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| _ ABSTRACT ‘

A radioimmunoassay was developed/‘ to determine the concentrdtion of
immunoreactive somatostatin (IRS) in crude and partially—purifed extracts
of various anatomical regions of the nervous system, inc“.llu'ding the‘zetina.
Affinity chromatography using somatostatin antiserum served to concentrate
IRS from the retina and other brain regions. Retinal IRS from rats and -
humans inhibited the release of growth hormone in a bioassay in a similar
manner as did synthetic somatostatin. Affinity chromatography-puriﬁié'd
extracts of rat median eminence, anterior hypothalamic-preoptic areay “amyg-
dala and cerebral cortex, when subjected to gel f iltrat/ion chromatog;'aphy,
eluted with similar profiles characterized by four IRS peaks of which
the third to elute was largest and had a coincidental elution position
with syntheti;: somatostatin. The IRS in each peak from all four brain
regions was biologically actfve as assessed by it;s ébility to inhibit

growth hormone secretion.
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On a fait un dosage radio-immunologique pour déterminer la concen- \

i -

tration de 'la somatostatine immunoréactive (SIR) dans- des extraits tis-

'

9./ulaires bruts et paftiellement purifiés provenant des différentes régions
anatomiques du systéme nerveux, y compris de la rétine.. La chromatogrgphie
d'affinité a.vec usage d'antisérum de somatostatine a servi 3 concentrer -

ia/ SIR de la rétine et des autres régions duA cerveau., La SIR rétinienne

de rats et d'hommes a inhibé la libération de' 1'hormone de croissance

dans un dosagelbiologit‘;ue, d'une fagon comparable i celle cie la

somathtatine synthét;ique. Des extraits purifiés par chromatographie
d'affinité et provenant de 1'éminence médiane, de la zone i)ré?ptique - .
antérieure de 1"1\1ypothalamus, d‘amygt;ale‘s et du cortex céi‘ébral &e rats, |,
lorsqu'm\'x les a soumis & la chromatogra;phie de filt':rat’:ion par gel, ont

été. &lués aved ":’(ies ’p;:ofils siinila;i.res caractérisés par qua.“:re pics de SIR,-
_dont le troisfgéme,“]:e\\p\lmi‘grand, présentait une position d'élqtion' A
colncidant avec la somatostatine\ thétique; La SIR dgns chacun des pics ’

o des quatres régions du 'cerveau,était\biologiquement active, comme 1'a

< / } <o .
‘prouvé son pouvoir d'inhiber la sécrétion de l'hotmone de croissance. ‘.
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I. GENERAL OBSERVATIONS ON PEPTIDES COMMON TO THE BRAIN AND
GASTROINTESTINAL TRACT

f v
i

Because the studies described herein almost solely concern the peptide
somatost:atin as it exists in the nervous system it would be appropriate-as
/
anlintrod,uction to consider somatostatin in a more general sense as a

member of ?co‘nceptually new clags of ‘biologically active peptides whiqh

. are localized in the nervous system and gastrointestinal tract or pancreas.

—

Vofi Euler and Gaddum 1) in 1931 first identified biological activity due -
to substance P in extracts of horse b‘rain and intestine, but it was not untdil
1970-71 tha‘t‘: the peptide responsible for the biological activity was isolated
from brain tisspe of cattle and its structure was characterized (2,3). A
number of i\:'adioimmunoass&y (RIA) and immunohistochemical studies in 1975
demonstrated somatostatin-like activity distributed widely throughout the
nervous system, pancreas, az'!gastrointestinal tract. Subsequently the
list of peptides common to the brain; pancreas and/or gastrointestinal tract
has grown to include the several indicated in Table 1, Of this list, only
somatostatin, substance P, and neurotensin have been isolated from both
brain and gastrointest_ir{al tract or pancreas and have had their amino acid
sequences &etermineci; Evidence for the :f;nclusi_.on of the others in the group
of brain-gut peptides is based on the demonstration of immunological re-—
activity, either by' RIA or ithunohistochemistry, and is therefore suggest:l/.ve,
but not .definitive, For instance, controversy exists with respect to whether
thyrotropin releasing hormone (TRH) ~like immunoreactivity in a variety of
extrahypothalamic tissues and fluids represents true TRH or an immunologi-
cally crosg-reactive ndn~TRH material (41-44),

