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Involvement of somatostatin receptor subtypes in membrane ion channel
modification by somatostatin in pituitary somatotropes
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Summary gland, where it inhibits the release of GH. In addition to its

] o effects on hormone secretion, SRIF inhibits proliferation of
1. Growth Hormone (GH) secretion from pituitary yarious cell lines including pituitary cefi€ and pituitary

somatotropes is mainly gelated by te hypothalamic ,mours78 SRIF is also produced throughout the Central
hormones, ~ GH-releasing hormone  (GHRH)  anfienous System, where it acts as neurotransmitter and
Somatotrophin Releasing Inhibitory Factor (SRIF). neuromodulatgrand in mary peripheral ogans such as in

‘2. SRIF inhibits GH secretionvia actvation of he gastrointestinal tract and pancré®&? Some of the
specific membrane receptors, somatostatin receptQiffects of SRIFsuch as the inhibition of GH secretion from
(SSTRs) and  signaling transduction  systems ifgth normal pituitaries and GH-secreting tumdtds!2as

somatotropes. well as basal and stimulated secretion from other endocrine
3. Five sibtypes of SSTRs, SSTR1, 2, 3, 4, and §3g exocrine cell$®4 and the inhibition of cell

have keen identified, with receptor 2viled into SSTR2A  yrgjiferationl51% are targets for specific therapeutic agents.
and SSTR2B. All SSTRs are G-protein coupled receptofhey may be of considerable pathomiological
(GPCRs). importance in seral human diseases, including the
4. Voltage-gated C&" and K° channels on the ognitve functions of Alzheimes dsease and the
somatotrope membrane play an important role guleging  magvement control of Brkinsons dseasé’-° These SRIF
QH secretion, and SRIF mod|f|e§ both channels to redu%ulatory efects are mediated by specific, higffirfy
intracellular free C& concentration ([C4],) and GH  yembrane bound SRIF receptors (SSTRs) on target tissues.
secretion. _ - N . So far, five aubtypes of SSTRs, SSTR1, -2, -3, -4, and -5,
5. Using specific SST_R s_ubtype—speuflc agomst, Rave teen identified and all are xgressed  in
has peen found that reduction |n2Caurreqts by SRIF_|s somatotrope®2! and each displays a &8 a helical
mediated by SSTR2, and an increase ih ddrrents is ransmembrane domain, which is typical of G-protein
mediated by both SSTR2 and SSTR4, in rat somatotrope%oumed receptor¥:22 Activation of SSTRs is associated
with a reduction in intracellular cAMP \els and C&
concentration, and stimulation of protein tyrosine
Growth Hormone (GH), which is a single peptide ofPhosphatas&: SSTRs are coupled toweeal types of C&
191 amino acids, is an anabolic hormone that is essengi@d K channels. The inhibition of €aand actvation of
for normal linear growth, and also gidates warious K™ currents causesyperpolarization of the membrane and
physiological processes in the bodguch as aging, @ decrease in 4 currents, leading to a decrease in the
metabolism, immune system, and reprodiect/stem. GH frequeng and amplitude of action potentials, resulting in a
is synthesized, stored, and secreted by the pituitai§duction in intracellular G4 concentratiorf>?* Non-
somatotrope cellswhich are located mainly in the lateralpeptide agonists of each of the efi\8STRs hae keen
wings of the anterior pituitary and comprise 40 to 50% dflentified (SSTR1, L-797,591; SSTR2, L-779,976; SSTR3,
anterior pituitary cells. GH is transported through th&-796,778, SSTR4, L-803,087, SSTR5, L-817,818) and
circulation by at least tov binding proteins, GH-binding €ach agonist shows highfiafty for its specific SSTR
protein-1 (GHBP-1) and GHBPZThe reulation of GH subtype?®
secretion from the anterior pituitary gland is under the  lon channels in somatotropes arevolwed in the
reciprocal control of tw hypothalamic hormones, a regulation of cell excitation which leads to hormone
stimulatory hormone, GH-releasing hormone (GHRH), angecretion. C#, K* and N& channels, which are the main
an inhibitory hormone, somatostatin, and an endogencegtion channels, regulate the electrical activities in
GH secretagogue, ghrelin, which stimulates GH secretiopomatotropes. GH secretion from somatotropes is
Somatostatin, known as Somatotrophin Releasirgfimulated by an increase in intracellular free?Ca
Inhibitory Factor (SRIF), inhibits GH secretion from theconcentration ([CH]) which is mainly regulated by €a
anterior pituitan? SRIF is a cyclic peptide that is influx through wlitage-gited C&" channels in the plasma
distributed widely through the body andgrdates both membrané? Na* and K' channels are imlved in the
endocrine and exocrine secretbSRIF is synthesized in modification of the somatotrope functiwia their effect on
the hypothalamus, and is released into and transported Bgmbrane potential and action potential duration and
the typothalamo-hypopyseal portal blood vessels, whichfrequeng, and hence cytoplasmic €devels 2
enables direct deféry of SRIF to the anterior pituitary The inhibitory effect of SRIF could beqglained by

