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We have previously demonstrated in CHO-K1 cells
xpressing recombinant human sst4 receptors that
omatostatin-induced increases in extracellular acid-
fication are susceptible to a marked desensitisation
fter pretreatment with somatostatin, but not the so-
atostatin analogue, L-362855. In the present study,
e have examined the human sst4 receptor-mediated

timulation of p44/p42 mitogen-activated protein
MAP) kinase to determine whether this response is
usceptible to a similar agonist-specific desensitisa-
ion. Western analysis using phosphospecific antibod-
es revealed that both somatostatin and L-362855 in-
uced a transient stimulation of MAP kinase which
ould be desensitised by pretreatment with somatosta-
in, but not L-362855. The selective phosphoinositide
PI) 3-kinase inhibitor, LY 249002, blocked both the
omatostatin-induced increase in MAP kinase phos-
horylation and extracellular acidification. However,
he MEK1 inhibitor, PD 98059, blocked only the sst4

eceptor-mediated stimulation of MAP kinase and not
he extracellular acidification response. In summary,
he human sst4 receptor is selectively desensitised by
omatostatin and not by L-362855 and signals through
wo different PI 3-kinase linked pathways. © 1999

cademic Press

Somatostatin (Somatotrophin release inhibitory fac-
or, SRIF) is a tetradecapeptide neurotransmitter
hich transduces its intracellular effects via interac-

ion with a family of G protein-linked somatostatin
eceptors (sst1-sst5) (1–3), which are often expressed
eterogeneously within tissues as well as by a variety
f tumour cell types (1–3). Northern blotting, RT-PCR
nd in situ hybridisation studies have revealed the

1 To whom correspondence should be addressed. Fax: 01223-
34178. E-mail: wqq41014@glaxowellcome.co.uk.
239
nd placenta (4–8), but the physiological significance
f these transcripts is still unknown. Until recently (9),
nvestigative work on sst4 receptors has been ham-
ered by a lack of selective ligands, and pharmacolog-
cal characterisation of this receptor has been re-
tricted to radioligand binding studies performed on
embrane homogenates from recombinant cell lines (10).
Previously, we have demonstrated a prolonged and
arked desensitisation of the human recombinant sst4

eceptor-stimulated increases in extracellular acidifi-
ation rates using microphysiometry (11) after treat-
ent with somatostatin, but not the somatostatin an-

logue, L-362855 (12). However, the nature of the
ntermediary signalling pathways and mechanism of
he desensitisation was not elucidated.

Recombinant rat sst4 receptors expressed in CHO-K1
ells have been shown to couple to a number of signal-
ing pathways, including the stimulation of p44/p42

itogen-activated protein kinase (MAP kinase), the
nhibition of adenylate cyclase, and the release of
rachadonic acid (13–14). However, the rat sst4 recep-
or, unlike its human counterpart, is not susceptible to
gonist-induced desensitisation, or internalisation
15–17). The aim of the present study was to determine
f the activation of MAP kinase shown to be mediated
y human sst4 receptors (18) was linked to increases in
xtracellular acidification rates (EAR) and to deter-
ine if somatostatin-induced increases in MAP kinase

hosphorylation were also susceptible to agonist-in-
uced desensitisation.

ATERIALS AND METHODS

MAP kinase stimulation studies. CHO-K1 cells expressing the
uman recombinant sst4 receptor (CHOsst4 cells) (GlaxoWellcome,
K) were seeded at a density of 200,000 cells per well into 12-well
lates (Costar, UK) and incubated overnight in Dulbecco’s Modified
agles medium/Hams F:12 (1:1) mix supplemented with 10% FCS, 1
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



mM glutamax and 500 mg ml21 G418 (all from Gibco, UK). In time
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ourse studies, somatostatin (Peninsula Laboratories, UK) (10 nM)
r L-362855 (c[Aha-Phe-Trp-D-Trp-Lys-Thr-Phe]) (Peptide Research
onsultants, UK) (100 nM) were added to CHOsst4 cells for increas-

ng periods of time. All experiments were terminated by the aspira-
ion of media and the addition of ice-cold phosphate-buffered saline
PBS). Cells were challenged with a range of concentrations of so-
atostatin or L-362855 (10210 M–1026 M) for 10 min. Studies were

lso designed to investigate the effects of a variety of inhibitors (all
rom Calbiochem, UK) upon somatostatin-induced MAP kinase stim-
lation. In these experiments, drugs were added to the media 30 min
efore a 10 min somatostatin challenge. Desensitisation of the hu-
an sst4 receptor mediated MAP kinase response was investigated

y pretreating cells for 30 min with somatostatin (1 nM), before
xposure to a range of L-368255 concentrations (10210 M–1026 M) for
0 min. In another series of experiments, cells were treated with
omatostatin (1 nM) for 30 min and then stimulated with a range of
oncentrations of uridine tri-phosphate (UTP) (1026 M–1023 M).

