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ABSTRACT

A somatostatin binding protein, of molecular weight
77,000 daltons, was found in the cytosol fraction derived
from several rat tissues. It has an isoelectric point of

. approximately 5.0. Studies of the binding protein provide

no conclusive evidence as to whether it is a true hormone .

receptor or not, but the molecule appears to have similar
charécteristics in the variety of tissues étudied. These
similarities include pH and ionic optima, time‘éourse of

binding, molecular weight, isoelectric point and electro-

phoretic mobility. The somatostatin binding protein has

properties similar to the regula tory subunit of mammalian.

cytosol protein kinase.




INTRODUCTLON

Brazeau et al (1973, 1974a) purified a tetra-~ _
. decapeptide from ovihe hypothalami that inhibited;growth‘
hormone (GH) release in pituitary cultures, using the
"methods of Vale et al (1972a,b,c) and Vale and Grant (1974).
The sequence of the peptide is:
H—Ala—Gly—Cys—Lys~Asn—Phe—PhefTrp—Lys—Thr—Phe—Thr—Ser—Cys-OH
Schally et al (1975, 1976) isolated a growth hormone
release inhibiting peptide, from porcine hypothalami, using
- the same bioassay as Brazeau et al (1973, 1974a). It has
the same stucture and amino acid sequence as the tetradeca-
peptide isolated from ovine hypothalami. |
These peptides are called somatostatin or.growth hormone
release inhibiting hormone (GH-RIH). They have many actions
in vitro and in vivo and their mechanism of action has been
studied. It is not yet known if somatostatin is a true
hormone, since no significant levels have been found in
. the blood. Many of its observed actions may not even
népresent physiological roles of somatostatin..
I-Wish_to review information on the biological effects
of somatostatin and its mechanisms of action, and compare
and contrast characteristics with those of other polypeptide
and hypothalamic hormones. This may provide insight intoA

the possible role of somatostatin and a basis for the




discussioh of the signifigance of a somatostatin binding
protein found in the cytosol derived from a variety of rat
tissues. Recent reviews provide a general overview of
somatostatin biochemistry and biological actions (Reichlin

et al 1976, Hall and Gomez-Pan, 1976).

" Both ovine and porcine somatostatin are cyclic hormones,
containing a disulphide briage (Brazeau et al 1973, 1974a).
They are identical to the synthetic hormone upon thin-layer
chromatography (TLC) (Schally et al 1975, 1976) .
Both synthetic and reduced or oxidized somatostatin
exhibit identical biologieal>activities (Vale et al 1973,
Brazeau et al 1973, Rivier, 1974), but three linear somatostatin

analogues with blocked cysteine residues: [Ala3]~, [Ala3'14]_,

and [SMe—Cys3’l4]-somatostatin, cannot fofﬁ'intramolecular
disulphide bonds. This suggeets the presence of two cysfeine
residuee in synthetic somatostatin analogues, that are free
to form disulphide bonds is important in somatostatin
bloact1v1ty (Rivier et al 1975a, Serantakis et al 1973).
Deleting or modifying the N- terminal Ala-Gly affects
bioactivity little (33-100% of native hormone) (Rivier et
al 1975b, Brazeau et al 1974b, Vale et al 1973); (={e)
vtyrosine may be substituted on the N-terminal to allow

iodination of somatostatin without greatly affecting

somatostatin biocactivity (Arimura et al 1973)
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In man, the efffect of a single intravenous, intramuscular
or subcutaneous injection of somatostatin, lasts only 30
minuﬁes (Besser et al 1974a). Somatostatin has a half-life of
only five minutes iﬁ man (Hall et al 1973). To be of any
therapeutic value, somatostatin analogues with a slower rate
of aegradation must be foﬁnd. Modifications of the mode of
injection of somatostatin and of its structure, lengthens the
half ~life of somatostatin 1n v1vo,11nclud1ng.
i) acetylation of [Cys ] which renders somatostatin less
soluble and prolongs its action in rats (Brazeau et al
1974b) but not humans (Evered et al 1975).
ii) complexing somatostatln with protamlne zinc increases
1ts half-life in rats but not man or monkeys (Brazeau et al
1974c).
iii) mixing with arachis oil or gelatin increases somatostatin
half-life in rats, but not man or monkeys (Besser et al 1974b).
iv) substitufing [D-Trp8] for [L-Trp8] lengthens the effect of
somatostatin on rat pituitaries 6 to 8 fold ig»ji;gg and in_rats
in vivo (Rivier et al 1975a). It is of interest that the major
cleavage site of somatostatin in rat blood and brain
homogenates is betweéﬁ [Trp8] and ILysg] (Marks and Stern 1975),
and substitutioﬁ of ID—Trp8] completely blocks cleavage at this

site in the rat blood and brain homogenates (Marks et al 1976).




Tmmunoassay and Distribution of Somatostatin

Arimﬁfa et al (1975a) and Patel et al (1975a) devéloped
immunoassays for somatostatin. Reduced and oxidized
somatostatin are both immunologically identical to native
somatostatinAand synthetic forms of somafostatin_show cross-—
reactivity to tissue extracts (Arimura et al 1975a,b, Patel
et al 1975) and to tissues studied by'immﬁho—histological
methods (Alpert et al 1975, Pelletier et al 1974). Antisera
to synthetic somatostatin can be used therefore for
immunoassay. [Tyrl]—substitution of somatostatin is
necessary for iodination of somatostatin using lactoperoxidase.

Levels and contents of somatostatin in the cytosol
extracts of various rat tissués are shown in theffollowing
table. Only tissues with high jevels or contents are shown.
Insignificént amounts of somatostatin are found in the
heart, lung, thymus, spleeﬁ, kidney, adrenals and ovaries

of rats.




- ORGAN CONCENTRAT ION TOTAL REFERENCE
OF SOMATOSTATIN SOMATOSTATIN

(ng/mg protein) . CONTENT (ng)

pancreas 33.8 ©110.9 Arimura
stomach 11.7 _ 199.0 et al
duodenum 1.6 - 12.8 (1975b)
jejunum (upper
__portiom) _________._ a6 363 e
hypothalamus 2.1 39.3 Brownstein
septum and preoptic ‘

grea P P 0.6 24.7 et al
thalamus ' 0.2 l7.5 (1975)
cerebral cortex - ' 0.03 o 3QTQ.,_

A similar distribution for somatostatin was found by
Patel et al (1975a4) ! In"the pancreas, somatostatin is located
in the D—Célis of the islets (Dubois 1975, Polak et al 1975,
Goldsmith e£‘a1 1975).

vSmall quantities Of~somatosta£in are fdund in many
extrahypothalamic brain areés (Broﬁnstéin et al 1975, Patel
et al 1975a, Setalo et al 1975, Alpert et al 1976) in the rat.
The cereb?ospinal fluid (CSF) in man containé low levels of
éomatostaéin which are elevated in éome patients with
pinealoma and medulloblastoma (Patel et al 1975b).

Krulich et al (1968) showed'high_growth hormone release-
inhibiting activity in the median eminence.

Using a specific radioimmunoassay for somatostatin,

Brownstein et él (1975) showed that fn the hypothalamus




the concentration of somatostatin was highest in'the median
eminence and arcuate'nucleus,‘though ail nuclei contain some
activity.

Pelletier et al (1974), using immunohistochemistry
with electron microséopy, showed that somatostatin is found
in nerve endings (i.e. somatostatinergic neurons) in the
external zone of the rat median eminence. Similarly,

_Alpeit et al (1976) localized somatostatin in éecretory

granules in neurons of the rat hypothalamus.

............................

~ Somatostatin was purified on the basis of its ability
to suppress GH secretion by rat pituitaries in vitro
(Brazeau et al 1973, 1974a). Somatostatin suppresses both
basal GH secretion and the GH response.to all known stimuli
of its secretion in various mammals, in vivo and in vitro
including}

i) exercise (Hansen et al 1973)

iij. insulin-induced hypoglycaemia (Hall et al 1973)
iii) sleep (Parker et al 1974) '
iv) arginihe infusion (Siler et al 1973)
v) L-dopa (Siler et al 1973)
vi) sodium.pentobarbital (Brazeau et al 1974c)
vii) isoprenaline and chloropromazine (Kato et al 1974)
: viii) intrahypothalamic epinephrine injections (Sachs
| et al 1971) »
ix) protein-caloric malnutrition (Pimstone et al 1975)
x) electrical stimulation of the ventromedial nucleus
(Martin et al 1974)
xi) injection of crude GH releasing hormone (Szabo and

Frohman 1975)




The rate of decline of GH blood’leVeis during
somatostatin infusion corresponds to a half-life of
24-34 miﬂﬁtes,_which is approximately the half~life of GH.
’This suggests that somatostatin produces immediate inhibition

of GH release (Pimstone et al 1975, Yen et al 1975).

Somatostatin decreases blood levels of a variety of
pituitary hormones in rats and humans. These results are

summarized in the following table.

HORMONE . C A EFFECT

~-Decreases GH levéls and secretion in vivo and in
vitro in various mammals to all known stimulivof GH
release. | .
-In acromegalics, GH-RIH decreases GH release in
GH proportion to infusion rate or dose injected (Besser
et al 1974b, Hall et al 1973, Yen et al 1974, Brazeau |
et.al 1974c, Christensen et al 1974). ' ;

'-Maximal suppression of GH occurs with an infusion

- -In rat pituitary_cell‘cultures, somatostatin
administration decreases basal, oestrogen- and TRH-
induced PRL secretion (Vale et al 1974)‘

~-Normal rats and human subjects show no decrease in

basal, insulin—induced (Hall et al 1973) or TRH-
fPRL induced (Carr et al 1975, Drouin et al 1976) PRL
blood levels due to somatostatin injection or

infusion.

-Some acromegalics show decreased PRL levels after
somatostatin infusion (Yen et al 1974)

—-Copinschi et al (1974) decrease PRL levels in

normal sﬁbjects with somatostatin infusion, so data
in _humans_is_contradictory __ - . __
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HORMONE o '~ EFFECT
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~Somatostatin infusion does not alter basal and
gonadotrophin releasing hormone~induced LH and
FSH levels in normal human subjects (Hall et al
1973, Siler et al 1973) '

~In normal humans, somatostatin does not alter basal
and insuline=induced ACTH blood levels (Hall et al

1973).
—~Somatostatin decreased ACTH blood levels in four

ACTH cases of Nelson's syndrome, Cushing' syndrome

(Tyrrell et al 1975) and Addison's disease (Fehm
et al 1976) '

e, oo o — — — T —— it T S b L S S M St Gkt S A i AN . S S A ) e S A T S B W A G G ) S e SAL UGS TS CTASL P S Al SAAR TR SR N B ST B S S e

~In normal humans, somatostatin has no effect on
basal TSH blood levels (Carr’' et al 1975)
-In rat pituitary cell cultures, somatostatin has
no effect on basal TSH secretion (Drouin et al 197%)
~In human hypothyroids, somatostatin decreases TSH
blood levéls (Gomez-?ah et al 1976a)
TSH ~In rat pituitary cell cultures, somatostatin : ;I
- decreases TRH-induced TSH release by 75% and this |
effect is not due to competitive inhibition at the

TRH receptor.
—Note that TRH stlmulates (Labrle et al 1975) while

somatostatin inhibits (Labrie et al 1975, Borgeat
et al 1974) cyclic AMP accumulatlon in anterior

thultary tissue. ...




Effects on the endocrine pancreas

The effects of somatostatin'on insulin and glucagon

levels and secretion and its consequent effects of

glucose metabolism, are summarized below.

In vitro somatostatin:

i) (1 ug/ml) decreases basal insulin and_glucagon
secretion (Fujimoto et al 1974) and glucose-, tolbutamide-,

+2

theophylline-, cytochalasin b- and Ca'“-stimulated insulin

secretion in monolayer cell cultures of isolated rat
pancreatic islets, containing alpha and beta cells (Fujimoto
1975) '

ii) decreases insulin and glucagon secretion on direct
perfusion of isolated pancreas from various spéciés (Alberti et al
1973, Iversen 1974, Curry et al 1974a, Efendic et al 1974,

Weir 1974, Fujimoto et al 1974, Gerich 1974a, Johnson 1975)

In vivo somatostatln' ,

i) decreases basal blood 1evels of glucagon and insulin
in man (Mortimer et al 1974, Alberti et al 1973, Christensen
et al 1974, Yen et al 1974), baboon (Koerker etval 1974), dog
(g.akurai et al 1974) and rats (Gerich et al 1975)

" ii) decreases glucose-stimulated insulin secretion
(Alberti et al 1973), arginine-stimulated glucagon secretion
(Mortimer et al 1974) and the insulin and glucagon response
to a meal and administration of tolbutamide (Gomez-Pan et al
1976b)

iii) decreases glucose tolerance in man (Mortimer et al
1974) . -

iv) reduces or abolishes the hyperglycaemia induced by

'pancreateCtomy and alloxan, when infused in rats (Dobbs et al
1975) . '
v) in humans, with diabetes mellitus, with and without
hypophysectomy, somatostatin infusion decreases blood glucose
‘with a parallel fall in blood glucagon (Gerlch.et al 1974a)




Actions on the gastrointestinal tract and exocrine pancreas

The effects of somatostatin on various gastrointestinal

hormones is summarized below,.