These peptides and in particular somat:ostatin have shown a wide variety
of biological a‘g:t‘ions in many experimental models that when considered

along with the anatomical locadgzation of the peptides have revitalized the
concept of paracrine secretion (45). This term refers to the rleleése from

cells of a chemical transmitter into the interstitial space to influence the

function of adjacent or nearby cells. Although clagsical neuro_tré.nsmission

I3
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Table 1, Peptides Ildentified From Brain, Pancreas or Gut
S=amino acid sequence determined on isolated peptide
I=identification primarily by immunological methods

t

<F

Peptide Brain i Gut Pancreas ' * References
. Somatostatin ’ S I 8 4~7
Substance P . s 8 ' 2,3,8
) Neurotensin . S S . 9‘,16
_ Adrenocorticotropin )
Y (ACTH) - I 11-13
Bombesin I I N 14,15
Cholecystokinin Y I S 16,17
B-endorphin I I 18,19
Enkephalins s ] 20,21
Gastrin I S 22
; ‘ Glucagon I I S 23
( Insulin I 8 24
' Luteinizing hormone
‘ releasing hormone
(LHRH) S X I 25-27
:; Motilin I S ' ‘ 28
Pancreatic )
r Polypeptide - I I S 29-31
Thyrotropin
: Releasing hormone ‘ ) [
b (TRH) S I r 32-37
- Vasoactive intestinal ) - o
[ polypeptide (VIP) I S ' 38-40




would strictly fit the description of paracrine secretion the term is most
commonly used in reference to the peptides and cells of :the pancreatic islets
and gastrointestinal glands. Feyrter (46) in 1938 first brought attention )
to the common histological characteristics of a series of argentaffin "clear
cells" in the gastrointestinal tract in a paper titled Uber Diffuse E'ndokrme
Epithel ialeorgane suggesting the functional role of these cells. He subse-~
sequently referred to the series of 'clear cells" as constituting a parakinen
system to emphasize his hypothesis that the cells acted on their neighbours
(47) The evidence to support a pardcrine function for somatos/tatin will be
detailed })elow, but in summary the argument for paracrine secretion remains
presumptive based primarily on anatomical studies and the effects of exogen-
ously administered peptides. ‘ »

Thé APUD (amine precursor uptake and decarboxylation) concept of Pearse
bears discussion here because it receives considerable support by the ex'ist-
ence of the hrain-gur’ peptides (48-5Q), The original formulation of the
APUD concept in 1966 ‘referred to a group of ‘endocrine cells which shared
c.ytochemical characteristics of which the most prominert was the produc:tion
of biogenic amines (51). Originally, Pearse suggested thesé cells were de-
rived from embryological precursor cells of a "neural origin, perhaps coming
from the neural crest' (50). Subsequent embryological developmental experi-
ments, including particularly those of LeDauQrin (52) using the technique of
allografting quail embryonic neural tissue into'chick embryos to produce quail—
chick chimeras, demonstrated that only 6 or 7 out of 40 APUD cells actuall'y
arose from the neural crest. In a recent formulation a second sebgroup of
APUD cells, including the hypothalamus, pituitary and parathyroid glands,
was proposed to originate from neuroectoderm or specialized ectoderm such as
the placodes (50,53)., The peptide~containing cells of the gasi:roint:estinal
tract and pancreas are of obscure embryological origin, as evidenced by
Pearse's suggestig?i that they arise from the primitive ectoblast (49,50).

Althot}gh the APUD hypothesis has been of great 'importar(xce‘ by "concep-
tually linkihg diverse cell types, perhaps an inordinate amount of atteption

" in the literature has been given to attempts to identify a common embi'yological

origin of these cells, It appears to the authormost clear to simply consider
i /\ '

‘that several cells, including those of the brain, share a fundamental common
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characteristic of expression of genes for synthesis of certain biologically
active peptides and/or morgloamines;‘ The significance of this fact in tefms
of the regulation of biosynthesis and the expression of biological activ—
ity of the brain-gut peptides in differént tissues presents an intriguing

subject for future inves%igati;on.

. ' ’
. ‘ II. SOMATOSTATIN

Ac HISTORY < .

‘The discovery of somatostatin was a direct consequence-of the studies

of Guillemin and colleagues directed toward isolation and characterization
of the hypothalamic factors that regulate the secxetion.of anterior pit-
uitary 'hormones. This group and Schally and coworlters had previously
validated the hypothalamic .releasing hormone concept by their characteri—
zation of TRH (32,33) and luteinizing hormone releasing hormone (LHRH) (25
26). During their search for growth hormone releasing factor” Guillemin
and colleagues observed the presence of a growth hormone (GH) release inhib-
iting property in extracts of sheep hypothalami, They accomplished the
isolation and determination of the amino acid sequence of a tetradecapep-—

tide,

- Y " \
Ala-G yf—-Cys—Lys-Asn—Phe-Phe—Trp—Lys—Thr-Phe-Thr-Ser-Cys

"1 72 '3 4 5 6°7 8 9 10 11 12 13 14
thamed somatostatin, or somatotropin release inhibiting factor, which accoun-—
ted for the observed biological activity (4,55-57). A crucial factor in

the successful isolation of somatostatin was the use of a highly (se'nsiti\'re

S

and reproducible bioassay of inhibition of release .of GH from dispersed
anterior pituitary cells in culture (58). Krulich and colleagues (59-62)
had previously observed a CH reléase inhibiting activity in acetic acid

extracts of sheéli and rat hypothalami and had described an anatomical .

