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1 We have used somatostatin (SRIF) receptor subtype-selective ligands to determine some of the
operational characteristics of somatostatin receptors in Neuro2A mouse neuroblastoma cells. The potent
SRIF1-receptor selective ligand, BIM-23027, was able to displace completely the speci®c binding of
radioiodinated somatostatin, [125I]-Tyr11-SRIF-14, with a pIC50 of 10.3, suggesting that Neuro2A cells
contain predominantly receptors of the SRIF1 receptor group. The rank order of a�nities for several
somatostatin analogues tested in competition studies, together with the high a�nity of BIM-23027,
indicate that the majority of receptors in Neuro2A cells are of the sst2 subtype.

2 The stable radioligand, [125I]-BIM-23027, bound with high a�nity (Kd=13 pM, Bmax=0.2 pmol mg71

protein) to Neuro2A cell membranes, but its binding was only partially reversible at room temperature
and below. Thus at 48C, only 36% of the bound ligand dissociated within 2 h. In contrast, 60% of the
ligand dissociated at 158C and 89% of the ligand dissociated at 378C.
3 Equilibrium binding of [125I]-BIM-23027 was partially (25%) inhibited by 10 mM GTP, and by
120 mM NaCl (42% inhibition) but this inhibition was increased to 75% when sodium chloride and GTP
were added together. This e�ect of GTP and sodium chloride was also seen in dissociation experiments.
After incubation to equilibrium with [125I]-BIM-23027, dissociation was initiated with excess unlabelled
ligand in the presence of GTP (10 mM) and sodium chloride (120 mM). Under these conditions 67% of
the ligand dissociated at 48C, 81% at 158C and 93% at 378C. Binding was totally inhibited by
pretreatment of cells with pertussis toxin.

4 Functionally, BIM-23027 inhibited forskolin-stimulated cyclic AMP accumulation in a concentration-
dependent manner with an IC50 of 1.0 nM and a maximal inhibition of 37%. This e�ect was abolished by
pretreatment of the cells with pertussis toxin. However, unlike in studies reported with the recombinant
sst2 receptor, no rise in intracellular calcium concentration was observed with SRIF-14.

5 We conclude that Neuro2A cells provide a stable neuronal cell line for the study of functionally
coupled endogenous somatostatin receptors of the sst2 type. In addition, we have found that activation
of the receptor is associated with ligand-receptor internalisation.
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Introduction

Somatostatin (SRIF) and its cell membrane receptors are
widely distributed in the brain and periphery. Actions of so-
matostatin include modulation of hormone and transmitter
release, cognitive and behavioural e�ects and the inhibition of
cell proliferation (see Hoyer et al., 1994; 1995). Five soma-
tostatin receptor genes have been cloned and the structures of
the associated receptor proteins, termed sst1 ± sst5, indicate that
they all belong to the G-protein-coupled receptor super-family
(Hoyer et al., 1995). These ®ve receptors can be divided into
two main groups on the basis of their a�nity for small peptide
ligands such as MK-678 (Raynor et al., 1993a,b). The SRIF1

group consists of the sst2, sst3 and sst5 receptors and shows
high a�nity for MK-678. The SRIF2 group consists of the sst1
and sst4 receptors which show low a�nity for MK-678 (Hoyer
et al., 1994). SRIF-14 and SRIF-28 show similar potencies at
all the receptor types. Somatostatin receptors couple to Gi/Go

G-proteins and can mediate inhibition of adenylyl cyclase
(Patel et al., 1994), modulation of ion channel activity
(Schweitzer et al., 1990; White et al., 1991; Kleuss et al., 1991;
Meriney et al., 1994), increases in intracellular calcium levels
(Akbar et al., 1994; Traina et al., 1996) as well as activation of
phosphatases (Buscail et al., 1995).