Somatostatin:

i) decreases basal and meal—-stimulated gastrin levels
in man. Patients with elevated gastrin levels due to

pernicious anaemia show partial gastrin suppression with
somatostatin infusion (Bloom et al 1974)

ii) inhibits HCl~-stimulated secretin release and
pancreatic secretion of water, bicarbonate and protein in
the dog (Boden et al 1975)

1ii) decreases cholecystokinin (CCK) release due to
intestinal perfusion with amino acids, sodium oleate,
HC1l or a peptone meal in dogs with panéreatic fistulas
(Konturek et al 1976) ' ,

iv) decreaées secretin-induced pancreatic bicarbonate
secretion and CCK-induced pancreatic énzyme secretion in
man (Creutzfeldt et al 1975)

v) decreases pepsin and gastr ic acid secretion. stimulated

by a test meal, pentagastrin, urecholine or histamine in
dogs and man (Gomez~Pan et al 1975)

The actions of somatostatin on the digestive tract

may be mediated by the decreased GH levels it produces
in long term studies. This is because GH is known to have
secretory and trophic influences on the digestive system

(Enoch and Johnson 1975) >




Effects on the kidney

Infusion of somatostatin (10 ug/min) to normal males with
furosemide-induced renin secretion caused a 30% decrease in |
plasma renin activity (Gomez-Pan et al 1976c). Plasma
" aldosterone was unaffécted. The infusion rate necessary for
this effect however, is nearly ten times that needed to give

maximal GH level suppression in humans (Besser et al 1974b).

Actions on hormone secretion by tumours

Somatostatin suppresses hormone secretion by a number

- of tumours, including:

i) GH (Besser et al 1974b, Hall et al 1973, Yen et al

1974) and ACTH (Tyrrell et al 1975) in pituitary tumours.
\ ii) insulin (Gomez-Pan et al 1976b; Scuro et al 1976)
and glucagon (Mortimer et al 1974) in pancreatic islet
tumours.

iii) gastrin, in a pancreatic tumour of Zollinger-
Ellison syndrome (Bloom et al 1974)

‘iv) vasoactive intestinal peptide (VIP) in a patient

with Verner-Morrison's syndrome (Bloom et al 1975)

Neurological effects of somatostatin

Somatostatin is found in synaptoéomes of neurons of
the hypothalamus and extrahypothalamic loci (Hokfelt et al
1974, Pelletier 1974), This strongly suggests somatostatin
is a neurotransmitter. Further evidence, is a wide variety
of actions of somatostatin in the nervous system Which are

listed.
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In the central nervous system somatostatin:

i)gives similar responses whether in the cyclic
or linear form |
~ ii) potentiates L-dopa activity (Wilber et al 1976)
like MSH~1 (Plotnikoff et al 1971}, TRH and LHRH (Wilber et al
1976) but to a lesser degree.
-1ii) reduces the fatal dose of pentobarbital (LDSO)
(Brown and Vale 1975), an effect opposite to TRH (Prange
_ et al 1974, Breese et al 1975)
' iv) decreases spike frequency in many neurons of
the cerebral cortex, cerebellar cortex and hypothalamus like

LHRH and TRH (Wilber et al 1976) when applied by micro-

iontophoresis.
v) enhances Ca+2 uptake in synaptosome preparations

(Tsang et al 1975) .

vi) causes behavioral, motor and electrophysiological
changes when administered cortically or to the hippocampus,
including: patterns of stereotyped behavior, alteration of
sleep-waking cycle, and co-ordination difficulties
associated with drowsiness (Rezek et al 1976a) while hippo-
campal administration also causes frequent dissociation of the
EEG from behaviour (Rezek et al 1976b) .

Electrical stimulation studies of several brain areas
indicates these areas receive axon collaterals from
tuberoinfundibular neurons, These areas include various
hypothalamic and limbic loci (Renaud and Martin 1975,

‘Harris and Singhera 1974, Renaud 1976, Renaud and Martin 1974).
Tuberoinfundibular neurons have long been associated with
neural control of anterior pituitary function (Szentagsthal et

al 1968), so if somatostatin is a regulator of GH secretion

it may act as a neurotransmitter via these neurons.
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Collaterals from tuberoinfuyndibular neurons may explain
the distribution of somatostatin ﬁhroughout the brain, if
'such'neurons were somatostatinergic. TRH is also widély
distributed in the brain and ablation of the hypothalamic
TRH regulatory area causes reduced TRH centent in the
cerebral cortex (Jackson and Reichlin’l975); indicating
that axon collaterais from the TRH regulatory area extend

to the cerebral cortex.

Mechanism of action of polypeptide hormones

Tt is widely believed that polypeptide hormones exert
their biological effect by binding to membrane receptors,
Because when antisera against hormone receptors are
administered to experimental animals the action of the hormone
is inhibited (Shiu and Friesen 1976; Patrick ana Lindstrom
1973). There are membrane receptors for many peptide and
polypeptide hormones (Cuatrecasas 1974)

Cuatrecasas (1975) developed a number of crlterla for
the acceptance of a binding protein as a hormone receptor.
These include:

i) strict structural and steric specificity

ii) saturability, indicating a limited number of
binding sites

iii) tissue specificity, in accord with target glands
for the hormone

iv) high affinity, permitting sensitivity to phy5101og1cal
concentrations of the hormone

)rever81blllty, which is con51stent w1th the

disappearance of the hormone's effect after removal of the

hormone from the system




Many hormones eXert theirx effect by activating
membrane bound adenyl cyclase,. Cuatrecasas (1974) notes
that fet cells contain membrane receptors for seven
different hormones, all of which alter.membrane—bound

adenyl cyclase activity. If each of these membrane

receptors, with molecular weights of 200,000~300,000
daltons are to inferact physicaliy with .adenyl cyclase, it
would be physically impossible for all these different

receptors to be bound to adenyl cyclase at any one time.

To allow many hormones to interact with one

m'embrane enzyme, Cuatrecasas (1974) developed a theory
- of hormone action dependent on the current concept of the

membrane as a fluid matrix in which embedded proteins are

free to move about and interact in a two-dimensional field
'(Singer and Nicholson 1972). In this éase, formation of the
hormone—receptor‘complex gives the receptor an affinity for
a membrane enzyme such as adenyl cyclase. Binding of adenyl
cyclase to hormone-receptor complexes activates or inhibits
the enzyme. Activation of adehyl cyclase produces cyclic

AMP which then mediates the action of the hormone in the cell.

An example of cyclic AMP mediation of hormone effect that
"has been elucidated is the action of epinephrine and

glucagon in increasing phosphorylase activity in muscle

(Sutherland and Rall 19640) . Cyclic AMP then activates
a phosphorylase kinase which activates a phosphorylase:

The phosphorylase catalyzes breakdown of glycogen.




Somatostatin is thought to be a hypothalamic hormone
that supprééses GH secretion after being transported to
the pituitary in a manner similar to LH-RH and TRH from
the hypothalamus (Redding and Schally 1971; Reichlin 1975)
The mechanlsm of action of LH-RH and TRH may therefore be
more relevant in understanding the mechanlsm of action of
somatostatin.’

Both TRH (Grant et al 1972; Wilber and Selbel 1973)
and LH-RH (Borgeat et al 1972) act on pituitary cells by
binding to specific membrane receptors, and appear to
activate the adenyl cyclase enzyme system in the rat
(Kaﬁeko et al 1973; Borgeat et al 1972). There is no
evldence ‘however ‘that the cells with increased cyclic
AMP levels are actually Li- and TSH-producing cells.

TRH stimulates the secretion of prolactin and
increases prolactin synthesis while decreasing GH
syntheéis, in isolated GH-cells from rat pituitary
(Dannies and Tashjian 1973). TRH appears to incfeéée.
 PRL synthesis by increasing the accumulation of
‘cytoplasmic mRNA for PRL (Dannies and Tashjian 1976b) .
There is only one class of high affinity TRH recéptors on
cH-cells (Hinkle and Tashjian 1975) . Prolonged exposure of
. GH-cells to TRH causes decreased numbers of thesé receptors

This process is dependent on protein synthesis since

cyclohe;dmide inhibits the response (Hinkle and Tashjian 1975),
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In GH-~cells, TRH increases‘iﬂtracellulaf cAMP
accumulation (Danhies et al 1976) . Intracellular cyclic
AMP levels do not effect GH production because exogenously
applied cAMP, its analogues  and phosphodiesterase
inhibitors had no effect on GH production (Dannies et al
1976) . Prolactin éynthesis and release are affected to
different degrees by different analogues of TRH (Dannies

and Tashjian 1976), indicating that the mechanism of action

' of TRH in these two effects is different. The effect of

TBH on PRL release as with TSH release, appears to be
mediated by cyclic AMP (Dannies and Tashjian 1976). The
mechanism of action of‘TRH in affecting GH and PRL
synthesis is as yet unknown.

LH-RH binds to a single, high affinity membrane
réceptor'in é'variety of rat tissues {Marshall et al 1975).
In the pitﬁitary there is also a low affinity, high
capacity site (Marshail et al 1975; Spona 1973). The low
affihity.site is thought to mediate FSH release and the

highAaffinity site, LH release. This is because loss of

‘the low affinity site after long=-term ovariectomy, parallels
a decreased ability of somatostatin to elicit an FSH
response to LHRH stimulation.

Borgeat et al (1972) showed that LH-RH stimulates

cyclic AMP accumulation in rat anterior pituitary.gland

2

in vitro. Removal of Ca from the media causes a 75%

inhibition of this effect (Borgeat et al 1975). This is
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T

vcdnsistent WithJDthér evidence that C 2 is necessary for
hormonal activation of the adenyl cyclase system (Bar and
Hoechtér 1969; Sayers et al 1972; teftkowitz et al 1970) .
Both immunoreactive LH-RH and TRH have been
localized in synaptosomes of mammalian hypothalami (Barnea
et al 1975) indicating they ﬁay be neurotransmitters.
LH-RH (Endroczi and Hilliéra'l965; Piacsek and Meites 1966)
and TRH (Jackson and Reichlin 1974a,b) also.have
widespread distribution in the_extraﬁypothalamic rat brain.
Burt and Snyder (1975) also showed receptors for TRH in

rat brain membranes. This evidence indicates that TRH and

LH-RH may be neurotransmitters.

The source of TRH throughout the rat brain is at
least partially the hypothalamus since ablation of
TSH—regulgtory areas of thé hypothalamué decreases TRH
levels throughout the.brain (Jackson and Reichlin 1975)
suggesting innervation of many brain areas with neurons

or collaterals from' . the hypothalamus.

- Somatostatin is assﬁmed to be a hormone, even though
it has yet to be detected in significant amounts in sera
(Arimura et al 1975a). Transport of somatostatin, like
TRH, to the anterior pituitary gland via a hypothseal
venous portal system (Redding and Schally 1971) has not.

yvet been shown.
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There is some'circumstantiai evidence for somatostatin
as a hypothalamic hormdhe. Hypophysectomy decreases
somatostatiﬁ stores in the hypothalamus, indicating a
possible feedback by GH on hypothalamic sOmatoétatin levels
and releaée (Baker and Yen 1976) .

Terry ét al (1976) and Arimura et al (1976) showed
somatostatin antisera, injected into rats, inhibited stress-—-
ihduced abolition of GH pulsatile release. The actual
source of GH pulses is unknown but the ability of
somatostatin antisera to inhibit the abové response
 suggests somatostatin is physiologically important in
suppressing GH levels, even if only in these limited
circumstances. |

Evidence for somatostatin being a neurotransmitter
is strong. Somatostatin is widely distributed in the rat
brain (Brownstein et al 1975) and is localized in
synaptosomes in severél‘rat brain areas (Hokfelt et al 1974,‘
Pelletier 1974). Further evidence is the variety of actionsv_
of somatostatin in the nervous system, as previously .
discussed.

Bécause somatostatin ﬁay be a neurotransmitter does not
‘mean it cannot be a hormone, because similar evidéncé of
neurotransmitter function has been shown for TRH and LH-RH
(Barnea et al 1975; Burt and Snyder 1975) . Somatostatin has
a variety of actions outside the brain and pituitary. While

......

well with the location of somatostatin in D-cells of the
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pancreatic islets and gastrointestinal tract (Arimura et al
1975b; Patel et al 1975a). This éorrelation indicates
somatostatin may be a local messenger, analogous to
prostaglandins, especially since somatostatin has not
yet beenvfound in the blood (Arimura et al 1975a).

it has been proposed that somatostatin—-containing
cells in the gut and pancreatic islets are embryologically
derived from the neural‘creét as is the.hypothalamus
(Welbourn et al 1974). Subsﬁance P has a similar
distribution to somatostatin and is lécélized in the bréin
and in specific éndécriné cells of the gut of proposéd
neural crest origin (Pearse and Polak 1975). This ﬁay

explain somatostatin's widespread distribution.

Mechanism of action of somatostatin

LikeATRH'énd IH~-RH, the action of éomatéstatin has
been assqciated with adenyl cyclase, but spmatostatin's
mechanism of action is not so sﬁraightforward. Whatever
may be somatdstatinfs mechanism Of action, its effects are
not blockedjby agents that block protein and RNA
"synthesis (Vale et al 1973; Vale et al 1974) indicéting
an action independent of protein synthesis.

Somatostatin inhibits basal and prostaglandin (PGE2Q)—
induced cyclic AMP accumulation in rat pituitaries in vitro,
suggesting that it acts at a step preceding cAMP

formation. Somatostatin's suppression of glucagon-induced
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¢yclic AMP accumulation in isolated rat pancreas (Gerich
et al 1974b) leads to similar conclusions. This causes
decreased insulin secretion because cyclic AMP sfimulates
insulin release (Montague et al 19717 Malailsse et al 1967).
Robberecht ét al (1975) showed that somatostatin inhibits
secretin—induced cyclic AMP accumulation in the exocrine
pancreas and therefore pancreéﬁic-hydrolage release.
Secretin also stimiulates cyclic AMP accumulationbinvthe
éxocrine»péncreas KRobberecht.et al 1974). This evidence
favours somatostatin acting at a step pfeceding cyclic
- AMP synthesis,ki.e. at a membrane receptor).