Western analysis. Experiments were terminated with the aspira-
ion of media and washed by the addition of ice-cold PBS. Cells were
olubilised in 100 mL SDS-PAGE sample buffer (4% sodium dodecyl
ulphate [SDS], 5% glycerol, 60 mM Tris pH 6.8; 0.01% bromophenol
lue and 50 mM mercaptoethanol), and heated to 95°C for 5 min.
hole cell protein extracts were separated on 10% SDS-polyacryl-

mide gels. Proteins were electrically transferred onto 0.22 mM ni-
rocellulose membranes, washed in Tris-buffered saline (TBS; 100
M Tris-HCl; pH 7.5 and 150 mM NaCl) before being blocked over-
ight at 4°C in TBS containing 0.1% Tween-20 and 5% milk (TBST-
ilk). Antibody incubations were for 1 h at 21°C in TBST-milk, with

n anti-phospho specific p44/p42 MAP kinase antibody as the pri-
ary (1:1000 dilution; New England Biolabs), and an anti-rabbit
orseradish peroxidase conjugated secondary antibody (1:3000 dilu-
ion; Biorad, UK). Immunocomplexes were visualised using the en-
anced chemiluminescence (ECL) system and detected on Amer-
ham Hyperfilm MP (Amersham, UK). Images were scanned using
dobe photoshop software.

Microphysiometry. Microphysiometry experiments were per-
ormed as previously described (11). Briefly, 500,000 cells were
lated into microphysiometer cups (Molecular Devices, UK), 18 h
efore experimentation. Cells were perfused with a bicar-
onate-free DMEM solution (pH 7.4) at a rate of 120 mL min21.
xtracellular acidification rates (EAR) were measured as described
reviously (11). After an initial period of equilibration and a control
TP challenge (3 mM), cells were left to equilibrate for a further 90
in. Inhibitor drugs were continuously perfused for 30 min prior to

he addition of agonist. The increases in EAR responses are ex-
ressed as a percentage of the initial challenge to UTP (3 mM).
tatistical comparisons of responses were performed using Student’s
-Test, results were noted to be significantly different when P , 0.05.

ESULTS

Stimulation of CHOsst4 cells with somatostatin (10
M) and L-362855 (100 nM) led to a time-dependent

ncrease in the amount of phosphorylated p44/p42
AP kinase (Fig. 1). Onset of phosphorylation was

apid and detectable 2 min after stimulation with ag-
nist. Maximal phosphorylation was reached at 4-10
in and reduced to basal levels after 30 min. Equal

oading of protein between samples was confirmed
y detection with phosphorylation state-independent
nti-p44/p42 MAP kinase antibodies (Fig. 1C). Both
omatostatin and L-362855-induced increases in the
hosphorylation of MAP kinase observed at 10 min
240
ere concentration-dependent. The threshold concen-
ration for somatostatin and L-362855 was 1029 M and
028 M, respectively (Fig. 2).
Following treatment with somatostatin (1 nM, for 30
in), all subsequent increases in phosphorylation to
-362855 were blocked (Fig. 3A). However, in a sepa-
ate set of studies, somatostatin pretreatment had no
ffect upon the increases in MAP kinase phosphoryla-
ion to UTP (Fig. 3B).

Cells were pretreated with a number of inhibitors
rior to somatostatin stimulation in an attempt to de-
ineate the signalling pathways involved in MAP ki-
ase activation (Fig. 4). An 18 h preincubation of the
ells with pertussis toxin (100 ng ml21) abolished the
omatostatin-induced stimulation of MAP kinase. Re-
ponses were also blocked after a 30 min exposure to
ither the MEK1 inhibitor, PD 98059 (10 and 50 mM) or
he phosphoinositide 3-kinase (PI 3-kinase) inhibitor
Y 294002 (10 and 50 mM). Inhibitors of Src (PP-1)

200 nM) and protein kinase C (Calphostin-C at 50 nM
nd Ro-31-8220 at 1 mM) were without effect on the
omatostatin-induced MAP kinase stimulation.
A series of microphysiometry studies were under-

aken to establish the involvement of MEK1 and PI

FIG. 1. Time course (in min) of the stimulated phosphorylation
f p44/p42 MAP kinase in CHO-K1 cells expressing human recom-
inant sst4 receptors by either (A) SRIF (10 nM) or (B) L-362855 (100
M). Cells were incubated in the presence of the analogues for the
imes shown in min and analysed by Western blotting using an
ntibody specific for the dually phosphorylated forms of MAP kinase
at Thr202 and Tyr204) (A and B). C shows the immunoreactivity
btained for samples as in A with antibodies specific for p44/p42
AP kinase independent of their phosphorylation state. All blots are

epresentative of at least three separate experiments and each panel
as been taken from a single immunoblot.



