Naunyn-Schmiedeberg's Arch. Pharmacol. 349:. 145 - 160. 

Pradayrol, L., Jomvall, H., Mutt, V., and Ribet, A. 1980 N-terminally extended srif: The primary 
structure of SRIF-28. FEBS Lett. 109:.55-58. 

Raynor, K., and Reisine. T. (1992). SRIF receptors. Crit. Rev. Neurobiol. 16:273-289. 
Raynor, K., and Reisine, T. (1989). Analogs of SRIF selectively label distinct subtypes of srif 

receptors in rat brain. J. PharmacoL Exp. Ther. 251:510-517. 
Raynor, K., Wang, H., Dichter, M., and Reisine, T. (1991). Subtypes of brain SRIF receptors couple 

to multiple cellular effector systems. MoL Pharmacol. 40:248-253. 
Raynor, K., Murphy, W., Coy, D., Taylor, J., Moreau, J.-P., Yasuda, K., Bell, G. I., and Reisine, T. 

(1993a). Cloned SRIF receptors: Identification of subtype selective peptides and demonstration of 
high affinity binding of linear peptides. Mol. Pharmaco/. 43:838-844. 

Raynor, K., O'Carroll, A.-M., Kong, H., Yasuda, K., Mahan, L., Bell, G. I., and Reisine, T. (1993b). 
Characterization of cloned SRIF receptors SSTR4 and SSTR5. Mol. PharmacoL 44:385-392. 

Reichlin, S. (1983). SRIF. New Engl J. Med. 309:1495-1563. 
Reisine, T., Kong, H., Raynor, K., Yano, H., Takeda, J., Yasuda, K., and Bell, G. I. (1993). Splice 

variant of the SRIF receptor 2 subtype, SSTR2B, couples to adenylyl cyclase. Mol. Pharmacol. 
44:1008-1015. 

Reisine, T., Tallent, M., and Dichter, M. (1994a). SRIF receptor subtypes endogenously expressed in 
ART-20 cells couple to three different ionic currents. Soc. NeuroscL Abst.  20:.376.19135. 

Reisine, T., Heerding, J., and Raynor, K. (1994b). The third intracellular loop of the delta receptor is 
necessary for coupling to adenylyl cyclase and receptor desensitization. Reg. Pep. 54".241-242. 

Rens-Domiano, S., Law, S. F.. Yamada, Y., Seino, S., Bell, G.I., and Reisine, T. (1992). 
Pharmacological properties of two cloned SRIF receptors. Mol. Pharmacol. 42:28-34. 

Rens-Domiano, S., and Reisine, T. (1992). Biochemical and functional properties of SRIF receptors. 
J. Neurochem. :58:1987-1996. 

Reubi, J. C., Schaer, J., Wagner, D. and Mengod, G. (1994). Expression and localization of SRIF 
receptor SSTR1, SSTR2, and SSTR3 mRNA in primary human tumors using in situ hybridization. 
Cancer Res. 54:3455-3459. 



Somatostatin 613 

Reubi, J. C. (1984). Evidence for two SRIF-14 receptor types in rat brain. Neurosci. Len. 49:259-263. 
Rohrer, L., Raulf, F., Bruns, C., Buettner, R., Hofstaedter, F., and Schule, R. (1993). Cloning and 

characterization of a fourth human SRIF receptor. Proc. Natl. Acad. Sci. USA 90:.4196-4200. 
Rossowski, W., and Coy, D. (1993). Potent inhibitory effects of a type four receptor selective SRIF 

analog on rat insulin release. Biochem. Biophys. Res. Commun. 197:366-371. 
Rossowski, W., and Coy, D. (1994). Specific inhibition of rat pancreatic insulin and glucagon release 

by receptor-selective somatostatin analogs. Biochem. Biophys. Res. Commun. 205:341-346. 
Rossowski, W., Gu, Z., Akarca, U., Jensen R., and Coy D.C. (1994). Characterization of somatostatin 

receptor subtypes controlling rat gastric acid and pancreatic amylase release. Peptides 15:1421- 
1424. 

Sengoles, S. (1994). The D2 dopamine receptor isoforms signal through distinct G~a proteins to inhibit 
adenylyl cyclase. J. Biol. Chem. 7,69:23120-23127. 

Sevarino, K. Felix, R., Banks, C., Low, M., Montminy, M., Mandel, G., and Goodman, R. (1987). 
Cell-specific processing of preprosomatostatin in cultured neuroendocrine cells. J. Biol. Chem. 
262:4987--4993. 

Shaprio, M., and Hille, B. (1993). Substance P and somatostatin inhibit calcium channels in rat 
sympathetic neurons via different G protein pathways. Neuron 10:11-20. 

Srikant, C., and Patel, Y. (1981). Receptor binding of SRIF-28 is tissue specific. Nature 294:259-260. 
Tahiri-Jouti, N., Cambillau, C., Viguerie, N., Vidal, C., Buscail, L., Saint Laurent, N., Vaysse, N., and 

Susini, C. (1992). Characterization of a membrane tyrosine phosphatase in AR42J cells: 
regulation by SRIF. Am. J. Physiol. 262:G1007-G1014. 

Tallent, M., and Reisine, T. (1992). G,a~ selectively couples SRIF receptor to adenylyl cyclase in the 
pituitary cell line AtT-20. Mol. Pharmacol. 41:452-455. 