Somatostatin receptors have been demonstrated in a num-
ber of pituitary cell lines, such as GH4C1 cells (Presky &
Schonbrunn, 1988) and AtT20 cells (Ho¯and et al., 1995), and
in gastrointestinal cells (Taylor et al., 1994; Prinz et al., 1994).

Wewere interested in extending these studies by the examination
of the characteristics of somatostatin receptors in a neuronal cell
line. In recent years, a number of subtype-selective ligands for
somatostatin receptors have become available (Raynor et al.,
1993a,b).We have used some of these ligands to characterize the
somatostatin receptors present in Neuro2A mouse neuroblas-
tomacells andhereprovide evidence that theyarepredominantly
of the sst2 type. However, a recent report of endothelin receptor
binding (Wu-Wong etal., 1995)has suggested thatbindingof this
high-a�nity peptide is not readily reversible and work in our
laboratories has suggested that this is also the case with soma-
tostatin receptor agonist ligands (S. Holloway and W. Feniuk,
unpublished observations). This would have particular impli-
cations for the design and interpretation of assays for receptor
desensitization and ligand internalization (see Koenig et al.,
1996). The characteristics of the binding of the recently-intro-
duced radioligand, [125I]-BIM23027, an sst2 receptor-selective
agonist, were therefore evaluated in order to enable appropriate
design of functional assays. We have also investigated the cou-
pling of somatostatin receptors to the transductionmachinery in
Neuro2A cells by measurement of the intracellular messengers,
cyclic AMP and calcium.

Methods

Cell culture

Neuro2A cells were grown at 378C in Dulbecco's modi®ca-
tion of Eagle's Medium (DMEM), supplemented with 10%
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(by volume) foetal bovine serum and penicillin/streptomycin
in 5% CO2/95% humidi®ed air. Cells were detached from
culture ¯asks for passaging by a brief incubation with
trypsin (0.5 mg ml71) and ethylenediaminetetraacetic acid
(EDTA, 0.2 mg ml71) in phosphate-bu�ered saline (PBS
composition, mM: NaCl 137, KCl 2.7, Na2HPO4 8.1,
KH2PO4 1.5, CaCl2 0.9, MgCl2 0.5). Cells were passaged
every 3 ± 4 days.

Membrane preparation

Flasks containing con¯uent cells were washed twice with PBS
and cells were detached from the ¯asks by incubation with
PBS-EDTA. The cell suspension was centrifuged at 500 g for
5 min and the pellet was resuspended and homogenized in a
Dounce homogenizer (25 strokes) in assay bu�er (N-[2-hy-
droxyethyl]piperazine-N'-[2-ethanesulphonic acid] (HEPES)
10 mM, pH 7.4, MgCl2 11 mM, EDTA 1 mM) containing
protease inhibitors (bacitracin 0.2 mg ml71, leupeptin
10 mg ml71 and soybean trypsin inhibitor 1 mg ml71). The
homogenate was centrifuged at 20,000 g for 20 min and the
pellet was resuspended in assay bu�er and frozen at 7208C.

Ligand binding assays

Membranes (5 ± 15 mg) were incubated with [125I]-BIM-23027
or [125I]-Tyr11-SRIF-14 in assay bu�er (total volume 0.25 ml)
for 2 h at 208C unless otherwise indicated. For assays at pH
5.0, the assay bu�er included HEPES 10 mM, pH 5.0, 2-[N-
morpholino]ethane sulphonic acid (MES) 10 mM, MgCl2
11 mM and EDTA 1 mM. Non-speci®c binding was de®ned
using 2 mM SRIF-14, and generally accounted for 25-35% of
total binding at 0.05 nM [125I]-BIM-23027 or [125I]-Tyr11-SRIF-
14. The incubation was terminated by ®ltration through
polyethyleneimine-soaked GF/C ®lters in a Brandel cell har-
vester. Filters were transferred to vials and counted in a
gamma counter. For saturation analysis, seven di�erent con-
centrations of [125I]-BIM-23027 were used between 0.002 to
0.12 nM. Saturation experiments were analysed with the pro-
grammes EBDA and LIGAND (Munson & Rodbard, 1980).
For association experiments, membranes were incubated with
0.05 nM [125I]-BIM-23027 for various times at the appropriate
temperature. For dissociation experiments, membranes were
incubated with 0.05 nM [125I]-BIM-23027 for 30 min at 378C,
and then dissociation was initiated by addition of an equal
volume of bu�er containing 4 mM SRIF-14. In some experi-
ments the dissociation bu�er also contained guanosine 5' tri-
phosphate (GTP, 10 mM) and sodium chloride (120 mM).
Inhibition curves and association and dissociation kinetic ex-
periments were analysed using GraphPad Prism. Inhibition
data were ®tted to the equation,

