British Journal of Pharmacology (1998) 125, 833-841

0 1998 Stockton Press Al rights reserved 0007 -1188/98 $12.00

http://www.stockton-press.co.uk/bjp

Differential agonist activity of somatostatin and 1.-362855 at

human recombinant sst4 receptors
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1 The operational characteristics of somatostatin (SRIF) ssty receptors are poorly understood. In this
study, we have characterized human recombinant sst; receptors expressed in CHO cells (CHOsst,;) by
radioligand binding and microphysiometry.

2 Increasing concentrations SRIF or other SRIF receptor ligands inhibited specific ['*°I]-Tyr''-SRIF
binding in CHOsst, cell membranes with respective pICs, values of SRIF (8.82), L-362855 (7.40), BIM-
23027 (<5.5) and MK-678 (<35.5).

3 These ligands displayed agonist activity, producing concentration-dependent increases in rates of
extracellular acidification (EAR) with pECs, values of SRIF (9.6) and L-362855 (8.0), respectively. BIM-
23027 and MK-678 were at least 1000 times weaker than SRIF. The SRIF maximum was about 40% of
that observed with L-362855.

4 In the presence of SRIF (0.1—1 nM), concentration-effect curves to L-362855 were displaced to the
right with a progressive reduction in the L-362855 maximum.

5 When cells were only exposed to a single maximally effective concentration of SRIF or L-362855,
there was no difference in the magnitude of the agonist-induced increase in EAR. However, a second
agonist challenge, 30 min later showed that responses to SRIF but not L-362855 were markedly
desensitized.

6 When concentration-effect curves to SRIF and L-362855 were obtained by combining data from cells
exposed to only a single agonist concentration, SRIF (pECs, 9.2) was approximately 20 times more
potent than L-362855 (pECs, 8.0) but the maxima were the same. Responses to both SRIF and L-362855
were abolished by pertussis toxin.

7 SRIF and L-362855-induced increases in EAR were inhibited by N-ethyl isopropyl amiloride (10 uMm)
but were not modified by inhibitors of PKC (Go-6976), MAP kinase (PD-98059), tyrosine kinase
(genistein) or tyrosine phosphatase (sodium orthovanadate).

8 The results suggest that SRIF-induced increases in EAR in CHOsst, cells involved activation of the
Na®™/H* antiporter and were mediated via Gi/Go G proteins. Responses to SRIF, but not L-362855,
were subject to marked desensitization which may be a consequence of differential activation of receptor-

effector coupling pathways.
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Introduction

Somatostatin (Somatotropin Release Inhibitory Factor, SRIF)
is a 14-amino acid peptide with a wide range of effects in both
the peripheral and central nervous systems (Hoyer et al., 1994;
Schindler et al., 1996). SRIF, the N-terminally extended form,
SRIF-28, and a possible third endogenous ligand, cortistatin
(Fukusumi et al., 1997), have been shown to interact with a
family of five heptahelical G-protein linked receptors named
sst; —ssts (Hoyer et al., 1995) which can be subdivided into two
groups, SRIF, and SRIF,, on the basis of amino acid sequence
homology as well as operational characteristics. To date, more
investigative work has focused upon receptors belonging to the
SRIF, group (sst,, sst; and ssts). Selective agonists and
antagonists for some of these receptors have now been
identified which has allowed the study of these receptors in
both heterologous expression systems as well as tissues
(Wilkinson et al., 1996; 1997; Bass et al., 1996; Lauder et al.,
1997; Hicks et al., 1998). In contrast, little is known about the
SRIF, receptor group (sst; and sst,;), with most experimental
work being confined to radioligand binding studies on cell
membranes expressing recombinant receptors, which show
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that the cyclic hexapeptides, such as BIM-23027 and MK-678
have a low affinity for these receptors (Raynor et al., 1993;
Patel & Srikant, 1994). When expressed in CHO-K1 cells, the
rat ssty receptor has been shown to mediate stimulation of
MAP kinase, the release of arachidonic acid and inhibition of
adenylyl cyclase in a pertussis toxin-sensitive manner (Bito et
al., 1994). Until very recently (see Liapakis er al., 1996;
Ankersen et al., 1998), no selective ligands for sst; or sst,
receptors had been described and as a consequence, the
operational characteristics of these receptors have largely been
defined on the basis of exclusion criteria.

The functional significance of endogenously expressed sst,
receptors is at present unknown. Receptor localisation studies
using Northern blotting, in situ hybridization and RT-PCR
analyses have revealed the presence of the sst, receptor type in
both the brain, particularly the cortex and hippocampus, as
well as the lung (Bruno et al., 1992; Rohrer et al., 1993;
Harrington et al., 1995; Schloos et al., 1997). In a recent study
in Xenopus oocytes co-expressing rat recombinant sst,
receptors and a G-protein coupled inwardly rectifying
potassium channel, SRIF-induced activation of an inward
K™ current did not desensitize (Kreienkamp ez al., 1997).
However, SRIF-induced internalization of sst, receptors has
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been reported in CHO-K1 cells (Hukovic et al., 1996) whilst
the same receptor expressed in HEK cells reportedly did not
internalize (Roth et al., 1997).

The technique of microphysiometry allows continuous
monitoring of cellular metabolic activity by measuring
extracellular acidification rates (EAR) (McConnell et al.,
1992) and has the advantage of being non-invasive. Using this
technique, the characteristics of recombinant sst, receptor
expressed in Ltk cells (Castro et al., 1996) or CHO-K1 cells
(Taylor et al., 1996) have been shown to be similar to those seen
in native tissues (Chessell et al., 1996; Wyatt et al., 1996; Koenig
et al., 1997). In the present study we have investigated the effect
of SRIF, BIM-23027, MK-678 and L-362855 on the
extracellular acidification rate (EAR) of human sst, receptors
recombinantly expressed in CHO-K1 cells. L-362855 was
chosen as part of this analysis since its affinity at sst, receptors
lie between the affinity of SRIF and the cyclic hexapeptides,
BIM-23027 and MK-678 (Raynor et al., 1993). The mechanism
of SRIF-induced increases in EAR and the susceptibility of
these responses to desensitization have also been investigated.

Preliminary accounts of some of the findings have been
presented to the British Pharmacological Society (Smalley et
al., 1997; 1998).