Somatostatin inhibits cyclic AMP accumulation due to
theophylline<stimulation, in the rat pituitary and
~ pancreas, to a much greater éxtent than basal levels
(Boxrgeat et.al 1974; Garcia et al 1976) . Perracchi et al
(1976) and Garcia et al (1976) showed that somatostatin
inhibitS'GH and/insulin release induced by exogenously.
administered dibutyryl cyclic AMP in humans and rats.
This indicétes'an inhibition of cyclic AMP accumulation
in various éells at a step disﬁal to cyclic AMP synthesis.
Theopﬁyliine is known to directly affect flux across
some membranes (Johnsoﬁ and Inesi 1969) so this effect
. may be due to the effect of theophylline on membranes
" and not due to phosphodiesterase activity.

Kenako et al (1974) found that somatostatin decreases
cyclic AMP and increases cyclic GMP concentration in rat

pituitaries. Because cyclic GMP enhances cyclic AMP
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hydfoiysis bybphosphédiestérase (Hardman et al 1971;

Klotz ?E al 1972), somatostatin may decrease cellular
cycli& AMP by increasing cyclic GMP. Whatever the
mechanism by which somatostatin decreases cyclic AMP
'.accumulaﬁion,,increaéed cyclic AMP levels may explain the
decreased GH and TSH releasgAsegn on somatostatin
édministration, becauée éyclic AMP stimulates GH and TSH
release (Belénger'et al 1974). Inhibition of cyclic AMP
accumulatibn may also explainvthe‘inhibition of gastrin
secretion caused by somatostatin (Gomez—Pan et al 1975)
because gastrin secretion is associated with an increase in
intracellular cyclic AMP (Gabrys et al 1973).

\ It is important to nofe that in these studies, cyclic
"AMP levels were measured in wholejpituitaries and whole
pancreas‘or’pancreatic islets.‘There is noAdirect_proof
that somatostatin decreases cyclic AMP accumulafion
specifically in GH;secreting cells of the pituitary or
_the alpha or beta cells of pancreatic islets.

Robberecht et al (1975) found that somatostatin
 inhibits secretin-induced cyclic AMP accumulationbin the
 exocrine pancreas, cauysing inhibition of secretin-induced
pancreatic hydrolase secretion. Hoﬁever, at high
caoncentrations somatostatiﬁ éctually stimulates éyclic‘
AMP accumulation in the exocrine pancreas iglviﬁro
(Robberecht et al 1975) and pancreatic hydrclase secretion
in vivo , The interaction of somatostatin and secretin on

pancreatic secretion shows signs of competitive inhibition
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rby kinéﬁic éﬁalysisv(Konﬁurek et al 1976).

The existence of competitive inhibition does not
excludé the possibility that somatostatin may act by
another mechanism to decrease cyclic AMP, especially since
‘high leveis of somaﬁostatin are neceésary for such an
effect. Competitive inhibitiqn b§tween seéretin and somato-
stétin would not be suprising however, because secretin
and‘somatostatin'havela four amino acid.sequence in common -

ja.a'S‘5¥8 in secretin and a.a.'s 10-13 in somatostatin).

Cellular calcium and somatostatin action

While inhibition of‘adenyl cyclase may be a sufficient
mechanism to explain the action of somatostatin in some
tissues, including the pituitary, it is’not sufficient
to explain somatostatin's effects bn pancréatic insulin’
secretion.

increased intfacellular cyclic AMP increases insulin
secretion (Malaisse et al 1967; Montaghe and €ook 1971) and
somatostatin decreases both islet éyclic AMP levels and
insulin secretion due to a vafiety of stimuli (Efendic et
al 1975; Gerich et al 1974b; Borgeét>1974). Calcium ions
are however, essential for insulin seéretion (Curry et al
1968b) aé for other secretory processes (Douglas and
- Poisner 1963), |
Inhibition of insulin secretion by somatostatin is

reversed by elevating cat?

concentration in the incubatidn
media (Curry and Bennett 1974b). The inhibition of insulin

‘release by somatostatin is also dependent on inhibition




of Ca+2 flux into the secretory cell (Taminato et al 1973).
Fujimoto and Ensinck (1976) added ionophore‘A23187 to rat
pancreatic islet cell cultures. This ilonophore bypasses
normal cell pores and allows Ca+2 flux through cell’
membranes (Reed and Hardy 19721; When added to islet cells
in culture, the release of insulin and glucagon increased,
in proportion to external Ca+2 concentration. Increased
insulin and glucagon secretion occured déspite thé preéence
‘of somatostatin in the media. The aﬁolition of sométoétatin‘
inhibition was probably due to Ca +2 influx because lack
of extracellular Ca+2 on addltlon of A23187 meant there
was no effectwon41nsulln ‘secretion (Wolheim et al 1975).
This evidence suggests‘somatostatin suppresses

binsulin release,vbyvinhibiting,a plasma membrane
Ca+2—carrier,system, S0 reducing Ca+2 influx and
inhibiting insulin feleése. |

*+2 flux theories of controlling

The cyclic_AMP énd Ca
insulin rélease need no£ b,imutually exclusive and in
fact may be necessary to explain somatostatin's. actions
on islet cells. Garcia et al (1976) showed that somato—
statin inhibits both insulin secretion and biosynthe51s,
"~ and that high Ca+2vlevels reverse this inhibition.
However some investigators have shown that some-
extracellular Ca+2concentrations cause considerable
changes in insulin release (Curry et al 1968b) while not
modifying insulin bilosynthesis (Sﬁeiner et al 1972).

This indicates that Ca+‘2 fluxes canhét account  for

all the actions of somatostatin in the éancreas. Even
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withougﬂthis evidence it is recpgnized that increased
cyclic AMP levels increase insulin release (Malaisse et
al 1965; Montdgue and Caok 1971).

In isolated rabbit ileum, Increased cyclic AMP,
and theophylline aqﬁing.via cyclic AMP, cause increased
ion fluxes (Powell et al‘l974f. It is péssible that
cyclic AMP increases Ca+2 fiux.in beta-cells which then
causes insulin release, expiéining both theorieé of
sdmatostatin action as Qné. Ca+2 is also known to be-
necessary for hormonal activatiOn,of adenyl cyclase
(Bar and Hoechter 1969; Sayers et al 1972; Leftkowitz et

al 1970).

Somatostatin and a-aarenergic receptors

Somatostatin is contained'in pénéreatic D-cells
(Dubois; Polak et al 1975; Goldsmith et al 1975) and also
in certain central and peripheral neurdns (Pelletier et
al 1974). Somatostatin may fherefore act as a neuro-
transmitter and may'be important in panéreatic islet
function. Since catechoiamines‘inhibit insuliﬁvsecretion
through a-adreneréic réceptors (Wbods and Porte 1974),
Smith et al (1976) using phentoiamine (an a-blocker)A
infusion in rats, showed tha£ phentélamine blocked
somatostatin's suppression of insulin release. This
could be due to pha;macological effects of phentolamine
(Nickerson and Hollmnberg 1967) or to unopposed
endogenous B-sﬁimulation(Yen et al 1974) . The latter is
unlikely since somatostatin inhibits insulin release due

to isoprotefenbl‘(a:g—agonist) (Gerich et al 1975a).
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Therefore, there may be a direct interaction between
somatostatin and o-adrenergic receptor mechanisms on
~ pancreatic g-cells.

Alpha—-adrenergic receptor activation causes

inhibition of insulin release elicited by most
secretagogues eXcept'arginine and secretin (Malaisse 1972)
but somatostatin inhibits insulin secretion due to

secretin and arginihe as well (Chideckel et al 1975).

Somatostatin's effects cannot therefore be due totally to

activation of a-adrenergic receptors.

Epinephrine also causes decreased islet cyclic AMP
levels but the inhibitory effect of a~stimulationvon ‘ i
insulin secretion appears to be independent of its
effect on cyclic AM? levels, and its inhibitory effect
+2

may rather be due to its inhibition of cellular Ca

uptake (Malaisse 1972, Porte and Robertson 1973).

The importance of a—adrenergic receptors in somato-

statin's action is unknown but it does have some role in

. . : L . ' +
‘regulation of intracellular cyclic AMP levels and Ca 2

‘uptake by islet cells, and as preViously mentioned,
somatostatin also potentiates the actions of L-dopa in
the central nervous system. This indicates an

association with a—adrenergic receptors (Wilber et al

1976) . \
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OBJECTIVES

A cytosol binding protein for somatostatin has been
detected in various rat, human and bovine tissues. The

objectlves of this study are to characterize this binding

‘factor 1n extracts from varlous rat tlssues and consider its

possible role as a mediator of the action of somatostatin.
Various steroid hormones have cytosol receptors or -
binding proteins impbrtant in théir action; These form
vreversible»hormone—receptor complexes (O'Malley 1971;
Feldman et al 1971; Feldman 1975). No polypeptide hormone
has yet been shown to exert .: its effect via a cytosol
receptor. Characterization of this somatostatin binding
b;otein will help to determine whether this somatostatin
binding protein is a hormone receptor.‘

Characterization of the binding activity involves
determlnlng properties such as pH and ionic optlma and -
the time course and specificity of the blndlng. Spec1f1c1ty
is particular iy important for the binding protein to be
physiologically.significant.in mediating hormoﬁe action.
Also to be determined are the bioéhemical‘composition of
the somatostatin binding protein and its molecular weight,
isoelectric point and electrophoretic mobility.. By

comparing the biochemical properties of the binding factor

. in various rat tissues, it will be determined if it is the

same molecule in each tissues. This 1S.an important
criteria for the binding protein to be considered

physiologically significant. Biochemical and binding studies
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also'proviaé a basis'for compaiison of ﬁhé somatostatin
binding protein to other hormone receptors and also to
_many cytosol enzymes through which~somatostatin may

be mediating ité action, This would allow a better
understanding of the'physiological.significance of the

somatostatin binding protein.
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'MATERIALS'AND‘METHODS

Somatostatin (AYﬁ24, 910), [Tyrl]—somatostatin and
luteinizing hormone~releas ing hormone (LH-RH), products
of Ayersﬁ Research Laboratories, Montreal, Canada, were

3,14 1~ somatostatln,

generously provided by Dr. M. Gotz. [Ala
[ aTrp ]-somatostatin and a—endorphlne were gifts from
Dr. R. Guillemin (Salk Instltute, Lajolla, CA).
Thyrotropln—relea51ng hormone (TRH) was a gift from Takeda
Chemicals Industries, Ltd., Osaka, Japan. Methlonlne—
enkephalin (Met-enkephalin) was obtained from Peninsula
Lab Inc.,L.A. CA. and naloxone was from Endo Drugs Ltd.
Montreal, Canada. Human growth hormone (hGH, NIH HSZOlQG),
dog growth hormone (dGH, NIH D-lOOlA), bov1ne growth hormone
(bGH, NIH B-1003a), porcine growth hormone (pGH, NIH P~526B),
-ovine growth hormone (oGH, NIH 0-743B), rat growth hormone‘
(rGH, NIH RP—l),‘rat prolactin (rPRL, NIH RP—l), ovine
prolactin (oPRL, NIH P-S-10), bovine thyrotfopin (bTsH,
NIH—TSH—B—B),_human follicle-stimulating hormone (hFSH,
NIH LER 1366), human luteinizing hormone (hLH, NIH LER960),
ovine LH (oLH, NIH LH—SI8), and human placental lactogen
(hPL) were obtained from-the-National Institute of
Arthritis, Metabolism, and Digestive Diseases, National
Institutes of Health, Bethesda, MD. Ovine placental
lactogen (oPLO was purified in this laboratory (Chan EE.él
1976) . Synthetic lysine-8-vasopressin and synthetic oﬁytocin

were gifts from Sandoz Ltd., Basel, Switzerland arid
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porc:Lne glucagon Qp—glucagonl was a g:Lft from El1i Lilly

and Company, Indianapolis Ind, Synthetlc ACTH (Cortrosyn)

and porc1ne insulin (p-insulin) were purchased from'Organon
Canada Ltd., Toronto, Canada and Connaught Lab. Ltd.

Toronto, Ont., respectively. Dlthlothreltol (DTT),

tryp31n (bovine pancreas), soybean tryp31n 1nh1b1tor,_
rlbonuclease (RNAase, bovine pancreas); deoxyrlbonuclease I
(DNAase; bov;ne‘pancreas), phosphollpase C and bovine

serum albumin (BSA) Were purchased from_Sigma Chemical Co.
St. Louis, Mo. Mercaptoethanol, acrylamide‘and bis-acrylamide
were purchased from Eastman-Kodak Co, N.Y.,'and‘guanidine—HCl
from Schwarz—Mann, N.Y.,‘U.S;A. Urea, NaCNS and H202 (30%,
\v/v, solution) were Ffrom Flsher 501ent¢f1c Co.,N J.
Lactoperox1dase was from Calblochem, La Jolla, Ca. NalZSI

and Na%3lI (carrler free) ‘were bought from New England |
.Nuclear, Boston, Mass. Sephadex G-100 and Dextran Blue 2000

was obtalned from Pharmacia, Uppsala, Sweden.

Preparation of cytosol fractions

Sprague-Dawley female rats- (200—225 g, Blo Labs, N. .J. )
were killed by decapitation. Various tlssues and organs were
removed 1mmed1ately and frozen on dry ice. ‘They were thawed
and homogenized on the same day,

Tissues were homogenized in 10 volumes (w/v) of
tris-EDTA buffer (50 mM tris-HC1l buffer pH 8.0, 25mM EDTA)

at 4°C with a Brinkman Polytron PT-10 at full speed for
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2 minutes, Homogenates were centrifuged at ZQ0,0_O'QQ
for one hour on a Beckman L5-65 ultracentrifuge.. The

supernatants were frozen and stored at ~20°C,

..................