3
E
3
t
s
s
c

UTP (3 mM) challenge. Infusion of either PD 98059 or
L
c
A
s
n
t
(
s
t

D

s
d
H
r
s
r
s
b
c
m
t
c
s

r
e
i
l
r
h

s
e
c
a
r

Vol. 263, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
-kinases in the somatostatin-induced increase in
AR. After equilibration, basal EAR rates were 100-
00 mV s21 and the mean increases in EAR in response
o an initial UTP challenge (3 mM) was 128.6 6 14.7 mV
21 (n 5 4). Application of a single concentration of
omatostatin (10 nM) led to a robust increase in extra-
ellular acidification, determined as 84.7 6 6.4% of the

FIG. 2. Changes in the phosphorylation status of MAP kinase in
esponse to a 10 min exposure to increasing log concentrations of
ither (A) somatostatin or (B) L-362855. Western blots show the
mmunoreactivity detected with antibodies to the dually phosphory-
ated forms of MAP kinase (at Thr202 and Tyr204). All blots are rep-
esentative of at least three separate experiments and each panel
as been taken from a single immunoblot.

FIG. 3. Changes in the phosphorylation status of MAP kinase i
elective desensitisation of the human sst4 receptor. (A) CHOsst4 cell
ither with or without pretreatment with somatostatin (SRIF, 1
oncentrations of UTP, either with or without pretreatment with so
ctivity detected with an antibody to the dually phosphorylated
epresentative of at least three separate experiments, and each pan
241
Y 249002 led to small decreases in the basal acidifi-
ation rates of 38.6 6 4.3 and 46.0 6 3.1%, respectively.

30 min pretreatment with PD 98059 (50 mM) had no
ignificant effect upon a somatostatin challenge (10
M) (74.9 6 15.1% of UTP response). However, pre-
reatment with the PI 3-kinase inhibitor LY 294002
50 mM) significantly reduced the magnitude of the
omatostatin-induced EAR response to 36.4 6 10.4% of
he UTP response (P , 0.05).

ISCUSSION

We have previously shown in microphysiometry
tudies, that somatostatin, but not L-362855, can in-
uce desensitisation of the human sst4 receptor (12).
ere we have shown that the ability of the human sst4

eceptor to stimulate p44/p42 MAP kinase is also sen-
itive to agonist-dependent desensitisation. The sst4

eceptor-mediated MAP kinase stimulation was tran-
ient and showed similar kinetics following activation
y either somatostatin or L-362855. However, the time
ourse for somatostatin-induced phosphorylation was in
arked contrast to the sustained (;4 h) phosphoryla-

ion observed in a study using re-populating CHOsst4

ell monolayers (18). The difference in the inten-
ity and the duration of the MAP kinase activation

esponse to agonist stimulation and demonstration of somatostatin-
ere stimulated with a range of concentrations of L-362855 (10 min),
, 30 min). (B) CHOsst4 cells were stimulated with a range of

tostatin (SRIF, 1 nM, 30 min). Western blots show the immunore-
ms of p44/p42 MAP kinase (at Thr202 and Tyr204). All blots are
as been taken from a single immunoblot.
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etween these studies possibly reflects the application
f somatostatin to cells in different phases of the cell
ycle. In this study, cells will be in log phase of growth
ompared to partially denuded monolayers of cells syn-
hronised in early G1 of the cell cycle as used in the
e-population model (18).