Methods
Cell culture

The cDNA encoding the human sst; (GlaxoWellcome,
Stevenage, U.K.) was subcloned into CHO-K1 cells using the
mammalian expression vector pCIN4 harbouring a neomycin
resistant gene as a selection marker. Transfection was achieved
using 10 ug of sst,-pCIN4/0.5x 10° cells using a cationic
liposome formulation-mediated transfer (LipofectAMINE™,
Life technologies). Clonal cell lines expressing the cDNA were
isolated by single cell cloning and receptor expression assessed
by binding of ['*I]-[Tyr'']-SRIF. Cells were grown in
monolayer culture in Dulbecco’s modified Eagles medium
(DMEM)/Hams F-12 (1:1) mix supplemented with Glutamax
1 (1 mM), 10% foetal calf serum and G418 (0.5 mg ml™").
Cultures were maintained at 37°C in a 5% CO,/humidified air
atmosphere and were used between passage 10—40.

Cell membrane preparation

CHO sst, cells were homogenized in assay buffer [SO mM Tris-
HCI (pH 7.4) 5 mMm MgCl,, 10 ug ml~" leupeptin, 1 ug ml~!
soyabean trypsin inhibitor, and 0.2 mg ml~' bacitracin] in a
Dounce glass homogenizer (50 strokes, 4°C). The homogenate
was centrifuged at 500xg for 10 min at 4°C and the
supernatant spun at 20,000 x g for 30 min at 4°C. The resultant
pellet was re-suspended in cold assay buffer and stored in
400 uL aliquots at —70°C.

Radioligand binding assays

Cell membranes were incubated with 0.03 nm ['*°I]-[Tyr'"]-
SRIF (Amersham, U.K.) and increasing concentrations of
competing ligand for 90 min at room temperature. Non-
specific binding was defined with 1 uM cold SRIF. The assay
was terminated by rapid filtration through Whatman GF/C
glass fibre filters soaked in 0.5% polyethylenimine (PEI),
followed by 7 x 3 ml washes of 50 mM Tris-HCI. Membrane
radioactivity was determined using a Canberra Packard Cobra
II auto-y counter. To calculate K,y and B,,, values from

competition studies with SRIF, the following were used:
Kq=ICsy—[A], where Kp is the equilibrium dissociation
constant of the radioligand, ICs, is the half-maximal inhibitory
concentration of SRIF and [A] is the concentration of ['*°I]-
[Tyr'']-SRIF present: By =([B]. ICs0)/[A], where By is the
receptor density and [B] is the concentration of specific ['*°I]-
[Tyr'']-SRIF bound in the absence of competing ligand.

Extracellular acidification

Cells were seeded out into disposable polycarbonate mem-
brane cell capsules, at a density of 5x 10° cells per cup, and
were maintained in serum containing DMEM/Hams F-12 (1:1)
mix supplemented with Glutamax and G418 (0.5 mg ml™") at
37°Cin a 5% CO,/humidified air atmosphere for 18 h until the
start of the experiment. To measure the rate of acidification,
cells were loaded into the chambers of the Cytosensor®™
microphysiometer (Molecular Devices). The chambers were
perfused with a bicarbonate-free medium DMEM supplemen-
ted with 1 mg ml~' bovine serum albumin (BSA). Cells were
perfused with media for 43 s, after which the pump was
stopped for 10 s, allowing the accumulation of metabolic by
products. When the flow was resumed the acid was washed
out. Agonists remained in contact with the cells for a period of
3 min 40 s which was sufficient time for responses to plateau.
In some experiments cells were treated with pertussis toxin
(100 ng m1~") for 18 h before use.

After an initial 30 min period of equilibration and a UTP
challenge (3 uM), cells were allowed to equilibrate for 90 min.
Sequential concentration-effect curves were constructed to the
SRIF agonists with dosing at 30 min intervals. In some
experiments responses to L-362855 were obtained in the
continuous presence of different concentrations of SRIF
(0.1-1 nMm).

Concentration-effect curves to SRIF and L-362855 were
also constructed by exposing cells to only a single agonist
challenge and responses normalized to the initial response to
UTP. In order to study the decay time of the SRIF and L-
362855 induced increases in EAR response, single challenges of
either SRIF (30 nM) or L-362855 (300 nMm) were applied
continuously for 30 min. The decay in response was calculated
in terms of the initial peak response to either SRIF or L-
362855 and the #,,, determined by fitting the data to a single
site exponential decay curve (Graph Pad Prism).

The increases in EAR responses were internally controlled
by expressing them as a percentage of the initial challenge to
UTP in the same cells (3 um).

Desensitization of SRIF and L-362855-induced increase
in EAR response

After equilibration, cells were challenged with a single
concentration of SRIF (30 nMm) or L-362855 (300 nM) for
3min 40 s and re-challenged at either a 30, 60, 120 or 180 min
time-point. In some studies, these experiments were repeated in
the presence of various inhibitors or pertussis toxin.

Statistical analysis

Unless otherwise stated, all values are means+s.e.mean from
at least four experiments. All pECs, values were determined
from individual experiments by non-linear regression, using a
four parameter logistic equation (GraphPad Prism). Statistical
comparisons of responses were made by means of unpaired ¢-
tests and statistically significant differences were noted when
P<0.05.
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Drugs and reagents

Unless otherwise stated, all reagents were purchased from
Sigma. Tissue culture media were from Life Technologies,
Paisley, U.K. and tissue culture ware from Costar. SRIF was
obtained from Peninsular Laboratories Europe Ltd (St.
Helens, Merseyside, U.K.) MK-678 (c[N-Me-Ala-Tyr-D-Trp-
Lys-Val-Phe]) and BIM-23027 (c[N-Me-Ala-Tyr-D-Trp-Lys-
Abu-Phe]) were synthesized by Dr J. Murray’s team
(GlaxoWellcome Chemistry Unit, University of Cambridge,
U.K.). L-362855 (c[Aha-Phe-Trp-D-Trp-Lys-Thr-Phe]) was
custom synthesized by Protein Research Consultants (Uni-
versity of Exeter, U.K.). PD-98059 [2’-amino-3'-methoxyfla-
vone], Go6-6976 [12-(2-cyanoethyl)-6,7,12,13-tetrahydro- 13-
methyl- 5-oxo-indolo(2-3-a) pyrrolo(3,4-c) carbazole]; EIPA,
ethylisopropyl amiloride, sodium orthovanadate, genistein and
pertussis toxin were from Calbiochem, U.K.