Protein determination

All protein determinations were obtained using the
absorbance of solutions at 280 nm. Bovine serum albumin

" was used as standards.

Gel filtration and molecular weight determination

For study of the properties of the binding protéin
of various tissues, crude cytosol preparations (10 ml) |
wére applied to a Sephadex G-100 column (4cm XIGOCm).and 5 ml
aliquots collected and assayed for somatostatin binding
activity. Peak tubes were pooled and concentrated by ultra-
filtration on a UM-10 membrane. These purer fractions were used
for isoeiectrofocusing_and electrophoretic studies as well
as other studies. | |

To detérmine the maélecular weight of the cytosol
somatbstatinbbinding protéin'in various tissues, crude
cytosol preparations (1lml) were applied to a Séphadex G-100
"column (2 x 90 cm) and fractions of 2-2.5 ml Wefe“collected.
Molecular weight was determined against the protein markers:
. cytochrome C (hdrse heart), myoglobin (sperm whale), human
serum albumiﬁ, [lZSIJHiodo—humaﬁ growth hormone and ovalbumin.

vVoid volume was determined with blue dextran 2000Q.

DEAE-cellulose ion exchange chromatography

Crude female Sprague-Dawley rat liver cytosol (1-5 mg/ml)
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in (.Ozﬁw£riS*HCl,‘lO ﬁM EDTA pH 8.6i buffer was aPplied-to a
DEAE-cellulose column (5cm x 30cm) equilibrated with the same
buffef.wAfter sample'applicétion, the column was washed with

the same buffer containing 100 mM NaCl until equilibrated. The
columnvwas then washed with seﬁeral bed volumes of the buffer
containing 200 mM NaCl. Thisvfinal column effluent contained

most of the somato$tatin biﬁéiﬁg-activigy and was conéentrated

by ultrafiltration on a UM-10 membrane. This cbncentrate was

used for electrophoresis and isoelectrofocusing studies.

Iodination.'[Tyrl]4somatostatin must be used for iodination

since somatostatin lacks amino acids that can be iodinated.
The biological activity of [Tyrl]—sométostatin compared to
native hormoné is reported as 100% (Ferland‘et al 1976)

| and 25% by Vale-et al (I975);'A modified lactoperoxidase'.
method of Thorell and Johansson (1971) was used_for
iodination. ﬁnlike:the above methdd,'the pH of the buffer
- (ammonium acetate .002M) was 4.2 ihstgad‘of 7.4 and S,Pg
of [Tyrl]~somatostatin, 5 ug of lactoperoxidase and 10 ng
of 30% H,Q, _(1:50,000 dilution) with a reactioh-period
oné minute was ﬁsed. The reaction was terminated by
diluting the reactants with excess cold buffer (ammonium
acetate .002 M, pH 4.6) and the somatostatin was eluted
with a continuous gradient from ,002 M to ,25 M. The
specific activity of the labelled hormone was 80 to

120 uCi/ ug, as determined by the amount 9uCil of-the”

radioactivity which is TCA precipitable divided by
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the number of‘pg'of hormone added.

was incubated with 15,000-20,000 cpm of I I]*iOdOH
[Tyr']-somatostatin with or without 0.1 ml of 10 pg/ ml
somatostetin in tris-HCLl~-EDTA buffer (.05 M tris-HC1,
pH 8.0, 25 mM‘EDTA and 0.5% w/v BSA) for a total incubation
volume of .5 ml. 8 |
Samples were incubated for 24 h at 4 C The reactlon‘
| was terminated by adding 1 ml of dextran—coated charcoal
solution (DCC, Arimura et al, 1973) in the assay buffer.
Tubes were vortexed and left for 30 min before centrifugation
at 20003\atv4 C for 30 minutes. The supernatant was aspirated
and the pellet counted. These counts represent unbound
somatostatin. Specific binding is the‘difference in counts
between the pellets in the tubes with excess cold hormone

and those with no cold hormone added, expressed as a percentage

of total counts added.

" Dissociation studies

Rat liver cytosol was incubated with [lzégl—iodo—
[Tyrl]-somatostatin at 4OC and then DCC was added and centrie
- fuged. The supernatant (bound form) was added to various
reagents and the dissqciation of [lZSIjaiodo—[Tyrll—v
somatostatin against time was examined ever 24 hours.

To these supernatants were added aIVarietv of reagents:
0.1 M acetic acid, o,1 NaOH, 2 mM dithiothreitol, 5 mM

mercaptoethanol, 5 M CaCl,, 8 M urea, 7 M guanidine-HCI,
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or 5 M NaCNS for various periods of time and then DCC was
added again and the cpm in the second pellet counted in an

automatic gamma counter.

The pH and ionic optima

To determine the pH and ionic optima, assay systems

were used with the assay buffer at different pH's and

s

with different ionic constituents. All contained .5% BSA.

Specificity

Specificity of the binding protein for somatostatin
25I

]_

. . . . . . . 1
was carried out by incubation of binding protein with |
. 1 ' . : . .
iodo-[Tyr ]-somatostatin and various concentrations of other

peptide and polypeptide hbrmones.

- Isocelectrofocusing

Analytical thin layer polyacrylamide gel iscelectric-
focusing was performed with an LKB 2117 multiphor apparatus.
Amphblyteé wefe of a pH range 3;5—9.5. The gel was 6% (w/v)
acrylamide, with crosé—linking bfA2.5%.

Crude cytosol protein from“avvafiety of fat tissues.was
appliea to separate channels of ah isdelectréfocusihg gel
Jand focused. The gel channels were thén cut into 5 mm slices
and each piece was eluted in 1 ml of assay.buffer overnight
at 4OC with constant agitation. The eluant was assayed for
" binding activity. | |

Binding protein, purified by DEAE-cellulose chromatography
in the case of rat liver cytosoi and by Sephadex G-100
‘chromatography in .the case of other tissues,’was labelled

125

by incubation with [ I]—iodo—[Tyrl]~somatostatin and




vthe free tracer wés reﬁoved by the dextran charcoal meﬁhéd.
This was then applied to the gel and focused. It is assumed
that the small size of the somatostatiﬁ tracer will affect
‘the isoelectric point of the binding protein little when
the two are bound. Each channel of the gel was cut into 5 mm
élices after focusing for 3h with a constant power o@

15 watts and then counted on an automatic gamma countér.
_similar studies were done with tissue cytosol mixtures in

which one tissue was labelled by preincubation with

125

| - lI

I]—iodo—[Tyrl]—somatostatin and the other with [13 ]1-
iodo—[Tyrl]—somatostatin. These tissue samblés are mixedland
applied as one sample to an isoelectrofocusing gel. By
mixing two differentially labelled somatostatin binding
proteins from different sources, and applying them és
one éample, you can compare the isoeléctric points of
" binding proteins from different sources on the same
channel of the gel. This eliminates the small variations
between different ruhs; and different channels of the}same
run, so it can be more precisely determined if the binding
proteins from different tissues afe identical. In all the
_ébove ‘isoelectro focusing experiments, buffers contained
.5% bovine serum albumin to reduce non—specificibinding of

125I 1311]

labelled somatostatin to the gel. [ ] and [

activities were measured simultaneously on an automatic
gamma counter.

Tissue mixtures were differentially labélled with
[1251] and [1311]—iodo—[Tyrl]—somatostatin as previousiy

described, except buffers contained no BSA. The gels were
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ﬁhen staihed with Coomasie Blue and destained with water,
ethanol and acetic acid in»a 8:3:1 ratio. The two major
protein bands located in the area of the gel corresponding
to the isoelectric point of the somatostatin bindiné
protein Were separately dissected from‘the gel end counted;
Cytosol fractions without_bovine serum albumin'in the
buffers and without iodinated hormone bound, were aIeo run on
isoelectricfocusing and stainedf Blank channels of each
run were sliced . into 5 mm slices after focusing and eluted
overnight in distilled watexn, with constant agitation. The
pH of the. ampholytes eluted from each gel segment was then
determined on a glass electrode pH meter, yielding the pH

gradient across the gel.

Analytical gel electrophoresis

B

Polyacrylamide gel electrophoresis was performed
‘according to a‘modified method of Davis (1964). A 7.0%
(w/v) acrylamide gel wes used with a pH of 8.8-9.0.
Samples were also bound to somatostatin traoér as with
isoelectricfocusing, to detect peak somatostatin binding
activity.Gels wé;e sliced and counted on en antomatic. gamma
counter. | | | |

As with isoelectricfocusing studies, tissﬁe mixture
studies were done. One tissue cytosol binding protein
(purified by gei chromatography on Sephadex G-100) is

labelled with [1251]—iodo—[Tyrl]—somatostatin'and another

131

tissue binding protein is labelled with [ I]-iodo-

[Tyrl]~somatostatin by preincubation with the tracer.
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Free tracer is'removea by additidn of.a DCC suspension

- followed by centrifﬁgation. ThéSe two differentially
labelled binding proteins are then_mixéd and applied as one
isample to a disc gel electrophoretic gel. A current

of 2 mAﬁp / gel is appliéd for 2h. The géls are then cut into
3 mm slices and coﬁnted for [l?SI] and [1311] activity
simulﬁaneously. As previously explainéd for isoelecfric—
focusing, such tissue mixture studies eliminate‘variation’
betwéen different electrophorétic runs énd different gels
of the same run. This allows a more accurate examination of
the similarity of somatostatin binding proteins from
various tissues. Buffers used contained O.S% BSA.

Cytosol préparétions witﬁ and without tracer bound were
also focused, but Without BSA in thefpﬁfferé. These were
stained with Amido Black (1% w/v) and destained in 7% acetic
acid. Protein bands“in the region of the'peak'of somatostatin
binding_activity were cut out and counted to determine

which constituted the binding protein.
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RESULTS

I thank Dr. Norio Ogawa for the use of his results
in this thesis, including figures 1-7 and tables 1-6.
During the’course of his studies I aided him with column
chromatdgraphy. The data for which T am primarily

responsible is found in figures 8-16.

Distribution and Properties of Somatostatin Binding Activitz

Distribution of somatostatin binding protein.

A somatostatin binding protein has been found in the
cytosol of a number of.tissues from the rat. The

distribution of somatostatin binding sités is shown in

Table 1. Incubation of the 100,000g particulate fraction '

and the cytosol (100,000g) of rat liver with [1251]—iodo-
[Tyrl]—somatostatin followed by centrifugation at
200,000g for 2h, showed that the supernatant}of the
'100,C00g_pe11et and the cytosol contained most of the
somatostétin binding activity (see Table 2). This means

somatostatin binding sites probably are situated in the

cytosol. Similar results were obtained with the

submandibular gland. Tissue distribution of the somatostatin

binding activity is shown in Table 3.

EDTA and Ca+2 effects on binding

Tris-HCl (50 mM) buffers with 25 mM EDTA, no EDTA,

or with no EDTA but 1 mM CaClZ, were used as homogenization




and incubation media in somatostatin binding studies.

2 reduces somatostatin binding

+2

Figure 1 shows that ca”

_markedly. EDTA (25 mM) which would remove trace Ca

levels from the cytosol greatly enhances binding over

media with no EDTA or Ca+2~

pH optimum

Figure 2 shows the effect of pH on somatostatin
binding to the cytosol binding protein. The pH optimum

appears to be from pH 8.0 to 8.5 in all tissues studied.

Time course and temperature effects

Specific binding in ali rat tissues studied wasv
maximal at 12 to 24 h of incubation at 4OC (figure 3).
Incubation at 24°C or on ice.fesulted in lower maximal
specific binding than at 4°c. an 18h incubation périod

was used in routine assays.

Effect of protein concentration

As shown in figure 4, increasing cytosol protein
concentrations in incubations with [1251]—iodo—[Tyrl]-
somatostatin yielded a direct relationship between

25

specific bindiﬁg‘bf Il I]—iodo—[Tyrll—somatostatin

and protein concentrations of 3-50 ug per tube at

4°c.

Effects of wvarious reagents on binding

The effect of exposure of cytosol to extreme temperature

and pH, and to 85% ethanol is shown in Table 4.




" Dissociation studies

Excess uynlabelled somatostatin fails to displace
[12511indOnITyrljnsomatostatin over 18h at 4°C with
some displacement over 24h at 4°C, Dithiothreitol and
mercaptoethanol enhance dissociation'gfeatiy,»wheréas

urea and guanidine-HCl have moderate effects as shown

in Table 5. The effects of other reagents on dissociation

are also shown.

Specificity of the somatostatin binding activity

Specificity siudies
pituitary cytosol. sSignificant inhibition of the binding
of [1251]—i0d0~[Tyrl]—somatostatin occurréd_with 3 ng/ml
(300 pg/tube) of.somatostatin; [Tyr;]—somatostatin and
[D—Trpgl—éomatostatin (both cyclic forﬁs) cross-reacted
150% and 40% respectively, as compared to hative horméne.

3’14]—-somatostatin-, however, was only 10% cross-

[Ala
reactive. Synthétic ACTH (5%) and porcine glucagon (7%)
weré also crossfreactivé. The cross—reactivity of other
horﬁones is listed ih figurevS,-but none are more thaﬁ.i%
cross—reactive. Specificity was similar uéing eitheri
crude or éemipurified somatostatin binding protein.

The effect of somatostatin binding protein on the

radioimmunassay for somatostatin

Somatostatin binding activity decreases the binding
2 . , .
of Il 5IJriodo-ITyrIJvsomatostatin to anti~somatostatin

antiserum (figure 6], The effect of increasing




 concentrations of sométostatin binding activiﬁy in a
standard radioimmunoassay is shown in figure 7.

. Semi-purified somatostatin binding protein (L ug/tube)
significantly decreases binding of Ilzsl]ﬂiodOwITyrl]—

somatostatin to anti-somatostatin antiserum.