Introduction
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Table 1. The nomenclater of smatostatin receptor and size of amino acids for human ahd from Reisine & Bell,
199522

Gene cloning Size (amino acids Homology

Receptors between

Human Rat Human Rat Human & Rat
SSTR1 Yamadaet al. 1992° Li et al. 19928 391 391 97%
SSTR2A | Yamadaet al. 19925 Kluxenet al. 1992° 369 369 92%
SSTR2B Pael et al.19931 Vanetti et al. 19920 346
SSTR3 Yamadaet al. 1992° Meyerhofet al. 1992° 418 428 86%
SSTR4 Rohreet al. 1993° Brunoet al. 19921 388 384 89%
SSTR5 O’Carroliet al. 19942 O'Carroll et al. 19923 364 363 81%

the decrease in €acurrent and increase in*Kcurrent, so  commonly SRIF-14, SRIF-28, and SRIF analogues MK678
that the action potential duration and frequeare reduced, and octreotide, h@ keen used to study binding properties.
hence the reduction in &ainflux, leading to reduced GH Both SRIF-14 and SRIF-28 shchigh affinity to all SSTR
secretior?32426 The present reew will mainly discuss subtypes, while octreotide and MK678, whichvéaeen
SSTR subtypes and ion channels, and tehrement of used in clinical trials, are seledj high-afinity ligands for
SSTR subtypes and ion channel modification in pituitat STR2 and SSTR5, with an intermediate affinity for

somatotropes, with experimental evidence. SSTR3. There appears to be some selgctof SRIF-28
towards SSTRZ33* The tissue distribution of SSTRs has
The SSTR subtypes been ®amined using seral procedures, including

orthern blotting, RNase protectionveese transcriptase-

CR amplification of cellular RN andin situ hybridization
histochemistryThe mRM for the five SSTRs is &pressed
widely in human and rat tissues andytiavedistinct tut

The physiological actions of SRIF are initiated by it
interaction with specific membrane-bound higfirétly
receptors, SSTRs, on the surface of respensells.
Schonbrunn & @&shjiart” were the first to demonstrate ) 58333536 .
high-afinity functional SSTRs in GH4C1 cells, a ratOVarlapping - patterns - of sgressiort®3%%:% All five

pituitary tumour cell line that synthesizes and secretes Grﬁceptors_ gre_express_ed _Tl the CNS aypbthalamusin
and prolactirt’ Five dfferent SSTR subtypes V& been Situ hybridization studie$™" hase iown that SSTR1-4

cloned and characterized using a recent molecular clonit Nﬁ\_s are present in:ighuelsdthlrouglhoutdtdh? neo;ﬁ
technique. o major approaches ke teen used to isolate Ippocampus and amygaale. in adaditiony

and identify receptor cDM clones: polymerase chain presen_t in the piriform conteand the_ primary ofictory

reaction (PCR)-based strategies for cloning 1&&protein CO:E(IA'U t?he ra;[%a 'I;heret ar? alsg gghV?SnggTR%
coupled receptors: and the use BRfTyr11]-SRIF-14 and M In the ‘oflactory tract, an s 0o an