Bound �

100

1� 10�log�D�ÿlog�IC50��

where [D] is the unlabelled ligand concentration.

pIC50 values quoted are equal to the 7logIC50 value.

Association data were fitted to the equation,

Bound � maximum�1ÿ eÿkon;apparentt�

where kon;apparent � k�1�D� � kÿ1

Dissociation data were fitted to the equations,

one-site model: Bound=proportion1e
7k

71t+asymptote
two-site model: Bound=proportion1e

7k
71t+

proportion2e
7k

72t+asymptote

Where `proportion' is the percentage of total binding which
dissociated at rate `k' and `asymptote' is the percentage of
binding which could not be dissociated. The model which ®tted
the data best was determined by F-test.

Cyclic AMP measurements

Cells were grown to con¯uence in 225 cm2 ¯asks. Cell mono-
layers were rinsed twice with PBS, detached from the ¯asks

with PBS-EDTA (5 mM) and centrifuged at 500 g for 5 min.
The cells were resuspended in DMEM and distributed into
Eppendorf tubes. Each tube contained 0.27 ml of cell sus-
pension (approximately 500,000 cells/tube). Cell density was
determined by counting the cells with a Neubauer haemocyt-
ometer. Cells were incubated at 378C for 15 min with 3-iso-
butyl-1-methylxanthine (IBMX, 0.5 mM). Forskolin (10 mM
®nal concentration) was added with drugs where appropriate
for 10 min at 378C in a ®nal volume of 0.3 ml. The incubation
was terminated by addition of 10 ml HCl (10 M) followed by
10 ml NaOH (10 M) and 200 ml 1 M Tris-HCl, pH 7.4. The
broken cells were pelleted by centrifugation at 12,000 g for
2 min in an Eppendorf centrifuge. The supernatant containing
released cyclic AMP was removed and stored at 7208C.

Cyclic AMP was quanti®ed through inhibition of the
binding of 2 nM [3H]-cyclic AMP to protein kinase A (Sigma,
5 mg/tube) and comparison with a standard calibration curve
of known cyclic AMP concentrations from 0.5 to 16 pmol
cyclic AMP in a total volume of 0.2 ml. The assay bu�er
contained Tris-HCl 50 mM, pH 7.4, EDTA 4 mM, NaCl
100 mM and 0.5% (w/v) BSA. The reaction mixture was in-
cubated for 2 h at 48C and the incubation terminated by ®l-
tration through polyethyleneimine-soaked GF/B ®lters in a
Packard 96-tube Filtermate followed by 3 rinses with 1 ml ice-
cold distilled water. The ®lters were dried and counted in 50 ml
Microscint O using a Canberra-Packard TopCount scintilla-
tion counter. Protein content was determined according to
Bradford (1976) with bovine serum albumin as the standard.

Intracellular calcium measurements

Cells grown on glass coverslips were incubated for 50 min with
3.3 mM Fura 2-acetoxymethyl ester in HEPES-bu�ered Krebs
solution, pH 7.4, containing 1 mg ml71 bovine serum albumin
at room temperature. The coverslip was then mounted in a
thermostated 1 ml cuvette in a Hitachi spectrophotometer.
The cuvette was continuously perfused at 378C with incubation
bu�er at 1.0 ± 1.5 ml min71. Background auto¯uorescence was
measured before loading cells with Fura-2.