Biochemical Properties of‘SOmatostatin Binding Activity

Biochemical nature of somatostatin binding activity

] Incubation of cytosol with trypsin (50 ug/ml) caused

'25i]~iodo—[Tle]Fsomatostatin

a 60-70% decrease in [l
(Table 5), so that the binding activity is probably a

préteih. Ribonuclease, deoxyribonuclease, and phosphoiipaée
C had no effect on somatostatin binding activity, therefore

nucleic acids and phospholipids.are not essential for

somatostatin binding.

Molecular wéight‘determlnation ' , |
Using a Sephadex G-100 column (2cm x 90cm), the
molecular weight of somatostatin binding protein from a

variety of female rat tissue cytosols was determined.

The somatostatin binding protein in crude female rat liver,
heart, stomach, submandibular gland, muscle and brain
cytosols has a Kav’Of approximately .11 and a molecular

| weight of approximately 77,000 daltons (figgre'8) .,

...................

Scmatostatin binding protein fprom various tissues,

bound to IlZSijiodOHITyrljHsomatostatin has an isoelectric

point of approximately 4.8-5.0 (figure 9b). Somatostatin
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binding protein from various tissues also has an
isoelectric point of approximately 5.0 as determined by
assay of the eluant of isoelectrofocusing gels after
focusing (figure 9b). This illustrates that labelling
the somatostatin binding protein is an accurate way to
determine the presence of somatostatin binding activiﬁy
The peak of somatostatin-labelled binding protein did
not correspond to the peak of free [1251];iodo—[Tyrl]—
somatostatin (figure 10). Liver cytosol binding protéin

131Iléiodo—[Tyrl]—somatostatin-

was also bound to |
labelled somatostatin binding proteins from various tissues.
Wjen these tissue mixtures were separated by isoelectro-

lZSI] and [1311]

focusing, identical distributions of |
were detected, indicating somatostatin binding proteins in
various tissues are similar to liver somatostatin binding
protein and therefore to each other (figure 11).

Protein stalns of 1soelectrofocu51ng gels of various -
tlssues were also done, and there were two major protein
bands corresponding to the aréa with somatostatin
"binding act1v1ty at pH 4.8=5.0 (flgurew 12a b) Protéin-
stalns were also done on tissue mixtures labelled with
[l Il and [lzsll—iodOHITyr']ssomatostatin as above,
except BSA was ommitted from all buffers. Two protein bands

within the region of the peak of somatostatin binding

activity were cut out and counted. ‘In each case the bands

R AT R SRS

ff«J@r

el
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o | ' | 25
conta;med propqrtwna,l a,mounts of I J:J and 137 Il
activity, indicating similarity of the binding proteins
from wvarious tissues. However, it was Impossible to

conclude which band.represented the somatostatin binding

activity, if either, since both segments contained large

amounts or radioactivity..

3

EleCtrophoretic'properties

Somatostatln blndlng protelnlfrom various tissues

bound to [‘251] ~iodo- [Tyr ]1-somatostatin showed an Rf

251]

of approximately 8.75 (figure 13). A second peak of [
activity, at approximately Rf=.05 corresponds well to one
.of two peaks for free somatostatin tracer (figure 14).

Tissue mixtures with one binding protein labelled with

[1251]—lodo—[Tyrl]—somatostatln and llver somatostatin
binding proteln bound to [ I]—lodo~[Tyr ]—somatostatln

gave similar patterns on gel electrophoresis When.SeParated on
one electrophoretlc gel (figure 15) This indicates
~great 31m11ar1ty of somatostatin blndlng protelns from

various tlssues.

Protein stains of electrophoretlc gels of varlous
tissues show a protein peak at approxlmately Rf=0.75,

corresponding to the peak of somatostatin binding activity

(figure 1l6a,b) . When 1125I]—i0dQ~ITyrl]wsomatostatin~
labelled binding protein was run on electrophoresis .
without BSA and stained for protein, the protein band
at approximately Rf=0.75 was cut out and counted. if.

contained high radioactivity, indicating that it represents

at least partially the somatostatin binding protein.
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GURE 1: Effect of EDTA and Cazf on the specific binding of 1251—

belled [Tyrl]—sématostatin; Three 50 mM-Tris/HCl buffers at pH 8
ntaining 25 mM~EDTA; no EDTA, or without EDTA but with 1 mM-Cacl,

re used for homogenization and incubation. 100 ug rat liver cytosol
otein per tube were incubated in ice for 5 h.” Specific binding was

atermiﬂed as described in Materials and Methods. Values shown . are

A 12 .
an + S.E.M., expressed as a percentage of the total [ _SI]—lodo—[Tyrl]—
matostatin per tube. The numbers in brackets represent the number of

‘ials. (Ogawa et al 1977).
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iGURE 2: ‘Effect of pH on the binding of [1251]—iodo—[Tyrl]—somatostatin.

3 ug of cytosol protein per tube were used for this experiment and determ-
1atlon of specific binding is described in Materials and Methods. The pH
?thelncubatlon buffer (0.2 M-Tris, 25, mM-EDTA) was adjusted with 6 M—HCl

? 10 M~NaOH as’ requlred. All pH values are the final pH in the incubation
Qdia. Values shown are the means of triplicate determinations. o, anter-

Y pItultary,.;*; ‘liver: o ,~stomach m o, braln o, heart,ik’, skéletal

1scle. (Ogawa et al 1977).




(%7 of total)

)]
Q

[5)]
(=]

specific binding of '2%]-labelled [Tyr-Somatostatin
b
=]

30r - |
.bran '
ol e!cu:z? muscle
201 ohe
oamenor p:tuﬁ“ary
10} sliver
/ astomach
o/o' 5 10 15 20 25
incubation Time (h)
'IGURE 3. Effect of 1ncubatlon time on the soec1flc binding of 1251—_;

abelled [Tyr 1- —somatostatin to cytosol fractions of various rat tissues.

0 ug of cytosol proteln per tube were used for this exoerlment and pro—
edures. for determlnlng specific binding are 1n Materlals and Methods.J_
‘alues are expressed as percentage of total [ I] 1odo—[Tyr ]—somatostatln

n each tube. Data shown are means of triplicate determlnatlons. _The‘,“

ymbols are 1dent1cal to those for Flgure 2 (Ogawa et .al 1977).
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ﬁGURE 4: Effect of increasing cytosol on the binding of [1251]—iodo—_

@yrl]—somatostatinw Incubation and determination of specific binding of

PzSI]—iodo—[Tyrl]—somatostatin and protein determination are described
n Materials and Methods. Symbols are the same as in Figure 2. (Ogawa et
1°1977) .7 7
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ndlng activity (semi-purified SSBP, 10 pg protein per tube) were used

B

1d 1ncubated 48 h at 4°C. Non-specific binding of the tracer was estab-
Lshed by adding excess somatostatln (5 pg/tube) to incubation mixtures
rlor to addition of semi-purified SSBP. This value was subtracted from
ll samples. Competltlve binding of 1251 -labelled [Tyrl] —-somatostatin

3=xpressed as a percentage of blndlng in the absence of unlabelled somato-

Latln) was measured in ‘the Dresence of increasing amounts of somatostatin
P), [Tyr ]-somatostatin (}*ﬁ, [D—Trp ]-somatostatin (0O), [Ala3'l4]_
>matostatin (A), p—glucagon (W), or synthetic ACTH'(i&).- Other hormones
isted were tested at a single dose (1 ug/tube) and are represented by

ge square bracket. The numbers in brackets represent % cross-reactivity
1

E somatostatin. Abbrev1atlons of hormones are in Materlals and Methods.

Dgawa et al 1977).




£
"5: BBty Lol lmte, 4100
% B - .o
S o {s0 +
o> O~
Eu—- 4180 [ ety
52 28
wnI> {70 _g.E
T ¢ <8
,}-—-,GOP 150 “6'-8
g y1i - 140 B e
;3 50 ) 30 5 E
3 Jos © J20 E 2
= - . 9 o
s 40} 108 £ - v ow
3 I = = O
o 07 ~ 5E
o 30f o6 § s
-2 s e o g
T 20p 104 < ©
. [ o _ o .8 E
oo} 10.3 ~e [e] 9, .
8] ‘ Q 5 !
.~ 10f 0.2 —
= N T 1o 4 éq c.
9 .- e < - O
D.. O ALA Ao s A AAAANANADD JO
w [s] 30 40

Frattion number {2ml!/tube)
ire 6: Distribution of SSBP in fractions after gel filtration. A

1adex G-100 column (1. 2 x 50 cms) was used. [A] 5.9 mg cytosol protein

-at liver (A) was applled. The eluates were monitored for protein (-=)

ybsorbance at 280 nm. [B] 1 mg of rat anterior pituitary (@), 7. 6 mg of
nach (O), 6.3 mg of brain (. W) and 5 mg of heart (o) cytosol protein were
lied. The specific binding of somatostatln and the effect of addition of
juots (50 ‘ul) from each fractlon on a radlolnmunoassay (RIA) are 1nd1cated.
was performed by using 1:1,000 diluted rabbit anti-somatostatin serum '
-imes greater than.cqncentratlons used in the standard RIA) with 24h

ibation at 4°C.and bound and free hormones were separated by the double :

body method. (anwa et al'l977)a'




(1o11u0o Jo N.v

0 C 0 0 O
O 0N © W

o O

WNJoS . ULDISO4OWIOS ~1juD
o} punoq unpjsoypwog.f 14(] pejjeqn|.
} pUnoq UMt .ww&v__ni.wmmr

o

=]

< M N

>

aw

o}

hyan

jo)

-~

Q.

ofe e
R
Lol ™
E.C %o
OGQII
w— = 0 <
w0 L0
g9 ® O o

92
40

30

Fraction number (2 m!/’.‘ube)

(10404 jo3) 8
UlpIsOIPWOG

5 5 8 8§ ¢
Al

_um:mnoTHm& jo

[

N
Buipuig oyy1oadg




- 51 -

AMOUNT of SEMI-PURIFIED SSBP (ug/tuba)
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IRE 7: Effect of semi-purified SSBP on the binding of [1251]—iodo—

rl]—somat_ostatin to anti-somatostatin serum. Semi-purified SSBP (fraction

14 after Sephadek.'GflOO gel filtration; Fig. 6) obtained from rat anterior
iitary (@), livér (a), stomach (O), brain (@), and heart (O) were used
samples in a radioimmuncassay for "somatostatin. . RIA was performed as

ribed in Materials and Methods. (Ogawa et al 1977).
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Figure 8. Molecular weight determination of the somatostatin . . 7

binding protein..The molecular weight of the somatostatin
binding protein from a variety of tissues was determined by
gel chromatography on Sephadex G-100. The column was 2 cm by ’

90 cm. The'Kav for the molecular weight markers are

indieated on the graph. The somatostatin binding protein
has a K v of .11 which is equivalent to a molecular weight
of 77,000. Methods used are explained in Materials and

Methods.
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CFHﬂ
2.0~
x103
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Figure 9a. Isoelectric point of the binding protein . The
somatostatin binding protein from various female rat cytosol '

preparations were purified by gel chromatography on a Sephadex

G—IOO column . (4cm x I00cm). Semi-purified binding proteins
I2 . I .
were incubated separately with | SII—lOdO—[TYr ]-somatostatin

for 24h at 4C and the unbound tracer removed by the addition of

a dextran-coated charcoal suspension followed by centrifugation

at3OGQQ for 30 min. Samples of the supernatant containing
approximately I5,000-20,000 cpm were applied to a polyacrYlamide
isoelectric foéusing gel and focused over 3h. The symbols
representing various tissues are the same as in figuré 2 except
skeletal muscle is (0O). (9) represents the pH gradient across
the gel . The isoelectric point appears to be approximately

pH 5.0-5.2. ' :
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Figure 9b. Isoelectric point of binding . protéin. Crude

cytosol protein (500 ug) from a variety of rat tissues was
applied to an isoelectricfocusing gel and focused over>3h at a
power éf 15 watts. Each gel channel was then cut and each slice
eluted overnight in éssay buffer at 4°C with constant agitation: '
The eluant was then assayed for somatostatin ﬁindihg activity as.
indicated in Materials and Methods. The stbols used are the

same as figure 2 except skeletal muscle is (o).
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Figure IO. Isoelectric point of [IZSI]~iodo—[TyrI]—somatostatin.

Approximately I5,000 cpm of [1251]—i0do—[TyrI]—somatostatin was
applied to an isoelectric focusing gel and focused over 3h. The

gel was then cut and counted, yielding the above result. (@)

répresents the pH gradient across the gel as measured by
elution of blank channels of the gel in distilled water, overnight
with agitation. The isoelctric point of somatostatin is

approximately 7.7.




- 56 -

xl

cpm

) cpm
x103 2- \ o3 2-

x 103

Figure II. Comparison of isoelectric point of somatostatln binding
proteins from different tissues.Somatostatin binding proteins from

'Various rat tiésues, partially purified by gel chromatography, were

prelncubated with [ 251] iodo~ [TyrI] somatostatin and the unbound

hormone removed by addition of a dextran-coated charcoal suspension.
Such [125 '

tissues were mixed with liver cytosol binding proteln previously
labelled with [I3II] ~iodo- [TyrI] -somatostatin in a ratio of I:T

From such mixtures I0,000-I5,000 cpm of [1251] and [1311]

I]-labelled somatostatin blndlng proteins from various

. activity were applied to an 1soelectr1c focus1ng channel and

the electric field applied. The [IBII] nd [ I] activities

were counted simultaneously on an automatic gamma counter.In all
the above graphs (O) represents [I3II]—labelled binding protein from

the liver. (A) representsj(A)[I2SI]-labelled binding protein from the

heart, (B) muscle, (C) stomach and (D) brain.
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Figure 12a. Distribution of rat cytosol protein on

isoelectricfocusing. Rat cytosol protein from various tissues

containing somatostatin binding protein was partiélly
pﬁrified on Sephadex G-100 and applied to an isoelectric-
focusing'gel. One hundred ug of'préteinffrom each tissue
wés run for 3h at a constant power of 15 watts. The gel was
stéined with Coomasie Blue as'indicated in Materials and
Methods. The brackets indicate the area of peak somatostatin
binding activity. The tissues stained‘were (p) liver, (B)

heart, (C) stomach, (D) muscle and (E) brain.
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Figure 12b. Distribution of somatostatin binding activity

on isoelectricfocusing gels. The data  in the.graph

indicates the distribution of [12511 activity obtained.
t liver cytosol somatostatin dinding protein,

aftér focusing ra
lZSI]_

purified on carboxymethyl cellulose, and labelled with [

iodo-[Tyril—somatostatih. This is the same data as figure 9a.