- SSTR4 mRM are especially high in the habenula.
[13-Tyr3]-octreotide (SRIF analogue) to screen a DN .
library expressed in cells in r&t2° Alternative glicing has SSTR1-5 are expressed in the hypothalamus. SSTRATRN

revealed two forms of SSTR2 called SSTR2A andhas also been identified in the tissues of peripheg@hsr
SSTR2B® the difference beinz_:l the length of theirsuch as the gastrointestinal tract, kignkeart and lung.

cytoplasmic taif! The sequences of the didifferent SRIF _Table 2 shws_thg di.Stribl.Jtion of .SS.TRS i_n variogsgans
receptor subtypes, SSTR1 — SSTR5, frorfediht species in the rat. Dlstr_lbutlpn in the pltunary is sho in the
have been reported. The amino acid sequences of humﬁlﬂ‘gc:ed area, W'th r:cl%hs_?éaressmn of SSTR2 and SSTRS,
and rat SSTR1-5, mouse SSTR1-3, andi®SSTR2 hae " “’T"heXpr.eSS'I(I’.” ° e of the G\ESTRS hae o

been reported from the analysis of c®ldnd/or genomic . € signalling systems or the énss TRs hae teen
sequences. & SSTR proteins she highly consered in widely -examined. SSTRl'S qulved n inhibition _o_f
size and structure, especially human SSTRiy wn size Aderylyl cyclase (AC) via pertussis toxin (PTX)-sensit

from 356-391 amino acids, and sh®d5-70% sequence G-protein‘,‘Z and has also_bee_n sio to mediate PLC
identity between the subtyp®s.Table 1 shais the activation and IP3 production in CHO and COS meynk
nomenclature of human and rat SSTRs kidney cells*344 SSTR2 is imolved in inhibition of AC,

A remarkable dgree of structural conservation acrosé”md also mediates the aation of PLC in COS, GHACI,

3,45,46 i
species has been reported. SSTR1 is the most higﬁ1 d FACL cells: FACL cells showed a particular

consered with 97% identity between human and rat, andl olvement of PTX-sensite and -insensiie G-proteins,

the sequence of SSTR5 is the mostedjent with 81% biphasic responses, by SST2Iso, stimulation of MAP

identity between human and rat. There is 92%, 86% aﬁ'ﬁwase signall?ng pathays throgg_h SSTRZ. hz_as_ _been
89% identity between human and rat SSTR2, -3, and S monstrated in the r&t.SSTR3 is imolved in inhibition

respectiely.2232 A variety of pharmacological studiesvea ©'. AC _through PTX-_sens'me Grproteins; for gample,
proFk;ed tﬁ/e bindir\:g Ipr)(;per'ges of the 3:\5TRUS ! Most stimulation of SSTR3 in CHO and HEK293 cells decreased

AC via Gai protein#84°SSTR4 is imolved in inhibition of
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Table 2. Tissue specific expression of SSTR geneat.infrom Fatel et al.19953!

SSTR1 SSTR2 | SSTR3 SSTR4 | SSTR5
BRAIN
Cortex ++++ ++++ | ++ ++ + +
Striatum + + ++ + 4
Hippocampus | + + ++ ++ ++ + 4
Amygdala +++++ | ++ +++ + F+
Olfactory Bulb | + + ++ ++ ++ + 4+
Thalamus ++ + + + ++
Hypothalamus | + + ++ + + TN
POA + + + + F++++
Cerebellum * t +++++ | - -
Midbarin + + + + ++
Pons + + + + _
PERIPHERY
Pituitary + + +++ ++ + + 4+ 4
Pancreas - + - - -
Islets ++ ++++ | + + + +
Stomach + + + + -
Small intestine| ++ - + + 4
Liver - - + + — _
Lung - - - ++ -
Kidney - + + + -
Heart + - + + + + + -
Spleen ++ + +4+++ + +
Adrenals + 4+ |+ _ _