Results
Radioligand binding assays

In CHOsst, cell membranes, SRIF (pICs, 8.82+0.02; nH
0.97+0.13) caused a concentration-dependent inhibition of
specific ['*’I]-[Tyr'']-SRIF binding. It was calculated that ['*I]-
[Tyr'']-SRIF had an estimated K value of 1.60+0.18 nM and
that the density of specific binding sites (Bn.) was
9.38 +0.46 pmol mg~"' protein.

Competition studies (Figure 1) were also carried out with a
number of SRIF-analogues. Although SRIF displayed the
highest affinity, L-362855 (pICsy, 7.40+0.06; nH 0.7440.11)
also inhibited specific ['*I]-[Tyr'"]-SRIF binding. The sst,
receptor selective peptides, MK-678 and BIM-23027
(pICso<5.5) were weak displacers.

Effects of SRIF and analogues upon EAR

After equilibration, basal EAR rates were 100—300 uV s~!
(0.10-0.30 pH units min~') and the mean increase in EAR
in response to the initial challenge with UTP (3 uMm) was
128.6+14.7 uV s~'. Progressively increasing concentrations
of SRIF (0.01-30 nM) caused -concentration-dependent
increases in EAR (pECsy 9.69+0.23), with a maximal EAR
response of 19.6+0.90% of the UTP response. The
concentration-effect curve was found to be bell-shaped, with
supramaximal SRIF concentrations causing smaller increases
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Figure 1 Inhibition of specific ['*’I]-[Tyr!!]-SRIF binding in CHO-
K1 cell membranes expressing human recombinant sst4 receptors. All
values shown are means+s.e.mean from three experiments.

in EAR (Figure 2). L-362855 (pECs, 8.01 +0.06) also caused
increases in EAR (Figure 2) but surprisingly the maximum
was approximately 250% of the SRIF maximum
(55.947.60% of the UTP response) (Figure 3). Both BIM-
23027 and MK-678 were weak at stimulating increases in
EAR and clearly defined maxima were not obtained in
concentrations up to 1 um (Figure 3). Neither SRIF nor L-
362855 (in concentrations up to 300 nM) had any effect on
extracellular acidification rates in non-transfected CHO-K1
cells (data not shown).

Effect of SRIF on L-362855-induced increases in EAR

Continuous exposure to CHOsst, cells to SRIF (0.1—-1 nm)
caused a concentration-dependent inhibition of L-362855-
induced increases in EAR. The L-362855 concentration-effect
curve was displaced to the right with a progressive reduction in
the maximum response (Figure 4). The lowest concentration of
SRIF examined (0.1 nM) caused an approximate 20 fold
rightward displacement in the L-362855 concentration-effect
curve and in the presence of a higher concentration of SRIF
(1 n™m) responses to L-362855 were abolished. SRIF (0.3 nm)
had no effect on the increase in EAR produced by UTP (3 um)
(190+14 pV s=' and 196+14 uV s~! in the absence and
presence of SRIF, respectively).
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Figure 2 Representative microphysiometer recording of SRIF
(0.01-30 nm) and L-362855 (0.1—300 nm)-induced increases in
extracellular acidification rates in CHO-K1 cells expressing human
recombinant ssty receptors. Note the diminished responses with high
SRIF concentrations and the greater maximal effects of L-362855.
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Figure 3 Effect of increasing concentrations of SRIF ligands on
extracellular acidification rates of CHO-KI1 cells expressing human
recombinant sst, receptors. Agonists were applied for 3 min 40 s at
30 min intervals in progressively increasing concentrations. Data are
expressed as a percentage of the initial increase in acidification
produced by a single UTP challenge at the start of the experiment.
All values are means+s.e.mean from at least four experiments.
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Concentration-effect curves to SRIF and L-362855
constructed from single challenges

Concentration-effect curves were also constructed to SRIF and
L-362855 after cells were challenged with a single agonist
concentration. SRIF (pECs, 9.2+0.1) was approximately 20
times more potent than L-362855 (pECs, 8.0+0.3). However,
in contrast to the data obtained by sequentially increasing
agonist concentrations (see Figure 3), there was no significant
difference in the maxima for SRIF (89.4+12.5% of UTP
response) and L-362855 (78.8+17.2% of UTP response)
(Figure 5). Pre-treatment of cells with pertussis toxin
(100 ng m1~") abolished the responses to both SRIF and L-
362855 (Figure 5).
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Figure 4 1-362855-induced increases in extracellular acidification
rates in CHO-KI1 cells expressing human recombinant ssty receptors
in the absence and continual presence of SRIF (0.1-1.0 nm) L-
362855 was given 3 min 40 s at 30 min intervals in progressively
increasing concentrations. Data are expressed as percentage of the
initial increase in acidification produced by a single UTP challenge at
the start of the experiment. All values are means+s.e.mean from at
least four experiments.
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Desensitization of SRIF and L-362855-induced increases
in EAR

SRIF-induced increases in EAR in CHOsst, cells were highly
susceptible to desensitization. Following an initial challenge
with a just maximally effective concentration of SRIF (30 nMm),
responses to a second challenge, 30 min later, were markedly
decreased. Indeed, responses had not recovered even when the
interval between successive challenges was increased to
180 min (Figure 6a). In marked contrast, L-362855-induced
increases in EAR were highly reproducible when cells were re-
challenged at 30 min intervals although re-challenging at
10 min resulted in a significant reduction in the agonist
response (Figure 6b).
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Figure 5 Effect of increasing concentrations of SRIF and L-
362855 on extracellular acidification rates of CHO-KI1 cells
expressing human recombinant ssty receptors in untreated cells
and cells pretreated with pertussis toxin (100 ng ml~'). Data are
expressed as percentage of the initial increase in acidification
produced by a single UTP challenge at the start of the experiment.
Concentration-effect curves were obtained by pooling the data from
cells exposed to only a single agonist challenge with either SRIF or
1.-362855. All values are means+s.e.mean from at least four
experiments.
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Figure 6 SRIF (30 nM) and L-362855 (300 nMm) induced increases in extracellular acidification rates of CHO-K1 cells expressing
human recombinant sst; receptors. Cells were given an initial single agonist challenge which was then repeated on a second
occasion at either 30, 60, 120 or 180 min after the first challenge in the case of SRIF (a) or 10, 20 or 30 min in the case of L-
362855 (b). Data are expressed as percentage of the initial increase in acidification produced by a single UTP challenge at the
start of the experiment. All values are means+s.e.mean from at least four experiments. *Significantly different from control

(P<0.05).
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In order to study the fade of the EAR response, cells were
exposed to a single prolonged (30 min) supramaximal
challenge of either SRIF (30 nM) or L-362855 (300 nM). The
magnitude of EAR response reached was similar for both
SRIF and L-362855 (98.5+4.4 and 118.2+12.0% of the UTP
response, respectively). Continuous application of SRIF and
L-362855 was associated with a time-dependent fade from the
peak of the agonist-induced increase in EAR which was similar
for both SRIF and L-362855 (¢, 332+94 and 282498 s,
respectively).