The band below the graph indicates the protein distribution

of 100 ug of rat liver cytosol protein that’Was‘fdcuséd on

the same gel. This data is the same as that of figure 1l2a.

The two major protein pbands occur within the peak of

somatostatin binding activity.
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Figure I3. Electrophoresis of somatostatin binding proteins.

[1251] labelled somatostatin bindi
were prepared and applled to alka

and a 2 mA/gel current was applie

and ‘the dlstrlbutlon of radioact

ing protein from various tissues
1i disc selectrophoretic gels

d for 2h. The. gels were then cut
ivity was determlned Symbols

sed are thEvsame as figure 2 except skeletal muscle is (@) .The

Rf_of somatostatin binding protein in the various tissues

appears to be approximately .8.
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Figure I4. Electrophoretlc properties.of [IZSI]—iOdo~[TyrI[+

125I]—iodo-[TyrI]—

somatostatin. Approximately I5,000 cpm of [
somatostatin was applied to disc electrophoretic gels
A(pH 8.8-9.0) and a 2mA/gel current applled for 2h. The gel was then.
_cut and counted , 'yielding the above. pattern. ‘ "  The reason

for there being two peaks is unknown, - The Rg of somatostatin is
approximately .I-.I5 with a second peak at approximately .5-.55.
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Figure I5. Comparison of electrophoretic patterns of somatostatin
binding proteins from various tissues. Somat
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2

ostatin binding proteins
from various rat tissues, partially purified by gel chromatography,

were pre-incubated with [1251]—iodo—[TyrI]—somatostatin and the
unbound hormone removed by addition of a dextran-coated charcoal
suspension. These [IzSI]—labelled somatostatin binding proteins from
various tissues were mixed with liver‘cytbsol binding'protein;
labelled with II3II]—iodo—[TyrI]—somatostatin in a ratio of I:I

From such mixtures approximately 5,000 cpm of IIZSI] and [IQ;I]

activity were applied to a disc gel . jgpelectro focusing gel and
a 2 mA/gel current was applied for 2h. The gels were then cut and
I25 '
[ T]

nd [I3II] activities were counted simultaneously on an
automatic gamma counter. In all the above graphs (O) repreéents

{I3II]—labelled liver cytosol somatostatin binding protein. (8)

represents in (A) [IZSI]—labelled heart cytosol somatostatin binding

protein, (B) muscle, (C) stomach and (D) brain.




Distribution‘of'rat cytosol protein on disc gel

Figure lé6a.

electrophoresis. Rat cytosol protein from various tissues

protein was

(100 ug) containing somatostatin binding

partially purified on Sephadex G-100 and applied to a

disc gel electrophoretic gel. A 2 mAmp/ gel current was

applied for two hours. The gels were staiﬁed5 for protein with

Amido Black stain as explained in Materials and Methods.

The tissues used were (a) liver, (B) heart, (C) stomach,

(D) muscle. and (E) brain. The arrbw indicaﬁes the band

containing the peak somatostatin binding activity.
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Figure 16b. Distribution of somatostatin binding activity

on disc gel electrophoresis. This fig££e shows the
distribution Of'[1251] activity after electrophoresis

of rat brain cytosol somatostatin bind@ng protein,
semipurified on Sephadex G-100, and labelled with (12317~
iodo—[Tyrl]—somatostatin. This is the same data as

figure 13. The band beloy the graph is the protein distribu-
tion (Amido Black stain) after 100 ug of protein from rat
brain éytosol was run»oﬁ electrophoresis. This is the same
data as figure l6a. Note that both maximal somatostatin
binding activity and the major protein band occur at

approximately Rf=.75.
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o : TABLE I

- % Specific binding

Tissues (No.)
900 x g 15,000 x g 100,000 x g
Pellet Pellet Pellet
ver (6) 25.7£1.0 25.8+0.6  28.8%0.4
ibmandibular gland (4) 18.1%£0.5  14.2%0.8 , 12.9il.4_2
teletal muscle (4) 4.0%0.9 4.0£1.0 ~ 7.2%0.4
& (4) 5.0£0.5 4.7%0.2 5.5£0.6
-omach (4) = 4.3%#0.7 4.4%0.8  3.7%0.7
sart (4) 9.2%1.2 4.6:0.3 2.6+0.8

;BLE I: Distribution of specific binding of 1257 _1apelled [Tyrl]—

?matostatin in subcellular fractions of rat tissues. Particulate

Lactions were obtained from several female rat tissues using methods
milar to those described in studies of prolactin receptors (Shiu et
é., 1973; Posner et al., 1974). 0.1 ml of each fraction (containing)
EO‘ug protein in 25 mM~-Tris/HCl buffer pH 7.6) was incubated in glass iﬂ
ibes for 2 h with [1251]—iodq—[Tyrl]—somatostatin (approximately 2.5 x

| c.p;m.)'in a total volume of 0.5 ml. The buffer used for dilutions

icept for particulate fractions and additions was 50 mM-Tris/HCl buffer,
3 mM—CaClz,‘O.S% BSA (W/V) pH 8.0. All reagents and reaction tubes

2re kept in ice before and during the assay. At the end of the incubation’
}riod, cold (4OC) ethanol was added to a finalwconcentration 85% (V/Vv),

id reaction tubes centrifuged at 3,200 rev./min for 20 min at 4°C. The
idiocactivity in the pellets was counted in a gamma counter. Specific
nding is the difference between radioactivity in the pellets with or

ithout 10 pg/ml somatostatin (1 ug/tube), expressed as a percent of the

tal radioactivity added to the incubation mixture. Data are shown
an+s.E.M. (Ogawa et al 1977).




TABLE 2

RESULT

- Specific binding of GH-RIH
METHOD Tgacer (% of togal cpm.'s)

Particulate Cytosol
, Fraction-
Incubate {Particulate fractionj.
STEP or Cytosol 17.5% 22.2%

I With somatostatin tracer (ETOH method) (ETOH method)
"] with or without somatostatin
Centrifuge reaction mixture
from Particulate fraction
STEP or Cytosol 3.7

IT at 200,000xg for I h. and ‘
pour off supernatant and
count pellet.

Test binding of supernatant

from Particulate fraction 13.9

or Cytosol 20.9

oo
[ae}
oo

STEP
CEITX

(ETOH) | 22
( 19

‘ .9% (ETOH)
DCC) .2% (DCC)

)
s
o
B

TABLE 2: Identification of subcellular binding sites for somatostatin.
The particulate fraction (9I50 pg protein/ 500 ul) and cytosol
fraction (I00 pg protein/500 uil)from female rat liver were incubated

separately with [IZSIJ—iOdOF[TyrI]—somatostatin, with or without IO

prg/ ml somatostatinlin a total volume of 7.5 ml for 4 h on ice. Half a'

ml of reaction mixture was used for determinaion of specific binding

using ethanol to precipitate bound somatostatin (ETOH method) as
" described in Materials and Methods [Step I]. The remainder of the

reaction mixture was centrifuged at 200,000xg for 60 min and the
radioactivity in the pellet counted [Step II]. Half a ml of
superhatant was treated with ethanol'méthod or dextran-—-coated

charcoal method (DCC) as described in Materials and Methods [Step III].
Specific binding is the difference in % of total counts bound

with or without IOug/ml of somatostatin. (Ogawa et al 1977).
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TABLE 3.
% specific binding
imals Tissues (No.) 10 pg cytosol protein
(Mean * S.E.M.)

iale rat skeletal muscle (4) '35.6 £ 1.4

: liver (4) 33.3 & 1.
small intestine (4) 28.9 0.
anterior pituitary _(4f ﬂ ' 26.7 £ 1.
stomach (4) /26.3 + 0.
spleen R (4) 25.2 % 0.
brain (4) 24.8 + 1.
submandibular gland (4) 24.6 t 2.
uterus ' (4) 21.2 £ 1.
heart (4) 19.4 + 1.
kidney , (4) 19.2 + 1.
lung (4) 14.9 %
peripheral blood cells (2) 2.6+ 0.
plasma A (2) - 1.2 % 0.

\an liver » (4) 22.4 3.

: anterior pituitary (3) 15.7 & 1.
plasma » (2) 1.2 + 0.

‘ine | anterior pituitary (4) N 20.7 + 1.0

LE 3: Distribution of specific binding of 51251]—iodo—[Tyrl]—somatostatin

cytosol fractions. Incubation conditions and procedures for determin ing
125 '

wicific binding of [ I]—iodo—[Tyrl]—somatostatin were carried out using
hods similar to those in Materials and Methods except that 10 ug cytosol

tein and 24 h incubation were employed, for all tissues. The number in

ckets represents the number of animals studied. Because of the small

e of rat anterior pituitary glands, 4 pituitaries were used as one sample.
ues represent mean * S.E.M. (Ogawa et al 1977).
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TABLE 4.

Treatment

Specific Binding o
labelled [Tyrl]—somatostatin
(%2 of control)

£ 1257 _

Rat Liver-

Bovine Anterior

Pituitary
0.1 M Acetic Acid 30 min 24°C 23.1 30.8
10.1 M NaOH 30 min 24°C 16.2 23.3 "
85% ETOH 20 min 4°C 58.5 -
- 30 min 56°C 0 9.0
1 min -100°C -0 0
freezing and‘thawing (20 times) 95.0 94.6

I 4: Effect of various reagents on somatostatin binding. Female rat

- cytosol fraction and bovine anterior pituitaries were used for these

riments. The effects of extremes of pH were examined by exposing cytosol

Eions to acetic acid or NaOH at a final concentration of 0.1 M for 30 min

ﬁd before neutralization. The effect of éthanol was examined by adding
§(4°C) absolute ethanol to a final concentration of 85% (V/V) and the

Eion tubes were centrifuged at 3,200 rev./min for 20 min at 4°C. The

‘natant was decanted and the mouth of the tube blotted on absorbant

'« The pellet was dissolved in Tris-EDTA-BSA buffer, and assayed.

srature effects were studied after cytosol fractions were exposed to

';fcr 30 min, to 100°C for 1 min, or frozen and thawed 20 (thawing =

“for 20 min). Cytosol fractions exposed to these various conditions

éll‘as un-treated cytosol fractions (as a control) were adjusted to

[ protein per tube prior to assay.

minations. (Ogawa et al 1977).

Data shwon are mean of triplicate
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TABLE 5,

¢ Dissociation of total binding

=]

Treatment 1.5 h 12 h - 24 h

l Acetic Acid A 37.9 25.2 - 23.5
B 56.0 34.6 23.8

1 M NaOH A 65.9 59.9 54.6
§ B 67.9 61.9 46.4
aM Dithiothreitol (DTT) A 59.7 65.6 77.9
‘ B 56.1 ' 74.9 84.7
M Mercaptoethanol A 53.8 .. 66.6 78.7
B 61.7 71.5 80.9

"M cacCl, A 29.5 20.5 16.1
S B 44.1 24.7 16.5
M MgCl, A 29.5 ©22.2 . 15.3
z B 43.1 24.3 18.3
1 Urea A 47.4 35.0 © 31.0
| B 47.1 32.1 22.5
M Guanidine-HC1l A 52.7 46.4 46.2
| \ B 55.6 40.7 - 31.2
M NaCNS A 32.9 22.3 17.6
| , B 35.6 22.8 15.9
atrol (Tris-EDTA-BSA buffer) A 34.9 20.9 14.7

43.7 - 22.0 . 13.1

25

§LE 5: Dissociation of the binding between [l I]—iodo-[Tyrl]—somatostatin

P

1 SSBP using various reagents. Female rat liver cytosol and bovine
ﬁerior pituitary.cytosol were incubated with [125I]—iodo—[Tyrl]—somato—
.atin for 1.5 h, 12 h, or 24 h at 4°C and then DCC was added followed
}Tcentrifugation at 3,000 rev./min for 10 minf The supernatants (bound

‘rm) were exposed to various reagents at final concentrations indicated

r 30 min at 24°C, followed in each case by DCC prior to a second centri-
jation. The radioactivity in the second pellet (free tracer) was counted.
cause adsorption of [125I]—iodo—[Tyrl]—somatostatin by DCC was reduced

. the presence of some reagents (80 to 91% of total radioactivity adsorbed
Egtead of 98%) appropriate correction factors were applied. Data shown

2 mean of triplicates. A, female rat liver cytosol; B, bovine anterior

;uitary cytosol. (0gawa et al 1977).
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TABLE 6
. . . s 125
Specific binding of I-labelled
Concen- [Tyrl]—somatostatin (3 of control)
Enzyme tration
"(ng/ml) Rat liver Bovine anterior
cytosol pituitary cytosol
- Control -. 100 . 100
Trypsin 50 37.9 - 27.5
5 73.9 . 81l.1
Ribonuclease 50 92.2 _ 104.3
' 5 _ 106.2 108.6
Deoxyribonuclease I 50 101.9 101.4
: 5 : 96.3 A 99.6
Phospholipase C 50 94.6 108.6
5 106.9 99.5

2 6: Effect of enzyme treatment on SSBP activity. Cytosol fractions
incubated at 37°C w1th different concentrations of enzyme for 15 min in

same buffer used for blndlng studles. After the incubation period the

tion tubes were chilled in ice. For trypsin digestion, 5 times as much

san trypsin inhibitor as trypsin was added. For controls, cytosol

tions not exposed to enzymes, but incubated in the same buffer for the
perlod were used. Determination of specific binding of [ 125 I] -~jiodo=-

] somatostatln was 1dent1cal with that described in Materials and Methods.

shown are mean of triplicate determinations, (0Ogawa et al 1977).
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" DISCUSSTION -

Somatostatin binding protein is found in cytosols
(Table 1 and 2) of a variety of rat, bovine and human
tissues, but not in the sera or cytosol of blood cells
(Table 3). Therefore, the preseﬁce of somatostatin binding
protein in many tissues is not due to contamination by a
serum protein. There is some residual binding of (12511
iodo—[Tyrl]—somatostatin,to +he membrane fraction of female
rat liver after separation from the cytosol (Table 2).