AC via PTX-sensitte G-protein?? and it was shown that of the most potent inhibitory receptdfs.
PLC and IP3 production was stimulated in COS ceilis
SSTR4%° Stimulation of MAP kinasevia SSTR4 vas
obsered in humar! SSTR5 is imolved in inhibition of
AC through PTX-sensite Gprotein#? Activation of PLC
and IP3 production was obsed in transfected COS SSTR2 and SSTR5 agonists respetyi the study shwed
cells?® and reduction in intracellular cGMP formatiorasv that the SSTR2 and SSTR5 subtypes togethgulate

obsered in CHO cells xpressing the SSTRS.Inhibition

involving inhibition of cGMP in CHO cell§? The signaling
pathwvays employed by each receptorvéant yet been
fully elucidated as diérent tissues and cellsxmess
different subtypes of receptors, most cellgehaore than
one subtype of receptoend the &ailability of specific

agonists is limited.

The subtypes of SSTRsgwate different functions
by various mechanisms. SSTR2 inhibisitage-dependent

C&* channels in certain cells, such as GH12C1, RINm5Reurotransmission

and GH3 cellg%4653 Also SSTR2 stimulates oltage
dependent K channelg? and regulates inhibition of cell
growth and induction of apoptosi$>® SSTR1 inhibits Ca
current in GH12C1 rat pituitary tumor cetfsjput not in
GH3 cells?° It is also ivolved in cell growth rgulation®’
SSTR3 regulates apoptodisnd SSTR4 modifiesoltage-
gaed K' current?® SSTR5 inhibits cell gmeth and
proliferation®® and seems to bevidved in K current
regulation in >enopus oogtes?® but not in other cell types.
SSTRS5 is also important in cancer growth regulation as one

Proceedings of the Australian Physiological Society (2387)

Non-peptide agonists, L-compounds, of each of the
five SSTRs hae tkeen identified by the Merck Research
Laboratory and agonists actétion of SSTR was done in
several experiments. Using L-779,976 and L-817,818, the

GHRH-stimulated GH release from rat pituitary cells. Both
of MAP kinase was reported through a mechanismgonists potently inhibited GHRH-stimulated GH release,
but the SSTR5 agonist showed approximately 10-fold less
poteny in inhibiting GH release compared with the SSTR2
agonist®1-%2In cultured monolayer of E17-18 rat embryonic

cortical

neurons,
stimulated cAMP accumulation by 37%,

SRIF

inhibited $0 M forskolin-
avde of

inhibition that was mimicked by L-797,591, a potent and
selectve ayonist of SSTR$? The role of SSTR2 and

SSTR4 in

limbic seizures and glutamate-mediated
in mouse hippocampus has been

investigated using the SSTR2 agonist L-779,976 and
SSTR4 agonist L-803,087. Investigation of homo- and
heterodimerization of SSTR2 and SSTR3 was performed
using the SSTR2 agonist L-779,976 and SSTR3 agonist
L-796,778% Ligand actiation by SSTR is associated with

a reduction in intracellular cAMP and [€3 mainly via

membrane ion channels.