Materials

[125]-BIM-23027 (speci®c activity 2,000 Ci mmol71) and [125I]-
Tyr11-SRIF-14 (speci®c activity 2,000 Ci mmol71) were ob-
tained from Amersham International plc (Amersham, Bucks).
Cell culture medium was from ICN Biomedicals (High Wy-
combe, Bucks), and foetal bovine serum was from GIBCO
(Uxbridge, Middx). Pertussis toxin was from Calbiochem.
Peptides were synthesised by Dr J. Kitchen's team, Chemistry
Division, Glaxo Group Research: BIM-23027 (cyclo[N-Me-
Ala-Tyr-D-Trp-Lys-Abu-Phe]), BIM-23056 (D-Phe-Phe-Tyr-
D-Trp-Lys-Val-Phe-D-Nal-NH2) MK-678 (cyclo(N-Me-Ala-
Tyr-D-Trp-Lys-Val-Phe)) and L-362855 (cyclo[Aha-Phe-Trp-
D-Trp-Lys-Thr-Phe). All other chemicals were from Sigma
(Poole, Dorset). Sep-Pak Plus C18 minicolumns were ob-
tained from Waters Chromatography (Watford Hertford-
shire, U.K.).

Results

Ligand binding studies with [125I]-Tyr11-SRIF-14 and
[125I]-BIM-23027

In order to determine which somatostatin receptor types are
present in Neuro2A cells, we examined the binding a�nities of
a number of agonists which show selectivity for the di�erent
receptors types. Initial experiments showed that BIM-23027
was able to displace all of the binding of [125I]-Tyr11-SRIF-14
to cell membrane homogenates with a pIC50 of 10.29+0.03
(Figure 1a). The inhibition of [125I]-BIM-23027 binding by a
series of compounds was examined in competition studies
(Figure 1b). The pIC50 values were (mean+s.e.mean of three
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determinations) SRIF-14, 9.91+0.04; SRIF-28, 9.69+0.02;
MK-678, 10.08+0.03; L-362855, 9.60+0.04; BIM-23056,
7.09+0.05. In all cases the data were ®tted best to a one-site
displacement model.

Further characterization of [125I]-BIM-23027 binding

The kinetics of [125I]-BIM-23027 binding were studied in
membranes from Neuro2A cells at 48C, 158C and 378C. The
time course of binding is shown in Figure 2 and the derived
association kinetic parameters are summarized in Table 1.
Steady state was reached within 2 h at 158C and within 30 min
at 378C. h.p.l.c. analysis of the free ligand after incubation in
bu�er at 158C or 378C showed that BIM-23027 was stable in
bu�er at 378C for at least 4 h. Analysis of [125I]-BIM-23027
using Sep-Pak cartridge chromatography (Koenig et al., 1996)
after incubation with membranes for 2 h at 378C also showed
no generation of radiolabelled free amino acids.

Dissociation experiments revealed a considerable tempera-
ture-dependence (Table 2). At 378C, bound radioligand disso-
ciated almost completely (10.9+5.7% ligand remained bound,
n=4) while in contrast at 158C, 39.8+2.9% (n=5) of the ligand
remained bound after 2 h and 63.9+6.5% (n=3) remained
bound at 48C (Figure 3). Inclusion of GTP (10 mM) or sodium
chloride (120 mM) resulted in a reduction of equilibrium
binding, which was increased by the addition of GTP and
sodium chloride together (Figure 4). In order to determine
the rate at which the radioligand dissociated in the presence
of both GTP and sodium chloride, the membranes were in-
cubated with [125I]-BIM-23027 for 30 min at 378C in