The effect of inhibitors upon SRIF and L-362855
induced changes in EAR

In order to determine the possible mechanism of SRIF and L-
362855-induced increases in EAR, a range of inhibitors were
perfused over the cells for 30 min before challenge with either a
single concentration of SRIF (30 nM) or L-362855 (300 nMm).
The protein tyrosine kinase inhibitor, genistein (50 uM) and
the Na®/H" exchanger inhibitor, EIPA (10 um), led to
decreases in basal acidification rate of 47.9+3.4% and
16.6+1.4%, respectively, whilst the protein kinase C inhibitor,
Go0-6976 (100 nM), led to increases in basal acidification rate of
34.64+2.8%. Neither the MAP kinase inhibitor, PD-98059
(10 um), nor the tyrosine phosphatase inhibitor, orthovana-
date (5 uMm), affected basal EAR.

Responses to SRIF and L-362855 were significantly
(P<0.05) reduced by EIPA (Table 1) but were unaltered by
any of the other inhibitors (Table 1).

The reduced EAR response following a second challenge
with SRIF (30 nM) at 30 min intervals was not altered when
cells were pre-incubated with Go-6976, orthovanadate,
genistein or PD-98059 (Figure 7).

Discussion

Somatostatin modifies cellular function by activating specific
receptors belonging to the seven transmembrane spanning
super-family of G protein-coupled receptors. Five receptor
types exist and on the basis of structural and operational
characteristics, these receptors can be divided into two groups.
Thus the SRIF, groups which comprises sst,, sst; and ssts is
clearly distinct from the SRIF, group and comprises the sst,
and sst, receptor types. At the outset of this study, no selective
tools were available to study sst, receptors. Since SRIF
receptors show a widespread and in many instances an
overlapping distribution both in the brain and periphery
(Schindler et al., 1996), little is known about their function.
The objective therefore of the current study was to study the

characteristics of the human sst; receptor recombinantly
expressed in CHO-KI1 cells (CHOsst, cells), using the
technique of microphysiometry which monitors cellular
metabolic activity by measuring changes in the rate of
extracellular acidification (EAR). This technique of micro-
physiometry has been successfully employed to characterize
human recombinant sst, receptors expressed in both CHO-K1
cells and mouse fibroblast Ltk~ cells (Castro et al., 1996;
Taylor et al., 1996).

Increasing concentrations of SRIF, L-362855 or the cyclic
hexapeptides, BIM-23027 and MK-678, perfused over
CHOsst, cells at 30 min intervals, caused concentration-
dependent increases in EAR. SRIF was the most potent
agonist studied being approximately 50 times more potent than
L-362855 and at least a 1000 times more potent than the cyclic
hexapeptides, BIM-23027 and MK-678. The relative potencies
of these peptides to cause increases in EAR were closely
paralleled by their ability to inhibit specific ['*°I]-Tyr''-SRIF
binding from CHOsst, cell membranes. Thus SRIF displayed
the highest binding affinity whilst the cyclic hexapeptides,
BIM-23027 and MK-678 were weak, confirming data obtained
from previously published studies on human as well as rat sst,
receptors (Bruno et al., 1992; Xu et al., 1993a; Patel & Srikant,
1994; Bruns et al., 1996). As was seen in the microphysiometry
studies, L-3628855 was approximately 50 times weaker than
SRIF as an inhibitor of specific ['**I]-[Tyr'']-SRIF binding to
hsst, receptors. The similarity in the affinity estimates from the
ligand binding studies on CHOsst, cell membranes and their
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Figure 7 SRIF(30 nm)-induced desensitization of EAR responses in
the absence (control) and presence of inhibitors of PKC (Go-6976,
100 nMm), tyrosine kinase (genistein 50 um), or MAPkinase (PD-
98059, 10um or sodium orthovanadate (5 um). All values are
means+s.e.mean from at least four experiments. *Significantly
different from control (P <0.05), unpaired z-test.

Table 1 SRIF and L-362855-induced increases in extracellular acidification rates in CHO-K1 cell expressing human recombinant ssty

receptors in the absence (control) and presence of various inhibitors

% UTP (3 uM) induced increase in

urp SRIF
Treatment (uvVs™h control
Go-6976 (100 nm) 145.0+8.2 75.0+7.5
PD-98059 (10 um) 147.4+11.6 77.7+18.8
EIPA (10 um) 178.2+14.4 66.0+4.8
Genistein (50 um) 147.1+19.2 92.54+15.3
Orthovanadate (5 um) 117.6+10.8 95.0+22.0

% UTP (3 uM) induced increase in

EAR EAR

SRIF L-362855 L-362855
treatment control treatment
80.5+9.4 78.8+9.0 742+11.1
80.3+15.5 60.7+11.9 66.3+9.4
15.4+3.3* 102.1+14.2 252+7.5%
95.0+8.6 71.8+4.1 93.3+16.1
91.0+15.8 85.6+11.0 71.7+6.1