Taylor, J., Theveniau, M., Bashirzdeh, R., Reisine, T., and Eden, P. (1994). Detection of SRIF 
receptor subtype 2 (SSTR2) in established tumors and tumor cell lines: Evidence for SSTR2 
heterogeneity. Peptides 15:1229-1236. 

Theveniau, M., Rens-Domiano, S., Law, S., Rougon, G., and Reisine, T. (1992). Development of 
antisera against the rat brain SRIF receptor. Proc. Natl. Acad. Sci. 89:4314-4318. 

Tomura, H., Okajima, F., Akbar, M., Majid, M., Sho, K., and Kondo, Y. (1994). Transfected human 
SRIF receptor type 2, SSTR2, not only inhibits adenylyl cyclase but also stimulates phospholipase 
C and Ca-* mobilization. Biochem. Biophys. Res. Commun. 200:986-992. 

Tran, V., Uhl, G., and Martin, J. (1985). Two types of SRIF receptors differentiated by cyclic SRIF 
analogs. Science 228:492-495. 

Vanetti, M., Kouba, M., Wang, X., Vogt, G., and Hollt, V. (1992). Cloning and expression of a novel 
mouse SRIF receptor. FEBS Lett. 311:290-294. 

Vanetti, M., Vogt, G., and Hollt, V. (1993). The two isoforms of the mouse SRIF receptor 
(mSSTR2A and mSSTR2B) differ in coupling efficiency to adenylate cyclase and in agonist- 
induced receptor desensitization. FEBS Len 331:260-266. 

Veber, D., Saperstein, R., Nutt, R., Friedinger, R., Brady, S., Curley, P., Perlow, D., Palveda, W., 
Colton, C., Zacchei, A., Tocco, D., Hoff, D., Vandlen, R., Gerich, J., Hall, L., Mandarino, L., 
Cordes, E., Anderson, P., and Hirschmann, R. (1984). A superactive cyclic hexapeptide analog of 
SRIF. Life Sci. 34: 1371-1378. 

Wang, H., Bogen, C., Reisine, T., and Dichter, M. (1989). SRIF-14 and SRIF-28 induce opposite 
effects on potassium currents in rat neocortical neurons. Proc. Natl. Acad. Sci. USA 86:9616- 
9620. 

Wang, H., Reisine, T., and Dichter, M. (1990a). SRIF-14 and SRIF-28 inhibit calcium currents in rat 
neocortical neurons. Neuroscience 38:335-342. 

Wang, H., Dichter, M., and Reisine, T. (1990b). Lack of cross-desensitization of SRIF-14 and SRIF-28 
receptors coupled to potassium channels in rat neocortical neurons. Mol. Pharmacol. 38".357-361. 

White, R., Schonbrunn, A., and Armstrong, D. (1991). SRIF stimulates Ca -+ activated K- channels 
through protein phosphorylation. Nature 351:570-573. 

Woulfe, D., and Reisine, T. (1994). Splice variants of SSTR2 differentially couple to adenylyl cyclase. 
Soc. Neurosci Abst. 20:907. 

Wulfsen, I., Meyerhof, W., Fehr, S., and Richter, D. (1993). Expression patterns of rat SRIF receptor 
genes in pre- and postnatal brain and pituitary. J. Neurochem. 61:1549-1552. 

Xu, Y., Song, H., Bruno, J. F., and Beretowitz, M. (1993). Molecular cloning and sequencing of a 
human SRIF receptor, hSSTR4. Biochem. Biophys. Res. Commun. 193:648-652. 

Yamada, Y., Post, S. R., Wang, K., Tager, H. S., Bell, G. I., and Seino, S. (1992). Cloning and 
functional characterization of a family of human and mouse SRIF receptors expressed in brain, 
gastrointestinal tract, and kidney. Proc. Natl. Acad. Sci. USA 89:251-255. 

Yamada, Y., Reisine, T., Law, S. F., lhara, Y., Kubota, A., Kagimoto, S., Seino, M., Seino, Y., Bell, 
G. 1., and Seino, S. (1993a). SRIF receptors, an expanding gene family: cloning and functional 



614 Reisine 

characterization of human SSTR3, a protein coupled to adenylyl cyclase. Mol. Endocrinol. 
6.'2136-2142. 

Yamada, Y., Stoffel, M., Espinosa, R., Xiang, K., Seino, M., Seino, S., Le Beau, M. M., and Bell, G. 
I. (1993b). Human SRIF receptor genes: localization to human chromosomes 14, I7 and 22 and 
identification of simple tandem repeat polymorphisms. Genomics 15: 449-452. 

Yasuda, K., Rens-Domiano, S., Breder, C. D., Law, S. F., Saper, C. B., Reisine, T., and Belt, G. I. 
(1992). Cloning of a novel SRIF receptor, SSTR3, that is coupled to adenylyl cyclase. J. Biol. 
Chem. 267:20422-20428. 

Zeggari, M., Esteve, J., Rauly, I., Cambillau, C., Mazargull, H., Dufresne, M., Pradayrol, L., 
Chayvialle, 3., Vaysse, N., and Susini, C. (1994). Co-purification of a protein tyrosine phosphatase 
with activated somatostatin receptors from rat pancreatic acinar membranes. Biochem. J. 
303:441-44& 