their absence to allow binding to reach equilibrium, and then
the amount of radioligand bound was measured at various
times after addition of 10 mM GTP, 120 mM NaCl and 2 mM
SRIF-14. When the dissociation was carried out at 48C in
the presence of GTP and sodium chloride, 67.2+3.0%
(n=3) of the ligand dissociated while at 158C in the presence
of GTP and sodium chloride, 80.6+0.9% (n=5) of the li-
gand dissociated. When the temperature was increased to
378C, 92.5+3.9% (n=4) of the ligand dissociated within
10 min (Figure 5). In the presence of GTP and sodium
chloride dissociation could be best ®tted to a two-phase
exponential model. The dissociation rates are shown in Table
2.

Saturation analysis with [125I]-BIM-23027 was performed at
378C to determine the binding a�nity and receptor density,
avoiding possible artefacts due to the very slow dissociation at
lower temperatures. The total number of binding sites was
found to be 0.20+0.05 pmol mg71 protein with a KD of
12.6 pM (pKd+s.e.mean=10.90+0.01 (n=3) by saturation
analysis, which agrees well with the KD of 11 pM estimated
from the association and dissociation rates (0.037 min71/
3.466109 M1 min71). When the saturation analysis was per-
formed at 158C, the total number of binding sites was similar
(0.29+0.04 pmol mg71 protein (n=4)) but the apparent a�-
nity was lower (KD=23 pM; pKd+s.e.mean=10.6+0.02).

Functional studies

BIM-23027 caused a concentration-dependent inhibition of
forskolin-stimulated increase in cyclic AMP formation, with a
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Figure 1 (a) Inhibition of speci®c [125I]-Tyr11-SRIF-14 binding by
BIM-23027 in Neuro2A membranes. The pIC50 was 10.29
(IC50=51.5 pM). Values are means with s.e.mean of three separate
experiments, each performed in triplicate. (b) Inhibition of speci®c
[125I]-BIM-23027 binding in Neuro2A membranes. The pIC50 values
were SRIF-14, 9.9 (*); SRIF-28, 9.7 (*); MK-678, 10.1 (&); L-
362855, 9.6 (&); BIM-23056, 7.1 (!). In all cases the data were ®tted
best to a one-site displacement model with a Hill slope of unity.
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Figure 2 Association of [125I]-BIM-23027 (0.05 nM) with membranes
at either 48C, 158C or 378C. Neuro2A membranes were incubated for
various times with [125I]-BIM-23027 (0.05 nM) at either 48C (&), 158C
(*) or 378C (*). Data are expressed as speci®c binding (fmolmg71

protein) and represent a typical experiment, which was repeated three
times with similar results. Means+s.e.mean of triplicate determina-
tions are shown. In these experiments, apparent association rates
were 0.2min71 at 378C and 0.04min71 at 158C and the total binding
was 174 fmolmg71 protein at 158C and 127 fmolmg71 protein at
378C.

Table 1 Association kinetic data for [
125

I]-BIM23027

binding to Neuro2A membranes at either 15 or 378C

Temp k(+1, apparent) k(+1) Maximum binding
(8C) (min

±1
) (M

±1
min

±1
) (fmolmg

±1
protein)

15

37

0.048+0.005

0.18+0.018

*

3.46610
9

127+28

100+25

Values are the means (+s.e.mean) of 4 determinations.

*Not determined as not at equilibrium (see text).
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maximum inhibition of 37+2% (n=3) and an IC50 of 1.0 nM
(pIC50=9.0+0.2, n=3; see Figure 6). This inhibition was
abolished by pretreating cells overnight with 500 ng ml71

pertussis toxin (Figure 6). SRIF-14 did not cause an increase in
intracellular calcium, as measured by Fura-2 ¯uorescence, al-
though the cells did respond to 10 mM adenosine 5'-tripho-
sphate (ATP, Figure 7).