79



Membrane ion channel modification by somatostatin

Membrane ion channels in somatotropes T- and L-type C&* currents with a small olvement of

N-(neural) type current. ke studies hae reported the

It is weII_kno_wn that QH secretion is directly related,olvement of N-type C& current in pituitary cells, ut
to [Ca"];, which is primarily rgulated by C&# influx our experiments and previous studies veha small
through wltage-@ted C&* channels, stimulated by GHRH proportion of N-type is iolved 83

and inhibited by SRI#6570lt is also well documented that The ion channels which are visived in the

a rumber of neuropeptides, especially those from thgapolarization of somatotrope membraneseheot been
hypothalamus, »ert their regulatory role of somatotrope yefined. It appears that Nahannels do not play a major
secretion through the modification of transmembrane i9g|e in the response to GHRH and SRISthough there
channels’"* GHRH and SRIF prdde the main duing \yas a eport shaing that GHRH actiates N4 current and
force_ in_maintaining normal GH secretion status in alhat SRIF partially suppressed this cur@ntost studies
species including humans. Both are capable glle#ing on the mechanism of SRIF actionvearot targeted Na
somatotrope activity by firstly binding to thglr G-proteinchannels. K channels are important andltage-gited K
coupled receptors on the cell membrane, which then sets;{firent has been characterized in rat pituitary cell lines.

train the various intracellular second messenggthe majority of wltage-gted K currents were composed
systems’*"> Studies using patch-clamp in conjunction withyt transient outward () and delayed rectifying {).2°

Ca* imaging techniques ke cemonstrated that GHRH pjfferent proportions of each type obliage-gited K
and SRIF regulate [, via modification of C&", K*, and ., irent were recorded in ffent species. A lge
Na" channel€® Second messenger systems, i”dUdi”Eroportion of }, was cbsened in rat pituitarybut |, was
intracellular cAMP protein kinase A (PKA) and PKC, are only a small component of the total* Kurrent in sheep
particularly important in mediating the GH release by the%matotrope%‘?»” A small proportion of | and a lage
hypothalamic peptide¥. Despite all these achiements, a hronortion of ), were observed in our study using the rat
comprehense nderstanding of the mechanisms by whichyityitary tumour cell line, GH3? There is a report that a rat
ion channels are wolved in the rgulation of GH secretion pituitary tumour cell has i@ levds of C&*activated K*

in somatotropes still needs to be addressed. It has beefrent, Wt in our study C&-activated K* current seems to

shavn that GHRH-induced/SRIF-suppressed GH secretigy, absent, so cannot bedlved in SRIF action on pituitary
is a C&*-regulated process Wwolving modification of C&  {,mour cell<°

and K' channels, and subsequent change irf[CaGHRH

depolarizes the cell membrane, wliog significant C&  Modification of ion channels by somatostatin

influx via voltage-gated C&* channels. In contrast, SRIF . ] )
hyperpolarizes the cell membrane, decreasing thé&" Ca C"’_‘2+ channels play ady role in mammalian cells in
influx through wltage-gited C&* channels and increasing &ll SPecies. As we fva mentioned, our experiment shied

K* outflow via voltage-gated K channel€37 In most @ large proportion of Tand L-type C&* currents in GH3
somatotropes, when intracellular Catores are astited Cells. Althoughthere was a report showingwoT-type

by GHRH, biphasic C4 oscillations can be recorded, with (@Pout 10%) and high L-type in GH3 cellsl® T- and L-

an initial sharp increase in [&3 resulting from C& lPes seem to be the major conifir of oltage-gated
release from reservoirs within the cell, folled by a C&* channels in somatotropes. But T-type current was not
moderate, long-lasting [€4; rise due to the influx of Ca altered by SRIF (10 M) application, while L-type was
through wltage-gted CA&" channels in the plasma significantly requced. Our study and Yiceis reports she
membrané®’7 In spite of the mobilization of Gafrom @& Small proportion of N-type current isvaolved in GH3
intracellular C&" storage pools, the major contribution tosomato)trropes, which was decreased by SRIF applicétion.
the regulation of [CH]. is caused by G4 influx via Ce?* K* channels may also be vioived, because a
channels. GH secretion in response to GH factors figduction in K current in response to GHRH and an
abolished by blockade of membrane?Cehanneld880|n  Increase in K current. in response to SRIF has been
addition, ovine pituitary somatotropes shen increase in eéported in rat and vine somatptrope%’fzoﬁl A small
[Ca*], in response to GH releasing peptide-2 mainiproporton of | and a lage proportion of | were obsered
through the influx of C% via voltage-gated C&* channels, N Our study using the rat pituitary tumour cell line, GH3,

without detectable A release from intracellular @ @nd both | and |, currents were increased by SRIF.
stores! In summary SRIF inhibits \ltage-@ted C&"