Responses were measured as a percentage of an initial UTP (3 uM) challenge. All values are means+s.e.mean from at least four
experiments. Values marked* are significantly different from control value at P<0.05 (unpaired z-test).
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equivalent agonist potency estimates in whole cells in the
microphysiometry studies suggests that the receptors were
reasonably well coupled to the transduction processes leading
to increases in extracellular acidification. Surprisingly how-
ever, the response maximum to SRIF was approximately 40%
of that produced by L-362855. One possible interpretation of
this data was that SRIF was acting as a partial agonist or
alternatively L-362855-induced increases in EAR in the
CHOsst, cells were a consequence of activation of additional
receptors, endogenously expressed in the CHOsst, cells. The
suggestion that a natural ligand could be acting as a partial
agonist is not unprecedented. Thus 5-HT has been claimed to
act as a partial agonist at 5-HT, receptors mediating
contraction of rabbit isolated aorta (Barrett ez al., 1986). In
an attempt to obtain evidence that SRIF and L-362855 were
acting at a common site, concentration-effect curves to L-
362855 were obtained in the continuous presence of different
concentrations of SRIF. In these studies, SRIF (0.1-1.0 nM)
caused a concentration-dependent blockade of L-362855-
induced increases in EAR. Concentration-effect curves to L-
362855 were displaced to the right with a progressive reduction
in the L-362855 maximum. At the highest concentration tested,
responses to L-362855 were abolished. The antagonism was
specific in that UTP-induced increases in EAR were unaltered
when cells were continuously exposed to SRIF. The results
from these studies suggest that SRIF and L-362855 were
interacting with a common receptor site, however the potency
of SRIF at blocking L-362855-induced increases in EAR and
the non-surmountable characteristics of the blockade are
difficult to reconcile with the simple interaction between a
partial and full agonist interacting at a single receptor site
(Kenakin, 1993) suggesting that alternative mechanisms were
responsible. One possibility was that responses to SRIF, but
not L-362855, were more susceptible to agonist-induced
receptor desensitization and that the reduction of L-362855-
induced increases in EAR was a consequence of a progressive
SRIF-induced receptor desensitization. Selective agonist-
induced desensitization has been demonstrated at mu, kappa
and delta opioid receptors (Sternini et al., 1996; Blake et al.,
1997; Cvejic & Devi, 1997).

Further studies were therefore carried out to compare the
reactivity of the CHOsst, cells to repeat challenges of
maximally effective concentrations of SRIF and L-362855.
When cells were repeatedly exposed to a maximally effective
concentration of either SRIF or L-362855 at 30 min intervals,
the second response to SRIF, but not L-362855, was markedly
attenuated suggesting that SRIF but not L-362855 had
induced sst, receptor desensitization. Responses to SRIF did
not fully recover even when the interval between successive
challenges was increased to 3 h. Construction of concentra-
tion-effect curves by combining the data from cells exposed to
only a single agonist concentration again showed that SRIF
was approximately 20 times more potent than L-362855 but
the agonist maxima were now similar. These results suggest
that when concentration-effect curves were obtained by
progressively increasing the concentration of SRIF at 30 min
intervals the receptors underwent a progressive desensitization.
Although the responses to L-362855 showed no evidence that
desensitization had occurred when repeat challenges were
made at 30 min intervals, it is possible that when L-362855 was
used as the agonist, recovery from desensitization had
occurred before the second L-362855 challenge. The decline
of peak responsiveness in the continuous presence of agonist
had been attributed to desensitization of a component of the
receptor/G protein/effector complex and waning to basal levels
of such responses is indicative of full desensitization

(Wojcikiewicz et al., 1993; Willars & Nahorski, 1995;
Wilkinson et al., 1997). Experiments were therefore carried
out to determine the kinetics of both the SRIF- and L-362855-
induced increases in EAR when cells were continuously
exposed to a maximally effective concentration of either
agonist for 30 min. In these studies, the decline of the peak
increase in EAR to both SRIF and L-362855 was similar,
suggesting that either the ‘fade’ was not indicative of
desensitization, or that when cells were challenged with brief
single concentrations of L-362855 at 30 min intervals,
sufficient time elapsed for resensitization to occur. When
CHOsst, cells were re-challenged with L-362855 at 10 min
intervals, the response to the second challenge was significantly
reduced, although this was still less than that observed when
SRIF was re-challenged at 30 min intervals. Since reproducible
SRIF-induced increases in EAR could not be achieved, even
when the interval between successive challenges was increased
to 3 h, the mechanism of SRIF and L-362855-induced
increases in EAR were subsequently studied by comparing the
responsiveness of control (untreated) cells, exposed to only a
single agonist challenge with cells which had been pre-treated
with various drugs. Such a protocol also allowed the effect of
these drugs on SRIF-induced receptor desensitization to be
studied since the cells could be exposed to a second SRIF
challenge 30 min later under conditions when SRIF receptor
desensitization was apparent.

Both SRIF and L-362855 induced increases in EAR were
prevented when cells were pre-incubated with pertussis toxin
18 h earlier, suggesting that the agonist-induced increases in
EAR were exclusively mediated by G proteins of the Gi or Go
types. This contrasts with data obtained in CHO-K1 cells
expressing human recombinant ssts receptors where both
pertussis toxin-sensitive and -insensitive responses have been
identified (Thurlow et al., 1996; Williams et al., 1996). The
SRIF- and L-362855-induced increases in EAR were markedly
attenuated when cells were incubated with EIPA suggesting
that the increased extrusion of protons into the extracellular
medium was associated with increased cellular activity and
subsequent activation of the Na™/H™ antiporter. Activation of
ssty receptors expressed in CHO-K 1 cells has been shown to be
coupled to a number of different transduction pathways. In
these cells SRIF mediates adenylate cyclase inhibition and
activation of MAP kinase, and these effects have been shown
to be abolished by pertussis toxin pre-treatment (Xu et al.,
1993a; Bito et al., 1994; Sakanaka et al., 1994 and our own
unpublished observations). Whilst pertussis toxin also abol-
ished the increases in EAR-induced by both SRIF and L-
362855, the MAP kinase inhibitor (PD98059) had little or no
effect on SRIF- or L-362855-induced increases in EAR. The
SRIF- and L-362855-induced increases in EAR also did not
involve activation of PKC, tyrosine kinase or tyrosine
phosphatase since responses were not modified by Go-6976,
genistein or orthovanadate, respectively. The inability of the
MAP kinase inhibitor to modify EAR responses to either
SRIF or L-362855 is likely to result from the fact that these
responses reflect the total increase in metabolic demand of the
cell which results from the summation of the many diverse
processes occurring as a consequence of receptor activation
(McConnell et al., 1992).