Discussion

We have investigated the operational characteristics of soma-
tostatin receptors in Neuro2A mouse neuroblastoma cells
using both binding and functional assays. Somatostatin re-
ceptors have been divided into two main types, SRIF1 and
SRIF2 (Hoyer et al., 1995). We show here that the somatos-
tatin receptor in Neuro2A cells has characteristics of the SRIF1

type, as revealed by the extremely high a�nity of MK-678.
However, within the SRIF1 group, there are three receptor
subtypes, sst2, sst3 and sst5. The order of potencies of a number
of peptides suggests that the receptor in Neuro2A cells is of the
sst2 type. First, BIM-23027 has been shown to be a potent and
selective sst2 receptor agonist having 1000 times greater a�nity
at the mouse sst2 receptor than the mouse sst3 or rat sst5 re-
ceptors (Raynor et al., 1993a,b). Indeed the radio-iodinated
version of BIM-23027 has been recently introduced as a useful
sst2 receptor probe on account of its high degree of selectivity

(Holloway et al., 1996; McKeen et al., 1996). The complete
displacement of [125I]-Tyr11-SRIF-14 by very low concentra-
tions of BIM-23027 and with a Hill slope of unity in this study
is therefore entirely consistent with the receptor in Neuro2A
cells being predominantly of the sst2 type. However, given that
BIM-23027 has some, albeit lower a�nity for the sst3 and sst5
receptors we cannot exclude the possibility that there may be
up to 10% of the binding sites contributed by sst3 and sst5
receptors (Raynor et al., 1993a,b). Raynor and colleagues also
described several other peptides which can purportedly dis-
criminate sst2 receptors from the other receptor subtypes, sst3
and sst5, in the SRIF1 group (Raynor et al., 1993a,b). These
included BIM-23056 which has markedly higher a�nity at sst3
and sst5 receptors than at sst2 receptors and L-362,855 which is
a potent sst5 receptor agonist (Raynor et al., 1993b; O'Carroll
et al., 1994; Patel & Srikant, 1994). Although there is some
controversy about the precise relative potencies of such pep-
tides they nevertheless provide useful drug tools if used cir-
cumspectly. The close similarity of the rank order of agonist
potencies obtained in this study with that reported by McKeen
and colleagues using the same radioligand with human re-
combinant sst2 receptors adds further evidence for the presence
of sst2 receptors in Neuro2A cells and also demonstrates close
similarities in the operational characteristics of mouse and
human sst2 receptors (Castro et al., 1996; McKeen et al., 1996).
Indeed preliminary unpublished data from our laboratory
using Western blotting techniques with an sst2a receptor anti-

Table 2 Dissociation kinetic data for [125I]-BIM23027 binding to Neuro2A membranes at various temperatures

Proportion Proportion

Temp k71 site 1 k72 site 2 Asymptote*

(8C) (min±1) (%) (min±1) (%) (%) n

4
15
25
37

0.075+0.049
0.077+0.015
0.051+0.016
0.037+0.006

32.7+9.8
57.5+3.9
50.4+6.6
86.2+5.6

63.9+6.5
39.8+2.9
39.3+5.5
10.9+5.7

3
5
3
4

In the presence of GTP (10mM) and sodium chloride (120mM)