In somatotropes, the major Cachannels are of the channels, decreasing €acurrent. In c_ontrast,. SRIF
voltage-gated T (transient) and L- (long-lasting) type, andStimulates ultage-gted K channels, increasing K
the currents through these channelgehaen characterized cUrrent, leading to hyperpolarization of the membrane and
in somatotrope® In rat somatotropes, the L-type currenf€duction in action potential frequgncand duration,
contritutes by far the largest proportion (60-70%) to th&esulting in decreased GH secretion.
total C&* channel current. A moderate proportion (aroun
20%) of T-type C# currents are wolved, but contrilition
of T- and L-type currents varies across speé8:320ur It is well established that SSTRs 1-5 are G-protein
studies of rat pituitary somatotropes (GH3 cells, the rgbupled receptor, and binding of SRIF adtites G-
pituitary tumour cell lines), v $own that there are I|ge  protein and arious down-stream second messenger systems

%STR subtypes and ion channels in somatotropes
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Figure 1. Signalling pathways employed by SRIF via SSTRs on voltage-gated Ca?* and K* channels. When SRIF binds
to SSTRs, SSTR2 and 4 activate gedgated K channels and only SSTR2 inactivates \gdtgated C&* channels to
increase K outflow and decrease €ainflux, whith subsequently leads to inhibition of GH secretion.

including inhibition of cAMP formatio§® This stimulates In summary SSTR2 and SSTR4 are the main
voltage-gated K current and inhibits altage-gited C&" receptors which adiite wltage-gited K current, and
current and consequent suppression &f @dlux.”>®The SSTR2 is the main receptor inhibitingltage-gted C&*
experiment was performed toviestigate the imolvement of current (Figure 1).

K* channels and SSTR subtypes in the rat pituitary tumour )

cell line using fie SSTR agonists (SSTR1, L-797,591;C0onclusion

SSTR2, L-779,976; SSTR3, L-796,778; SSTR4, L-803,087;
SSTR5, L-817,818) and the patch-clamp technique. SSTI%Zast
and SSTR4 increased theoltage-gited K current?®
SSTR1 and SSTR5 partially increased Kurrent, it
because of the potentially non-specific effect of SSTR1 a
SSTRS5 agonists on SSTR2 and SSTR4, tlielvement of du
SSTR1 and SSTR5 is uncledthe SSTR1 agonists can
activate SSTR4, although at 100 times lower affinity tha
for SSTR1, and the SSTR5 agonistwhd about 10 times
higher afinity for SSTRS5, compared with SSTR1, andsv Acknowledgements

130 times higher than SSTR2But it seems SSTR2 and

SSTR4 are the main receptors which respond to SRIF  The work on SRIF in this laboratory has been mainly
actvating a functional cascade, and inhibiting the Grpupported by the National Health and Medical Research
secretion in somatotropeSSTR2 is the most ahdantly ~Council of Australia.

expressed and SSTR4 is the leagpressed receptor in
pituitary somatotrope®:%887 so it was suggested that

SSTR2 and SSTR4 may under dimerization with 1 Ojeda SR, Jameson HE. Deopmental patterns of

The inhibitory efect of SRIF could be explained, at
partially by the fact that SRIF hyperpolarizes the cell
membrane through the increase i Kurrents through
SSTR2 and SSTR4, and the decrease iR* Carrents
ough SSTR2 (Figure 1), so that the freqyemnd
ration of action potentials are reduced, which
subsequently leads to a reduction inZ[’q‘,laand inhibition

f GH release.
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