Human sst, receptors have multiple potential serine
threonine phosphorylation sites in the third intracellular
loop and carboxyl terminus (Xu et al., 1993b; Rohrer et al.,
1993) which may be important in regulating SRIF-induced
desensitization as a consequence of either receptor
phosphorylation and or internalization (Mayor er al.,
1987, Hofland et al., 1995; Hipkin et al., 1997; Roth et
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al., 1997). In the case of f,-adrenoceptors, both mechanisms
appear important since overexpression of receptor kinases
can restore agonist-dependent sequestration of an otherwise
internalization-defective receptor mutant (Ferguson et al.,
1995). Receptor phosphorylation can occur via at least three
distinct kinase activities, PKA, PKC and as already
mentioned via members of the G protein-linked receptor
kinase family (Shih & Malbon, 1996). As was observed with
SRIF in the present study, nociceptin/orphanin FQ-induced
increases in EAR in CHO cells expressing human
recombinant ORL-1 receptors, is also susceptible to
agonist-induced desensitization. Since this desensitization
could be prevented by the PKC inhibitor, Go 6976 (Pei et
al., 1997) we examined the effect of Go 6976 on SRIF-
induced desensitization in CHOssty cells. In our study, Go
6976 had no effect on SRIF-induced desensitization,
suggesting that PKC was not involved in this effect. In
addition, the SRIF-induced desensitization was not modified
by genistein, orthovanadate or PD-98059.

The mechanism of SRIF-induced desensitization in
CHOsst, cells observed in the present study is unknown. The
desensitization was agonist specific in that the lower affinity
agonist L-362855 was far less able to cause desensitization. A
similar phenomenon has been described for other G protein-
coupled receptors. Thus ssts receptors expressed in HEK cells
are only internalized in the presence of SRIF-28, but not SRIF
(Roth et al., 1997), and u-opioid receptors are internalized by
DAMGO but not by morphine (Arden et al., 1995), suggesting
that in both cases the two agonists induce different
conformations in the activated receptor and subsequent
differential receptor signalling. Although rat recombinant sst,
receptors are not internalized in HEK cells (Roth et al., 1997)
or rat insulinoma 1046-38 cells (Roosterman et al., 1997), we
do not know whether a similar situation exists with respect to
the human counterpart expressed in CHO-K1 cells. It is
possible that differential agonist desensitization seen in these
studies, is a consequence of SRIF but not L-362855 induced
internalization of human sst, receptors expressed in CHO cells.
However given the very high receptor density in these cells and
the marked desensitization which occurs with very low
concentrations of SRIF, such a mechanism would seem
unlikely to predominate.

References

ANKERSEN, M., CRIDER, M., LIU, S.Q., HO, B.,, ANDERSEN, H.S. &
STIDSEN, C. (1998). Discovery of a novel non-peptide somatos-
tatin agonist with ssty selectivity. J. Am. Chem. Soc., 120, 1368 —
1373.

ARDEN, J.R., SEGREDO, V., WANG, Z., LAMEH, J. & SADEE, W.
(1995). Phosphorylation and agonist-specific intracellular traf-
ficking of an epitope-tagged mu-opioid receptor expressed in
HEK 293 cells. J. Neurochem., 65, 1636 —1645.

BARRETT, V.J., LEFF, P., MARTIN, G.R. & RICHARDSON, P.J. (1986).
Pharmacological analysis of the interaction between Bay K 8644
and 5-HT in rabbit aorta. Br. J. Pharmacol., 87, 487 —494.

BASS, R.T., BUCKWALTER, B.L., PATEL, B.P., PAUSCH, M.H., PRICE,
L.A., STRAND, J. & HADCOCK, J.R. (1996). Identification and
characterization of novel somatostatin antagonists. Mol. Phar-
macol., 50, 709 -715.

BITO, H., MORI, M., SAKANAKA, C., TAKANO, T., HONDA, Z.,
GOTOH, Y., NISHIDA, E. & SHIMIZU, T. (1994). Functional
coupling of SSTR4, a major hippocampal somatostatin receptor,
to adenylate cyclase inhibition, arachidonate release, and
activation of the mitogen-activated protein kinase cascade. J.
Biol. Chem., 269, 12722 —12730.

BLAKE, A.D., BOT, G., FREEMAN, J.C. & REISINE, T. (1997).
Differential opioid agonist regulation of the mouse mu opioid
receptor. J. Biol. Chem., 272, 782—790.

One of the surprising findings from the present study was
the inhibition of the L-362855-induced increases in EAR by
concentrations of SRIF as low as 0.1 nM which caused only
small increases in EAR. As has been mentioned the degree of
antagonism of the L-362855-induced increases in EAR was not
consistent with the simple interaction of a full and partial
agonist interacting at a single site. It appears that at least in the
case of SRIF, the ability to induce desensitization is greater
than its ability to increase EAR. Similar findings have been
observed for neurotensin-induced increases in EAR of HT-29
cells (Richards et al., 1997), indeed, receptor desensitization
could be achieved by concentrations of agonist which
themselves did not cause increases in EAR. This suggests that
diverse transduction pathways can be differentially activated
and that there can be preferential G protein coupling to those
intracellular signalling cascades resulting in agonist desensiti-
zation.

Whilst transcripts for sst, receptors have been identified in
the brain and peripheral organs such as the lung, eye and
placenta (Mori et al., 1997; Caron et al., 1997; Schloos et al.,
1997) the functional role of these receptors is still unknown.
Kreinkamp et al. (1997) have shown that SRIF-induced
activation of rat sst, receptors expressed in Xenopus oocytes
injected with cRNA for the mouse GIRK1 subunit causes
activation of an inward potassium current which is not
susceptible to desensitization. We do not know whether similar
results to those obtained in our studies, can be demonstrated in
other mammalian cells expressing either endogenous or
recombinant sst, receptors but the data clearly has important
implications for experimental design. Ankersen et al. (1998)
have recently identified NNC-26-9100 as a non-peptidic and
selective sst, receptor selective agonist. We have confirmed
(unpublished observations) its selectivity and affinity (pICs,
8.0) at ssty receptors. Furthermore in microphysiometry
studies, following administration of sequentially increasing
concentrations, NNC-26-9100 caused similar increases in EAR
and maximum responses as L-362855, but was approximately
two times more potent (pECs, 8.3). In view of this selectivity
and apparent lower ability to cause desensitization (compared
with SRIF), NNC-26-9-100 should be a useful tool to
investigate the functional significance of endogenously ex-
pressed sst4 receptors.

BRUNO, J.F., XU, Y., SONG, J. & BERELOWITZ, M. (1992). Molecular
cloning and functional expression of a brain specific somatostatin
receptor. Proc. Natl. Acad. Sci. U.S.A4., 23, 11151 -11155.

BRUNS, C., RAULF, F., HOYER, D., SCHLOOS, J., LUBBERT, H. &
WECKBECKER, G. (1996). Binding properties of somatostatin
receptor subtypes. Metabolism, 45, 17—20.