This binding is approXimately 20% of that observed in the
cytosol. Cytosol.contamination of the pellet is not
likely this great with techniques used. This means there
may also be a membrane receptor for somatostatin.

The fact that EDTA in homogenization and incubation
buffers augments binding indicates that trace amounts of
divalent cations in the cytosol inhibit binding. The |
presence of 1 mM CaCl, in the same buffefé inhibits binding
further demonStrating the importance of divalent cations.

Ca+2 ions are also important to oestrogen receptors.
Chamness and MCGuire (l972)>showed that the presence or
absence of CaCl2 altered sedimentation properties of the
‘receptor drastically. Puca et al (1971) hypothesized that
these changes were caused by & "“receptor deforming agent®
activated by Ca+2, In our somatostatin binding systém there

2

may also be a Ca+ ~activated deforming factor or hydrolytic




enzymé/ﬁhich accounts for the impdrtance o_f-Ca+2 and EDTA

in binding. However, if Ca+%1ffects the confprmation of

of the/binding protein, then this may inactivate the binding
protein, accounting for the effect of Ca+2 and EbTA,

The assay systemvused shows optimal binding at pH's
8.0-8.5 (figure 2j, Maximal binding occurs at 18h of
incubation at 4°c (figure 3); For this/reason; in odr assay
we used as a buffér, tris-HC1l (50 mM) pH 8.0, 25 mM EDTA
to maximize binding due to the Ca+2 effect and 0.5% BSA to-
decrease binding to glass. A direct relationship between
cytosol protein concentration and specific binding of

125I]--iodo-—[Tyrl]-somatostatin‘occurs between 3-50 ug/ml of

[
" protein in various rat tissues (figure 4). It is notable that
such diverse tiséues contain similar amounts of
somatostatin binding actiVity per unit amouht of cytosol
protein.‘ |

Exposure of the somatostatin binding pro tein from rat
" liver and bovine anterior pituitary to 0.1 M acetic acid |
or NaOH at»24¢C for 30 minutes decreases binding markedly.
Heating for 1 minute on a boiling water bath completely
destroys the activity. This is to be.expected for a pfotein.
Ethanol (85%) also decreases binding, but repetitive
freezing and thawing had little effect on binding activity

&

in the same tissues.

125 ) 1 N .

[ "Il-iodo~ITyr ]l~somatostatin seems to bind
almost irreversibly to the somatostatin binding protein
since excess unlabelled somatostatin fails to displace

it over 18h incubation at 4°C with only some displacement.
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T

after 24h at 4°¢c,

Table 5 shows that different reagents dissociated
somatostatin from its binding protein with varying
efficiencies. DTT and mercaptoethanol dissociate the
binding of [1251]-iodo—[Tyrl]-somatostafiﬁ most efficiently
and there is increased percent dissociation with increased
pre-incubation time of hormone with binding prbtein.
Conversely, 8M urea and 7M guanidine-HC1, While dissociating
the hormone-binding protein éomplex well, dissociate it less
well with increasing preincubétion time. This indicates that
there may be two steps in the formation of the hormone—binding
protein complex. The first step of binding can be dissociated by
guanidine~HCl and urea, but with time, a disulphide interaction
takes place, making dissodiation of the binding susceptible
to DTT and mercaptoethanol but less so to guahidine-HCl And
urea. |

Mahylbther reagents (Table 5) cause dissociation of
[125I]—iodo-[Tyrl]-soﬁatostatin from the somatostatin binding
- protein, buE their ability to do so, decreases With increasing
pre-incubation time. This strongly suggests the formation of an
irrevefsible bond between‘the hormone and the binding protein

because somatostatin itself cannot displace the tracer after

it is bound.
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Figure 5 shows specificity studies of [lZSI]ﬁiodo—

ITyrl]—somatostatin. Competitive binding with the tracer
3,14

occurs with synthetic ACTH (5%), p—glucagon (7%), [Ala ]-
somatostatin (10%), [D—Trpg]ﬂsomatostatin (40%), and
[Tyrl]—somatostatin (150%) as compared to somatostatin
displacement of 100%., The fact that ITyrl]—somatostatin
displaces [1251]—iodo#[Tyrl]—somatostatin_more readily
than the native hormone is suprising since it has 25%
(Vale et al 1975) or 100% (Ferland et al 1976) the
biologicél potency of native somatostatin. [D—Trp8]~
somatostatin a cyclic analogue cross—réacts strongly (40%),
but linear molecules such as [Ala3'l4]—somatostatin and
p—glucagon‘cfoss—réact weakly. Both p-glucagon and
'[Ala3’l4]—somatostatin have a four ami?o acid séquence
(Thr-Phe-Thr-Ser) in common with nati&e somatostatin
which may explain why they seem to displace [125I]fiodo4
v[Tyrll—somatostatin. Because they cannot form disulphide
links with the receptor, because of lack of cysteiné
residues, thé'seéond step of.somatostatin‘binding»may
be prevented explaining why full displacement is not
seen.

Figure 6 and 7 show that somatostatin binding
protéin can greatly influence a radioimmunoassy for
somatostatin giving spuriously high results if steps are

not taken to completely destroy the binding protein

activity (i.e. incubation at 100°c) .




Trypsin treatment decreased binding markedly
indicating the molecule is protein in nature (Table 6).
The molecular weight of this bkinding protein in a variety
of rat tissues was similar at approximately 77,000
daltons (figure 8) indicating that the molecule has a

similar mdlecular weight in al; tiséues studied.

VIsoelectricfocusing studies‘éhowed the binding
prdtein to have an isoelectric point of approximately

' 4.8-5.0 (figure 9) in all tissues studied. Disc gel
electrophoresis on a basic polyacrylamidé gel gave an

Rg of approximately .75 (figure 13) in all tissues
studied. Tissue mixture studies were conducted with both
isoelectricfocusing and disc gel electrophoresis. In these
mixtures, rat liver cytosol binding protein was labelled

1

with [13 I]—iodo-[Tyrl]—somatostatin aﬁa mixed with one of

a variety of rat tissue cytosol binding proteins bound to

[12

sample on electrophoretic and isoelectrofocusing gels.

5I]-—labelled hormone. This mixture was appliedAas one

Patterns of distribution of radiocactivity were identical

ih.eVery case indieating all somatostatin binding proteins

from various tissues are similar to that of liver and therefore

to each other electrophoretically and by isQelectric point.

(figure 11 and 15)

[lZSIJ—iodo—ITyrlJ—somatostatin was also run on

2 .o
SI] activity

isoelectricfocusing and a peak of Il
was recorded at approximately pH 7.7. This indicates that

the peak of.[l25I] activity recorded during tracer-—
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labelled binding protein studies does not represent free
tracer. In electrophoretic studies of tracer-labelled
‘binding proteins, there were always two peaks, one

corresponding to one of the peaks of free [Tyrl]-somatostatin

tracer and the other is eufficiently different from the

two peaks of free sometostatin tracer, that it probably

represents the binding protein at Rf=0.75,(figure 14).7
Two protein bands occurred near an isoelectric point

of pH 4.8-5.0 on an isoelectrofocusing gel after :staining

(figure 12). Differentially-labelled rat cytosol mixtures

were run on isoelectrofocusing gels without BSA, stained

for protein and the two protein bands at PH 5.0 were dlssected

out and counted in an automatic gamma counter. In every case,

both [ I] and,{lzsl].showed peak activity in the same

band. ThiS<indicates great similarity of somatostatin - | %_u
| blndlng proteins in the tissues studled Labelled somatostatln |
blndlng protein was also run w1thout BSA on electrophore51s

and stained for proteln. The protein band at Rf=0.75 was

cut out and it coincided with the presence of somatostatin

binding activity as indicated by the presence of a high
gamma count in this band.

..................

In judging the somatostatin binding protein as a hormone
'vreceptor it is appropriate to compare properties of this
binding protein with the criteria of Cuatrecasas (1975) for
idenﬁification of a receptor. |

The first criteria is specificity. This somatostatin

binding protein is cross~reactive only with somatostatin



analogues, pfgluéagon.and synthetic ACTH to a small extent
(figure.5) . The cross-reactivity of p~glucagon may be
explained in that it shares a common four amino acid
sequence with somatostatin. Therefore the somatostatin
binding proteiln appears not tovbe completely specific.

The criteria of saturability, .indicating a limitgd
number of binding sites, is obvioﬁsly met, since [lzsi]—
iodo—[Tyrl]—somatostatin competes with excess unlabelled
somatostatin yielding a standard curve (figure 5). If the
process were not saturable, competitive binding‘would
not occur since there would be an excess of binding
sites, enough for both tracer and excess cold hormone
to bind.

| The question of whether the $omatostatin binding
protein shows tissue specificity in accord with target
organé of somatostatin is difficult to answer because the
physiologiéal actions of somatostatin have not been
determined conclusively. Somatostatin has been found in
 the anterio; pituitary, stomach, small intestine andvbraih
(Table 2) by immunoéssay (Arimura et al 1975a) and inhibits
various hormone secretions in these tissues, indicating
target organ specificity of the somatostétin binding
protein. The binding protein was found in all tissues
studied however, except blood cells and serum, so that
unless somatostatin has some.general,action-on all these

tissue, target organ specificity is not ach.eved.
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Conclusions are impossible'howeVer,_sincé the true'
physiological actions of somatostatin are unknown.

A high affinity is necessary for a hormone-receptor
complex according to Cuatredasas (1975) so that it may
be sensitive to low céncentrations and fluctuations of
the hormone in the blood stream. The affinity of the
somatostatin binding protein is impossible to calculéte'
since the binding éppéars to be irreversible and so is
not amenable to Scatchard analysis. Such a calculation
-would however, be academic since no significant levels
of somatostatin have been detected in the serum (Arimura
et al 1975a) and so correlation of_affinity with hormone
levels is impossible.

Reversibility is the fiﬁal criteria set by
Cuatrecasas for a hormone receptor. This would be
consistent with the observed términation of the hormone's
- effect.when it is removed from media in in YiEﬁQ
systems-or administration is diséontinued in vivo. The
somatostatin binding profein seems to show ifreversible
binding. Reversibility as a criféria for hormone receptors
is not necessary however, if fhe end result of somatostatin
binding' to the receptor is hormone degradation. Hormone
degradtion would result in terminétion of somatostatin
action on- its removal from media in vitro. It is also
‘possible that while the hormone-binding protein complex
is irreversible to many chemical reagents, in vivo it may

be reversible upon reaction with an enzyme that catalyzes




dissociation,

There is other evidence'in.favour of somatostatin
binding protein as a'hOnmoﬁe receptor. Firstly,
somatostatin binding protein has been found in human and
bovine tissues as weil as rats (Table 3] so that it is not
just a phenomenon df one species. It also has similarj
molecular weights, isoelectric points, énd électrophofetic
mobilities in & humberlof'tissues-(figﬁré 8 ahd‘16);'

Somatostatin decréases cYciié AMP‘accumulation in
the pituitary andvthe-pénéreas at a point distal to
cyclic AMP sYnthesis because it decreases cyclic AMP
accumulation in these tissues due to theophylline -
stimulation.(Borgeat et al 1974; Garcia et al 1976) and
to exogenously administered dibutyryl‘cyclic AMP
(Peracchi-et al 1976; Garcia et al 1976). If sdmatostatin'
acts distal to cyclic AMP synthesis a cytosol reéeptor
is muchAmofe likely, but does not exclude the poésibility
of mediétion of hormone action vié a membrahe receptor.

Other.polypeptide hormonés may also act.inside the
cell since receptors fér prolactin and melanocyte-
stimuléting hormone have been found in the Golgi
apparatus (Posner and Bergeron 1975,1976; Varga-et‘al 19761!
This suggests an intracellular mode of action for
.peptide and polypeptide hormones.

It is of interest that disulphides are of importancé

in the binding of somatostatin to the binding protein.




o

somatostatin analogues with blocked or [Ala]-substituted
cysteine residues show low biological activity («1.0%)

(Rivier et al 1975b; Serantakis et al 1973), Likewise

3’14]~soma,tostati'n shows only 10% of the cross-

125I

[Ala

JniOdOvITyrl]Fsomatostatin of the

w reactivity with |
native cyclic hormone in binding to the liver cytosol
fraction.