4
15
25
37

0.40+0.12
4.1+0.6
undefined
2.8+1.2

65.9+7.8
54.3+2.1
55.8+4.4
49.3+7.6

0.095+0.014
0.032+0.009
0.083+0.029

26.3+1.7
39.6+3.6
43.1+6.2

32.8+3.0
19.4+0.9
4.6+3.4
7.5+3.9

3
5
3
4

Values are the means (+s.e.mean) of n determinations. *Asymptote refers to the remainder bound after 2 h.
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Figure 3 Dissociation kinetics of [125I]-BIM-23027 binding to
Neuro2A membranes at 48C, 158C, 258C or 378C. Neuro2A
membranes were incubated with 0.05 nM [125I]-BIM-23027 for
30min at 378C. Dissociation was initiated by addition of excess
unlabelled SRIF-14, and allowed to proceed for various times at
either 378C (*), 258C (&), 158C (*) or 48C (&). Data are expressed
as a percentage of control (no dissociation bu�er added and ®ltered
immediately). The dissociation rates are given in Table 2. Values are
means+s.e.mean of 3 (48C, 258C), 5 (158C) or 4 (378C) experiments.
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Figure 4 E�ect of GTP (10mM), NaCl (120mM), GTP plus NaCl
and pertussis toxin pretreatment (500 ngml71, 16 h) on [125I]-BIM-
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body (Schindler et al., 1996) has convincingly con®rmed their
presence.

The characteristics of the binding of [125I]-BIM-23027 were
evaluated, to enable appropriate design of functional assays.
This is important, since it is known that some peptide ligands
with very high a�nities (dissociation constants in the pico-
molar range) do not dissociate readily (see Introduction). This
would have particular implications for the design and inter-
pretation of assays for receptor desensitization and ligand in-
ternalization, and also for the understanding of the interaction
of somatostatin with its receptor in a whole-cell environment.
We have not used whole-cell binding assays since the binding
of agonist ligands is complicated by the internalization of the
ligand (Koenig et al., 1996). Instead, the kinetics of [125I]-BIM-
23027 binding were studied in membranes from Neuro2A cells.
The association kinetics closely follow a mono-exponential
time course, at least within the ®rst 4 h. However, in agreement
with other reports, we have found that a signi®cant proportion
of speci®cally bound [125I]-BIM-23027 does not dissociate

within 2 h at room temperature or below (Holloway et al.,
1996; McKeen et al., 1996). This suggests that the receptor
undergoes some conformational change subsequent to ligand
binding which is not readily reversible at room temperature.
As a result, competition binding would not be expected to be at
equilibrium within 2 h and so the a�nity estimates determined
would not represent a true equilibrium dissociation constant.
In contrast, increasing the temperature to 378C allows almost
complete dissociation within 2 h. At 378C, the kinetic disso-
ciation constant calculated from the association and dissocia-
tion rates (11 pM) agrees well with that derived from
equilibrium saturation analysis (13 pM).

Addition of GTP and sodium chloride did not lead to total
loss of high-a�nity binding when assayed at room tempera-
ture. This is consistent with other studies which report a de-
crease in the amount of binding in the presence of GTP or
GTP analogues (Reisine et al., 1993; Hershberger et al., 1994).
However, in this study pertussis toxin treatment did virtually
abolish high-a�nity binding. Since we have shown that GTP
and sodium chloride can lead to almost complete dissociation
of bound radioligand in the presence of excess unlabelled li-
gand at 378C but not at 158C, it therefore seems likely that the
reported inability of GTP and sodium chloride to completely
remove high a�nity binding (e.g. Reisine et al., 1993; Hersh-
berger et al., 1994) may be an artefact of binding studies per-
formed at room temperature. The dissociation of [125I]-BIM-
23027 in the presence of excess unlabelled SRIF and GTP and
sodium chloride showed biphasic kinetics. This initial rapid
phase may re¯ect a rapid conversion of the receptor to a low-
a�nity, undetectable state since addition of GTP and sodium
chloride without excess unlabelled SRIF caused a rapid (t1/2
less than 1 min) dissociation of ligand (data not shown).