CARON, P., BUSCAIL, L., BECKERS, A., ESTEVE, J-P., IGOUT, A.,
HENNEN, G. & SUSINI, C. (1997). Expression of somatostatin
receptor SST4 in human placenta and absence of octreotide effect
on human placental growth hormone concentration during
pregnancy. J. Clin. Endocrin. Metab., 82, 3771 —3776.

CASTRO, S.W., BUELL, G., FENIUK, W. & HUMPHREY, P.P.A. (1996).
Differences in the operational characteristics of the human
recombinant receptor types sst; and sst, in mouse fibroblast
(Ltk ™) cells. Br. J. Pharmacol., 117, 639 —649.

CHESSELL, I.P., BLACK, M.D., FENIUK, W. & HUMPHREY, P.P.A.
(1996). Operational characteristics of somatostatin receptors
mediating inhibition of spontaneous firing of rat locus coeruleus
neurones. Br. J. Pharmacol., 117, 1673 —-1678.

CVEJIC, S. & DEVI, L.A. (1997). Dimerization of the delta opioid
receptor: implication for a role in receptor internalization. J.
Biol. Chem., 272, 26959 —26964.



840 K.S.M. Smalley et al

SRIF agonists and human sst4 receptors

FERGUSON, S.S., MENARD, L., BARAK, L.S., KOCH, W.J., COLAPIE-
TRO, A.M. & CARON, M.G. (1995). Role of phosphorylation in
agonist-promoted beta 2-adrenergic receptor sequestration.
Rescue of a sequestration-defective mutant receptor by beta
ARKI. J. Biol. Chem., 270, 24782 —24789.

FUKUSUMI, S., KITADA, C., TAKEKAWA, S., SAKAMOTO, J.,
MIYAMOTO, M., HINUMA, S., KITANO, K. & FUJINO, M.
(1997). Identification and characterization of a novel human
cortistatin-like peptide. Biochem. Biophys. Res. Commun., 232,
157-163.

HARRINGTON, K.A., SCHINDLER, M., HUMPHREY, P.P.A. &
EMSON, P.C. (1995). Expression of messenger RNA for
somatostatin receptor subtype 4 in adult rat brain. Neurosci.
Lett., 188, 17-20.

HICKS, G.A., FENIUK, W. & HUMPHREY, P.P.A. (1998). Outward
current produced by somatostatin (SRIF) in rat anterior
cingulate pyramidal cells in vitro. Br. J. Pharmacol., 124, 252 —
258.

HIPKIN, R.W., FRIEDMAN, J., CLARK, R.B., EPPLER, C.M. &
SCHONBRUNN, A. (1997). Agonist-induced desensitization,
internalization, and phosphorylation of the sst2A somatostatin
receptor. J. Biol. Chem., 272, 13869 —13876.

HOFLAND, L.J., VAN KIETSVELD, P.M., WAAIJERS, M., ZUYDER-
WUK, J., BREEMAN, W.AP. & LAMBERTS, S.W.J. (1995).
Internalization of the radioiodinated somatostatin analogue
['®I-Tyr®] octreotide by mouse and human pituitary cells:
increase by unlabelled octreotide. Endocrinology, 136, 3698 —
3706.

HOYER, D., BELL, G.I., BERELOWITZ, M., EPELBAUM, J., FENIUK,
W., HUMPHREY, P.P.A.,, O'CARROLL, A-M., PATEL, Y.C.,
SCHONBRUNN, A., TAYLOR, J.E. & REISINE, T. (1995).
Classification and nomenclature of somatostatin receptors.
TIPS, 16, 86—88.

HOYER, D., LUBBERT, H. & BRUNS, C. (1994). Molecular
pharmacology of somatostatin receptors. Naunyn Schmiedeberg
Arch. Pharmacol., 350, 441 —453.

HUKOVIC, N., PANETTA, R., KUMAR, U. & PATEL, Y.C. (1996).
Agonist-dependent regulation of cloned human somatostatin
receptors types 1-5 (hSST1-5): subtype selective internalisation or
upregulation. Endocrinology, 137, 4046 —4049.

KENAKIN, T. (1993). Pharmacologic analysis of drug-receptor
interaction. 2nd edn. New York: Raven Press.

KOENIG, J.A., EDWARDSON, J.M. & HUMPHREY, P.P.A. (1997).
Somatostatin receptors in Neuro2A neuroblastoma cells: opera-
tional characteristics. Br. J. Pharmacol., 120, 45—51.

KREIENKAMP, H-J., HONCK, H-H. & RICHTER, D. (1997). Coupling
of rat somatostatin receptor subtypes to a G-protein gated
inwardly rectifying potassium channel (GIRK1) FEBS Lett., 419,
92-94.

LAUDER, H., SELLER, L.A., FAN, T.-P.D., FENIUK, W. & HUM-
PHREY, P.P.A. (1997). Somatostatin ssts inhibition of receptor
mediated regeneration of rat aortic vascular smooth muscle cells.
Br. J. Pharmacol., 122, 663 —670.

LIAPAKIS, G., HOEGER, C., RIVIER, J. & REISINE, T. (1996).
Development of a selective agonist at the somatostatin receptor
subtype SSTR1. J. Pharmacol. Exp. Therap., 276, 1089 —1094.

MAYOR, F., BENOVIC, J.L., CARON, M.G. & LEFKOWITZ, R.J.
(1987). Somatostatin induces translocation of the f-adrenergic
receptor kinase and desensitizes somatostatin receptors in S49
lymphoma cells. J. Biol. Chem., 262, 6468 —6471.

MCCONNELL, H.M., OWICKI, J.C., PARCE, J.W., MILLER, D.L.,
BAXTER, G.T., WADA, H.G. & PITCHFORD, S. (1992). The
Cytonsensor Microphysiometer: Biological applications of
silicon technology. Science, 257, 1906—1912.

MORI, M., AIHARA, M. & SHIMIZU, T. (1997). Differential expression
of somatostatin receptors in the rat eye: SSTR4 is intensely
expressed in the iris/ciliary body. Neurosci. Lett., 223, 185 188.

PATEL, Y.C. & SRIKANT, C.B. (1994). Subtype selectivity of peptide
analogs for all five human cloned somatostatin receptors (hsstrl-
S). Endocrinology, 135, 2814 -2817.

PEIL, G., LING, K., PU, L., CUNNINGHAM, M.D. & MA, L. (1997).
Nociceptin/orphanin FQ stimulates extracellular acidification
and desensitization of the response involves protein kinase C.
FEBS Lett., 412, 253 -256.