With cytosol oestrogen receptors, variation of

+ .
Ca 2 concetrations affect receptor structure greatly

(Chamness and M°Guire 1972). If somatostatin binding
protein is a hormone receptor like that of oestrogéns,
it would account for the dramatic éffect ofgCa+2 on
éomatostatin binding (figure 1). Somatostatin binding

protein is also sensitive to SH~blocking reagents as

| are intracellular androgen receptors (Hansson et al

1974; Naess et al 1975). These similarities, along with

“the fact that steraid receptors are also present in the
cytosol, indicates that somatostatin may have a cytosol

hormone receptor like that of steroids.

There is also considerable evidence that somatostatin
binding protein is not a hormone receptor. In tissue
preparations (Table 2) there is residual binding in the

membrane fraction after separ-ation from the cytosol. This

membrane binding is approximately 20% that found in the
cytosol, much more than possible cytosol contamination

could account for. considering the methods used. The

existence of a membrane binding site for somatostatin,

would not exclude somatostatin




binding protein as being physiolpgiéally important,,buﬁ
its exact.role is unclear. A membrane receptor for
,sométostatih would not be surprising since the two other
hypothalamic hormones isolated, LH-RH and TRH have
membrane receptors (Borgeat et al 1972; Grant et al 1972;
Wilber and Seibel 1973).

Finally, evidence exists for somatostatin as a
neurotransmitter since it is found in synaptosomes in
various neurons in the brain (Brownstein et al 1975;

Alpert et al 1976). Known neurotransmitters such as
acetylcholine and catecholamines use membrane receptors

tg exert their effect. If somatostatin is a neurotransmitter
it would be unique among them in having an intraceliular

. receptor such as the somatostatin binding brétein.

Acetylcholine and catecholamines are bound to
lipoprotein complexes in synaptosomes (GreenAl962; Smith
and Winkler 1967; Banks et al 1969). Oxytocin and
vasopressin are also bound to neurophysins in neuro-
Vsedretory;granules-of the neurohyéophysis (Dean et al 1968),
This somatostatin binding protein may simply be a binding |
prdtein used to store somatostatin in-synaptosémes.
'Somatostatin binding protein is also found in other
tissue besides nervous tissue however, and even in tissues -
without somatostatin stores. This storage role for the
.somafostatin binding protein would not therefore explain

its presence in other tissues.
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There are various theories of the mechanism of

action of somatostatin as explained in the Introduction.

The physiological significance of this cytosol somatostatin
binding protein would also be determined by how well
properties of this possible intra@ellulér site of action

" of somatostatin fits these theories. Therefore, the

possible role of such a receptor in the various theories

will be discussed.

Because somatostatin's action is independent of-
protein and RNA synthesis (Vale et al 1973; Vale et al
1974), it may act by modulating an enzyme. Somatosﬁatin

decreases cyclic AMP levels in many tissues. Most

importantiy, it decreases cyclic AMP accumulationiin‘
‘;pituitaries and pancreatic islets dﬁe to theophylline
{stiﬁulation (Borgéat et al 1974; Garcia et al 1976) and .

exogénously adminisﬁered‘dibutyryl cyclic AMP (Peracchi

et al 1976; Garcia et al 1976). This indicates somatostatin

acts distally to cyclic AMP synthesis to decrease
intracellular cyclic AMP levels. This action may involve

stimulation of degradation of .eyclic AMP which -therefore

would overcome the effect of theophylline in inhibiting
phosphodtesterase. To exert this effect, somatostatin
may enter, binding to a cyclic AMP degratory enzyme
like phosphodiesterase, increasing its activity, or it

may act indirectly to exert its effect.
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A possible indirect mechanism of affecting cyclic
AMP levels was shown by Kenako eﬁ'alcl9741 who found
that. somatostatin decreases cyclic AMP and increases
cyclic GMP levels in rat pituitaries. Since cyclic GMP
is produced by a cytosol enzyme_ghanYlate cyclase unlike
- cyclic AMP (White and Aurbach;, 1969; Hardman and
Sutherland 1969; Schultz et al 1969)_ana éGMPvenhanceé
hydrolysis Of‘cyclicAAMP by way of phoéphodiesterase :
(Hardman‘et al 1971; Klétz ethal 1972), somatostatin‘may
decrease intracellular cyclic AMP levels by acting onfa‘
cytosol enzyme.

Somatostatin may also_acﬁ by a membrane receptor
because a meﬁbrane'bound enzyme comparable to adenyl
cyclase could be: stimulated by sqmatostatin binding to a
- membrane receptor, causing for example, a series of
M‘reactions ending in a stimulation of phosphodiesterase_
and hence to decreased cyciic AMP levels. |

The impoftance of Ca+2vfluxe§ into the cell has
also been shown in the secretion of insulih. Insulin
secretion and other secretory érocesseSAare.dependent

+2 (Curry et al l968b;'Douglas and

on the presence of Ca
‘Poisner 1963). Somatostatin inhibifs insulin secretion and
cyclic AMP accumulation ih panéreatic islet cells

(Efendic et al 1975; Gerich et al 1974b; Borgeat 1974).
Somatostatin's inhibitory effect is overridden if

~extracellular Ca+2 is increased (Curry and Bennett 1974b)

or if Ca+2 fluxes into the cell are increased by addition -
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of ionophore A23187 ta the media (Fujimoto and Ensinck
1975] which fs specific for calciuym (Wolheim et al 1975),
Since Ca+2 iIs necessary for insulin release (Curry et al

1968b) somatostatin may ifnhibit insulin release by

inhibiting a plasma membrane calcium carrier system,

2

so reducing ca*? influx. Because membrane carrier systems

are located in the plasma membrané, the somatostatin
receptor may be membrane bound. It is notable that high -

+2 e g e ; . . o ..
Ca levels inhibit both somatostatin binding activity

(figure 1) and the effects of somatostatin on pancreatic
cells. This is evidence, if only circumstantial, that
the actions of somatostatin may be mediated by the

somatostatin binding protein.

Somatostatin and the‘a#adrenérgié@‘reCeptor

Somatostatin'is‘COntéinéd in certain central and

h peripheral,neurons (Pelletier et al”1974), so somatostatin
may be a neufotransmitter. Phentolaminé (an a—adienergic.
blocker) abolishes_somatostatin's inhibitioﬁ of insulin

release. This means somatostatin may act by the a-adren-

ergic receptor. a-Adrenergic receptor activation causes
inhibition of insulin release elicited by most secretagogues

except arginine and secretin (Malaisse 1972). Somatostatin

inhibits insulin secretion due to arginine and secretin stimulation
as well. Somatostatin's action therefore is not due
solely to activation of a-adrenergic receptor activation.

This is evidence that another receptor, possibly a cytosol

receptor may be necessary.
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If somatostatin is a neurotransmitter, as indiéaﬁed
by its presence in sjnaptosomes (Alpert et al 1976) in
various parts of the brain, a membrane receptor seems
the'most likely type of receptor. This is becausé other
neurotraﬁsmitters, such as acetylcholine and catecholamines
" have membrane recepﬁors. LH~-RH and TRH, which have
proposed neurotransmitter actions, have membrane recéptors
(Grant et al 1972; Wilber and Seibel 1973; Borgeat et al
1972).,'

It is impossible to make conclusions from the above
evidence, but a case exists for both a membrane and a

cytosol receptor for somatostatin.

Possible identitieS'and'roles‘for'somatostatin'binding

protein

Somatostatin binding protein coula also be a cytosol
receptor protein for somatostatin like ﬁhose found for
‘steroids because it has some properties in common with
steroid recéptors (Chamness and McGuire.1972; Hansson et
al 1974; Naess et al 1975). Overall, the evidence for
this cytosol somatostatin binding protein being a receptor
is inconclusive.

If somatostatin binding protein is not a hormone
receptor, it may have other rdles. It may have a storage
role, protecting somatostatin from degradation. This

however, seem unlikely since somatostatin binding protein

is found in nearly all tissues studied, while somatostatin




stores are found by immunoassay, in only certain cells
in the pancreas, gastrointestinal tract and brain (Arimura
et al 1975a). ‘

Another role for somatostatin binding protein is that
of a first step in the degradation of somatostatin. This
might explain its widespreadwdistribution,bsince other
hormone degra tory enzyme Systems suchAés catecholamine—
_O—méthyl transferase are found in many tissues (AXelrod
et al 1959).

There is little evidence for any of these other
functions for somatostatin binding protein. If it 'is
physiologically important, a receptor functiqn is most
.likely. Somatostatin should alter some enzyme function to
exert its effect since somatostatin's action is not
dependent on new protein synthesis'(véié et al 1973a;
Vale et al 1974). For this reason a variety of enzymes
were considered as possible hormone receptors for
somatostatin in order to explain its actions. .

Somatostatin acts'distal:to cyclic AMP synthesis:to
decrease cyclic AMP accumulation (Borgeat et al 1974;’
Garcia et al 1976; Peracchi eﬁ al l976)>so this cytosol
receptor = may be phosphodiesterase, Somatoétatin could
stimulate phospodiesterase activity to decrease cyclic
AMP acéumulation. fhosphodiesterase is an unlikely
-receptor however, since rat liver phosphodiesterase
has a moleoular weight of 400,000 (Terasaki et al 1973)

while that of somatostatin binding protein is 77,000.




- 86 -

Renake et al (1974) showed somatostatin enhances
cyclic GMP synthesis In rat pitultary. This means
~guanylate cyclase could be the somatostatin éytosol

receptor, but again it's molecular weight of 300,000

(White and Aurbach 1969) is too large to be the somatostatin
binding protein.
A survey of various metabolic enzymes was also done

- to determine those whose proerties correlated well with

those of the somatostatin binding protein. The monomer

of glycogen synthetase has é similar molecular weight
(McVerry and Kim 1974), electrophoretic properties (Lin
and Segal 1973) and a widespread tissue distribution
(Larner and Villar-Palasi 1971) to the somatostafin
‘binding protein. However, modulation of_glycogen
synthetase could not account for all'£he actions of
somatbstatin.

A more interesting observation is that the regula-
tory subunit of mammalian-cyclic AMP—dependent cytosoi

proteln klnase (R) has propertles similar to somatostatln

blndlng protein. Cycllc AMP—dependent proteir. klnases are
found in all tissues examined (Kuo and Greengard 1969).
While most protein kinase activity is located in the

~cytosol, (Chen and Walsh {1971) there is also some membrane

bound activity (Maeno et al 1971) which could account for

Some somatogtatin binding activity in the particulate fraction

during tissue preparation (Table 1), Binding of cyclic AMP

to the regulatory unit of the protein kinase causes
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dissociation of regulétory and catalytic subunits, which
activates ﬁhe catalyﬁic unit. This catalytic unit may
then phosphorylate any of a variety of enzymes,‘activ-
ating or deactivating them (Walsh and Krebs 1973).
Phosphorylase kinase, for example, is activated after
phosphorylation by a cyclic AMP-dependent protein kinase
(Walsh and Krebs 1973). If somatostatinibinds to a cyclic
AMP-depéndent pfotein kinase and alteré‘its activity it
could then exert its effect by.altering the activify of
any of a variety of intracellular ehzymes byveffectingvthe
rate at which they are phosphorylated.

The regulatory subunit of the cyclic AMP-dependent
protein kinase has a molecular weéight of approximately
80,000 daltons in various mammalian tissues (Walsh and
Krebs 1973) including rat liver cyfosol (Rumon et al
1972 ). The isoélectric point is approximately 4.5
which is simiiér‘to soﬁatostatin binding protein:

(Kumon et al 1972;‘Chen‘and Walsh 1971). Prétein kinases
have similar properties not only from tissue to tissue

but in various species as well (Walshband Krebs 1973)

like somatostatin binding protein., Finally Ca+2'is a

potent inhibitor of protein kinase activity (Chambaut et

al 1971, Labrie et al 1971, Hoffman and Sold 1971) as it is
of somatostatin binding activity. This suggests that

protein kinase may be the site of action of somatostatin.
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F;rthér evidence that somatostatin may alter protein
kinasewactivity is that Walsh et al (1971) purified a
peptide of molecular weight 2,600 in rabbit skeletal
muscle that inhibits protein kinase activity. While somato-
statin-has a molecﬁlarlweight of only 1,800, the fact’
that one peptide inhibits prqtein kinasevactivity, means
other peptides, like somatosﬁatin, may, also affect tﬁe

enzyme's activity.




FURTHER STUDIES

Théﬂsimilarity of somatostatin binding protein to
the regulatory subunit of protein kinase is the most
promising area for future research, especially since
preliminary data indicates purified maﬁmalian protein
kinase has high specific binding for somatostatin.
Firstly, rat and other mammalian pgotein kinase
regulatdry subunits should be shown by-immunological and
biochemical techniques to be identical to the somatostatin
binding protein. The binding properties of somatostatin
binding protein should also be compared to that of
prdtein kinases. This would establish whether somatostatin
binding protein is indééd the regulatory subunit. of
protéin kinaséé..
Confirmation of the above, would permit study of
somatostatin's mechanism of action, by allowing study
of its receptors. Sincé its receptor would be a much
studied enzymé,previous research on protein kinases
would be helpful. The effect of somatoStatinvbn protein
kinase activity could then be determined as well as
what role this protein kinase activity has in eliciting'
fhe final action of somatostatin. Cyclic AMP also
binds to the regulatory subunit of the cyclic AMP—dependent
protein kinase. It is of interest,to determine if
somatostétin and cyclic AMP are competing for the same site.
Because there is residual binding ofAsomatostatiﬁ in
particuléte fractions, it must be determined if'there is é

membrane receptor somatostatin. While there may be a
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different receptor on the membrane, cyclic AMP-dependent
protein kinase can aléo be membréne bound (Maeno et al
1971) . The presence of a plasma membrane receptor for‘
somatostatln would lead to further studies of the
mechanlsm of action of somatostatin mediated by a membrane,
receptor. |

Ultimately, from such studies, a greater insightiinto
the role of somatostatin igvgizg and its mechanism of

vaction would be obtained.
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