The sst4 receptor mediated phosphorylation of p44/
42 MAP kinase exhibited concentration-dependency
o both somatostatin and L-362855 and thresholds for
ctivation of the analogues corresponded well with the
elative differences in pEC50 values for somatostatin
nd L-362855 reported in microphysiometry studies.
reatment of cells with low concentrations of soma-
ostatin (1 nM) blocked the ability of L-362855 to in-
uce any further increases in MAP kinase phosphory-
ation, although pretreatment of cells with low
oncentrations of L-362855 (10 nM) did not effect the
bility of higher concentrations of L-362855 (100 nM)
o further induce p44/p42 MAP kinase phosphorylation
data not shown). In contrast, pretreatment of cells
ith somatostatin had no effect upon UTP-induced

ncreases in MAP kinase phosphorylation, suggesting
hat the desensitisation observed is homologous. The
echanism for this desensitisation is unknown at

resent but is unlikely to involve internalisation (19)
nd data from this study suggests that the desensiti-
ation is taking place upstream of MAP kinase. These
ndings highlight important species differences be-
ween the rat and human sst4 receptors. Whereas,
he human sst4 receptor desensitises rapidly, and

FIG. 4. Effect of pertussis toxin and various kinase inhibitors on
ecombinantly expressing human sst4 receptors. CHOsst4 cells were
labelled 0) for 10 min either with or without preincubation with per
P1 (200 nM), LY 294002 (LY at 10 and 50 mM), calphostin-C (Calph

he immunoreactivity detected with a phosphospecific antibody to p
ents. None of the treatments had any effect on the basal level of M

ingle immunoblot.
242
or prolonged time periods (.3 h) (12), the rat sst4

eceptor does not appear to be susceptible to desensi-
isation even after prolonged exposure to somatostatin
60 min) (16).

The somatostatin-induced phosphorylation of MAP
inase is transduced by G proteins of the Gi/Go family,
s shown by sensitivity of the response to pertussis
oxin, in agreement with previous observations (18).
ncreases in the phosphorylation of p44/p42 MAP ki-
ase were blocked by the selective MEK1 inhibitor, PD
8059 (23) and blocked by the PI 3-kinase inhibitor, LY
49002. The involvement of PI 3-kinase in the activa-
ion of MAP kinase has been reported for a number of
i/Go-coupled receptors via calcium-independent pro-

ein kinase C (PKC) isoforms (14, 20–22). However, in
his study MAP kinase phosphorylation appeared to be
KC independent. In addition, the sst4 receptor medi-
ted MAP kinase activation was not inhibited follow-
ng Src blockade, in contrast to reports showing that
i-coupled receptors utilise Src to feed into the Ras-
AP kinase cascade (24).
Pretreatment of cells with the PI 3-kinase inhibitor

Y 294002 significantly inhibited somatostatin-in-
uced increases in extracellular acidification rate, dem-
nstrating an important role for PI 3-kinase in human
st4 receptor signalling. Interestingly the MEK1 inhib-
tor, PD 98059, had no effect upon somatostatin-
nduced EAR responses, even at concentrations that
bolished MAP kinase stimulation (50 mM). This sug-
ests that somatostatin-induced increases in EAR are

atostatin-induced phosphorylation of MAP kinase in CHO-K1 cells
ubated in the presence (SRIF, 10 nM) and absence of somatostatin
sis toxin (PTx, 18 h, 100 ng ml21), PD 98059 (PD at 10 and 50 mM),
0 nM) and Ro-21-2880 (Ro at 1 mM) (all 30 min). Western blots show
p42 MAP kinase. All blots are representative of 3 separate experi-

kinase phosphorylation (data not shown).Each panel represents a
som
inc
tus
at 5
44/
AP
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uced, at least in part, through a PI 3-kinase linked
athway. Although PD 98059 and LY 249002 both
educed basal acidification rates, PD 98059 had no
ffect upon somatostatin-induced increases in EAR.
his suggests that the ability of LY 249002 to block
omatostatin-induced increases in EAR are not related
o its effects upon basal metabolism.

A number of studies have suggested that MAP ki-
ase activation is important in the agonist-induced
ctivation of the Na1/H1 exchanger (25–26), but this
oes not appear to be the case for the human sst4

eceptor (present study) or indeed the 5-HT1A receptor
xpressed in CHO-K1 cells (20). In this latter study, LY
94002 blocked both the 5-HT1A receptor-induced in-
reases in MAP kinase activation and extracellular
cidification, whilst PD 98059 only blocked the activa-
ion of MAP kinase (20), again suggesting that p44/p42
AP kinase does not play an important role in Na1/H1

xchanger regulation. However, it should be appreci-
ted that other mechanisms may also be involved in
he extracellular acidification response measured in
he microphysiometer (11).

In summary, PI 3-kinase plays a pivotal role in the
ignalling of the human sst4 receptor, stimulating both
44/p42 MAP kinase and increasing extracellular acid-
fication rates through distinct pathways. Further-

ore, this study has highlighted important species
ifferences between the rat and human sst4 receptor,
ith the human sst4 receptor being susceptible to
gonist-specific receptor desensitisation.
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