RAYNOR, K., O'CARROLL, A., KONG, H., YASUDA, K., MAHAN,
L.C., BELL, G.I. & REISINE, T. (1993). Characterization of cloned
somatostatin receptor subtypes 4 and 5. Mol. Pharmacol., 44,
358-362.

RICHARDS, M., VAN GIERSBERG, P., ZIMMERMAN, A., LESUR, B. &
HOFLACK, J. (1997). Activation of neurotensin receptors and
purinoceptors in human colonic adenocarcinoma cells detected
with the microphysiometer. Biochem. Pharmacol., 54, 825—832.

ROHRER, L., RAULF, F., BRUNS, C., BUETTNER, R., HOFSTAED-
TER, F. & SCHULE, R. (1993). Cloning and characterization of a
fourth human somatostatin receptor. Proc. Natl. Acad. Sci.
U.S.A., 90, 4196 —4200.

ROOSTERMAN, D., ROTH, A., KREIENKAMP, H.J., RICHTER, D. &
MEYERHOF, W. (1997). Distinct agonist-mediated endocytosis of
cloned rat somatostatin receptor subtypes expressed in insulino-
ma cells. J. Neuroendocrinol., 9, 741 —-751.

ROTH, A., KREIENKAMP, H., NEHRING, R.B., ROOSTERMAN, D.,
MEYERHOF, W. & RICHTER, D. (1997). Endocytosis of the rat
somatostatin receptors: subtype discrimination, ligand specificity
and delineation of carboxy-terminal positive and negative
sequence motifs. DNA Cell Biol., 16, 111—-119.

SAKANAKA, C., FERBY, 1., WAGA, 1., BITO, H. & SHIMIZU, T. (1994).
On the mechanism of cytosolic phospholipase A, activation in
CHO cells carrying somatostatin receptor: wortmannin-sensitive
pathway to activate mitogen-activated protein kinase. Biochem.
Biophys. Res. Commun., 205, 18 —23.

SCHINDLER, M., HUMPHREY, P.P.A. & EMSON, P.C. (1996).
Somatostatin receptors in the central nervous system. Prog.
Neurobiol., 50,9 —-47.

SCHLOOS, J., RAULF, F., HOYER, D. & BRUNS, C. (1997).
Identification and pharmacological characterization of somato-
statin receptors in rat lung. Br. J. Pharmacol., 121, 963 -971.

SHIH, M. & MALBON, C.C. (1996). Protein kinase C deficiency blocks
recovery from agonist-induced desensitization. J. Biol. Chem.,
271, 21478 -21483.

SMALLEY, K.S.M., FENIUK, W. & HUMPHREY, P.P.A. (1997).
Somatostatin-induced increases in extracellular acidification
rates in CHO-K1 cells expressing human recombinant sst, and
ssty receptors. Br. J. Pharmacol., 122, 219P.

SMALLEY, K.S.M., FENIUK, W. & HUMPHREY, P.P.A. (1998).
Selective somatostatin (SRIF)-induced desensitization of human
recombinant sst4 receptors expressed in CHO-K1 cells. Br. J.
Pharmacol., 123, 155P.

STERNINI, C., SPANN, M., ANTON, B., KEITH, Jr, D.E., BUNNETT,
N.W., VON ZASTROW, M., EVANS, C. & BRECHA, N.C. (1996).
Agonist-selective endocytosis of mu-opioid receptor by neurons
in vivo. Proc. Natl. Acad. Sci. U.S.A., 93, 9241 -9246.

TAYLOR, J.E., NELSON, R. & WOON, C-W. (1996). Real-time
evaluation of somatostatin subtype 2 receptor activity employing
the technique of cytosensor microphysiometry. Peptides, 17,
1257-1259.

THURLOW, R.T., SELLERS, L., COOTE, J.E., FENIUK, W. & HUM-
PHREY, P.P.A. (1996). Human recombinant sst5 receptors
expressed in CHO-KI1 cells mediate increases in extracellular
acidification by pertusis toxin-sensitive and -insensitive path-
ways. Br. J. Pharmacol., 117, 9P.

WILKINSON, G.F., FENIUK, W. & HUMPHREY, P.P.A. (1997).
Characterization of human somatostatin ssts receptor mediating
activation of phosphoinositide metabolism. Br. J. Pharmacol.,
121, 91-96.

WILKINSON, G.W., THURLOW, R.J., SELLERS, L.A., COOTE, J.E.,
FENIUK, W. & HUMPHREY, P.P.A. (1996). Potent antagonism by
BIM-23056 at the human recombinant somatostatin ssts
receptor. Br. J. Pharmacol., 118, 445—-447.

WILLARS, G.B. & NAHORSKI, S.R. (1995). Quantitative comparisons
of muscarinic and bradykinin receptor-mediated Ins(1,4,5)P;
accumulation and Ca®* signalling in human neuroblastoma cells.
Br. J. Pharmacol., 114, 1133—-1142.

WILLIAMS, A.J., MICHEL, A.D., FENIUK, W. & HUMPHREY, P.P.A.
(1996). The human recombinant ssts receptor couples to pertussis
toxin-sensitive and -insensitive G-proteins. Br. J. Pharmacol.,
119, 11P.

WOJCIKIEWICZ, R.J.H., TOBIN, A.B. & NAHORSKI, S.R. (1993).
Desensitization of cell signalling mediated by phosphoinositidase
C. Trends Pharmacol. Sci., 14, 279 —-285.

WYATT, M.A., JARVIE, E., FENIUK, W. & HUMPHREY, P.P.A. (1996).
Somatostatin sst, receptor-mediated inhibition of parietal cell
function in rat isolated gastric mucosa. Br. J. Pharmacol., 119,
905-910.



K.S.M. Smalley et al

SRIF agonists and human sst4 receptors 841

XU, Y., SONG, J., BERELOWITZ, M. & BRUNO, J.F. (1993a). Ligand
binding and functional properties of the rat somatostatin
receptor SSTR4 stably expressed in chinese hamster ovary cells.
Mol. Cell. Neurosci., 4, 245—249.

XU, Y., SONG, J., BERELOWITZ, M. & BRUNO, J.F. (1993b).
Molecular cloning and sequencing of a human somatostatin
receptor, hNSSTR4. Biochem. Biophys. Res. Comm., 193, 648 —652.

( Received June 6, 1998
Revised July 17, 1998
Accepted July 23, 1998)