Somatostatin receptors have been shown to couple to a
variety of second messenger systems, although many of the
reported studies have involved CHO-K1 cells expressing very
high densities of receptor. In most natively-expressing cell lines
and in brain tissue, the maximal inhibition of forskolin-sti-
mulated adenylyl cyclase is generally less than 50% (50% in
GH3 cells, Garcia & Myers, 1994; 35% inhibition in AtT20
cells, Mahy et al., 1988; 50% inhibition in GH4C1 cells, Presky
& Schonbrunn, 1988; 10 ± 20% inhibition in rat brain, Raynor
& Reisine, 1992). In contrast, in transfected cells, maximal
inhibition of 50 ± 80% is often observed (Reisine et al., 1993,
Hershberger et al., 1994; Williams et al., 1996). The reason for
this discrepancy may be the low receptor density in natively-
expressing cells. It is also known that there is a stringent re-
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Figure 7 E�ects of somatostatin and ATP on intracellular calcium
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quirement for the presence of particular Gia isoforms to med-
iate the coupling of somatostatin receptors to adenylyl cyclase
(Patel et al., 1994; Liu et al., 1994). Therefore it is likely that if
these particular isoforms are not present, or they are present in
low abundance in a particular cell type, the e�ciency of re-
ceptor-e�ector coupling will be low. Another explanation may
be the presence of splice variants of the sst2 receptor. Vanetti et
al. (1993) and Reisine et al. (1993) have shown that the two
splice variants of the sst2 receptor, sst2a (long form) and sst2b
(short form) have di�erent e�ciencies of coupling to adenylyl
cyclase, with the sst2b form showing greater e�ciency. Vanetti
et al. (1993) also claimed that the sst2a receptor underwent
marked desensitization whereas the sst2b form did not. How-
ever, we were unable to demonstrate desensitization of the
BIM-23027-mediated inhibition of adenylyl cyclase after pre-
treatment with 1 mM BIM-23027 for up to 2 h at 378C (un-
published observations). It is not clear from the report of
Vanetti et al. (1993) whether they measured the e�ects of re-
ceptor desensitization, receptor internalization or a combina-
tion of the two. Without further studies therefore we cannot
surmise whether one or both splice variants are involved.

Somatostatin-induced increases in intracellular calcium
via inositol phosphate production have been demonstrated
in cells transfected with recombinant somatostatin receptors
of the sst2 and sst5 subtypes (Akbar et al., 1994; Wilkinson
et al., 1996). In contrast, in neuronally-derived, non-trans-
fected cells, an e�ect of somatostatin on intracellular cal-
cium relies upon prior administration of a submaximal
concentration of an agonist which stimulates phospholipase
C (Marin et al., 1991; Okajima & Kondo, 1992). In this
study, we could not demonstrate a direct e�ect of SRIF-14
on intracellular calcium levels in Neuro2A cells, although

the cells were responsive to ATP. Somatostatin receptors
have also been shown to modulate levels of intracellular
calcium by actions on voltage-gated calcium channels. For
example, Liu et al. (1994) showed that somatostatin could
inhibit Bay-K-8644-stimulated calcium current in GH4C1

cells. Also, in PC12 cells, Traina et al. (1996) showed that
somatostatin a�ects the rise in intracellular calcium after
depolarization induced by increased extracellular potassium
through an inhibitory e�ect on voltage-dependent calcium
channels. Although a dual `self-cancelling' inhibitory and
excitatory e�ect of somatostatin on intracellular calcium le-
vels cannot be excluded in this study, this seems unlikely
since we have con®rmed in our own laboratories that sst2
receptor activation will lead to increased intracellular cal-
cium levels in CHO-K1 cells providing the receptor density
is su�ciently high (G.F. Wilkinson, unpublished observa-
tions).

In conclusion, we have shown that Neuro2A neuroblastoma
cells contain predominantly the sst2 type of somatostatin re-
ceptor. E�ectively complete reversibility of high-a�nity bind-
ing and complete inhibition of binding by GTP and sodium
chloride could be demonstrated when binding assays were
performed at 378C, but not at 158C. Our data also indicate that
somatostatin receptors in Neuro2A cells preferentially couple
via pertussis toxin sensitive G proteins to adenylyl cyclase and
that no e�ect on intracellular calcium mobilization was evi-
dent.

We would like to thank Diane Hall and Rejbinder Kaur for expert
technical assistance. J.M.E. is grateful to the Wellcome Trust for
®nancial support.
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