localization of this inhibitory factor in the anterior hypothalamus and

- »
*The reader interesf:ed in the history.of research on growth hormone releas-
ing factor, which is still uncharacterized, is referred to the comprehen-
|
sive review by Reichlin (54). ’

[,
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median eminence (ME) of the rat which is basically similar t0.that® subse-
quently determined for somatostatin by use of RIA and immunohistochemical
methods. | s ‘

, " Somatostatin has now additionally been 'isolated from pig hypothalamus
(5), pigeon pancreas (6) and anglerfish pancreas (7). It has had the iden-
tical amino acid sequence as sheep hypothalamic somatostatin in all cases.
Chemical synthesis‘o‘f somatostatin (63-67) follo"wed soon after its oéigin‘al
igolation., Several sﬁbsequent studies using synthetic somatostatin and
various experimental models unequivocally confirmed the inhibitory effect
of somatostatin on the secretion of GH by the pituitary.

The historically important discoveries that extended the relevance of
somatostatin beyond the confines of the hybothalamus and pituitary can be
summarized as: l. Somatostatin is localized widely throughout theé nervous
system, ‘pancreas, anci gastrointestinal tract, 2, Somatostatin reduces '/
plasma levels of glucose and several peptide hormones, including insulin
apd glucagon, 3. Somatostatin affects nervous as well as pltuiltary function.
B. ASSAY METHODS Ce .

1. Radioimmunoassay (RIA)
Arimura et al (68) and Patel and colleagues (69) in 1975 reported the

first RIAs for somatostatin uging antiserd raised against 7y-nthetic somato-
statin, as has bgen done for all subsequent RIAs. Although these .two stud-

¢

ies were the only reports of somatostatin RIAs available when the work
described in .this thesis wds begun, several other RIAs have been described
"in recent years (Table 2). All antisera included in ;:able 2, except that
of Gerich et al (82), were raised in rabbits, although sheep (82,85) and
gui;\ea pigs (86), have also generated antisera. Most investigators have
useéd an immunogen of somatostatin covalently conjugated“ to a variety of
larger molecules including human serum @ globulin, thyroglobulin, bovine
serum albumin, human serum albumin, and whelk or keyhole limpet hemocyanin.
In addition) Epelbaum and colleagues (73) have produced an antiserum to
somatostatin by‘a3 method involving immunization with a mixture of methylated
bhovine serum aglbumin and s\omatostatin that are not covalently corijugated '
Because somatostatin contains no amino acid residue appropriate for 1abelling
with radioactive iodine the analogs [Tyr 1 somatostatin [Tyrs] somatostatin,
[Tyr ] somatostatin, and N-Tyr-somatostatin have been used- for this purpose

, {
. .
,

[ . _ « — =
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Table 2. Radioimmunoassay of Somatostatin -
Reference First author Protein Somatpstatin Iodination
and year conjugated to ~analog reaction
R somatostatin for labelled
immunization . )
) N 68,70 Arimixra '75 human serum o globulin . [Tyrl]-’SS lactoperoxidase
v N-Tyr-SS \
71 Kronheim, '76 whelk hemocyanin # [Tyrl)]—SS chloramine T
. 72 Vale, '76 - human serum albufin [Tyrl.l]—SS chloramine T
73 Epelbaun, '77 “(noncovalent) [Tyrl]-SS lactoperdxidase
74 Makino, '77 human serum o globulin N-~-Tyr-SS lactoperoxidase
75 biel, '77 bovine serum albumin [Tyrl]—SS several asse;ei;fggd
76 Patel, '78 bovine thyroglobulin ‘ [Tyr]']-SS chloramine T
77 Chayvialle, '78 bovine serum albumin [Tyrl]—SS chloramine T
78 McIntosh, '78 bovine serum albumin [Tyrl]-SS chloramine T
_\\ 79 Chibaj._'78 bovine serum albumin - N-Tyr-SS chloramine T ’
80 — P;nman, '79 keyhole 1impet hemocyanin [Tyrll]—SS lactoperoxidase
\ 81 - Dupont, '79 bovine thyroglobulin N-Tyr-SS lactoperoxidase
- 82° Gerich, 179 whelk hemocyanin [Tyrll]—SS chloramine T
! 83 :@_;_\\: Kumasaka '79 bovin; serum albumin [‘I‘yrs]—SS lactoperoxidase
84 “Gillioz *79 bovine serum albumin N-Tyr-Ss- lactoperoxidase
J ;\ - - B «‘\-ﬁ. .
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Tableaz. Radioimmunoassay of Somatostatin (Con't) )

Reference Purification Separation of Minimum Site on Dilution of

. \ ‘oi: labelled bl)und and detectable somat?stati? antibody
- analog free label concentration, molecule thal " used

' Pg somatostatin antisera bind
; ] N N\
68,70 cation exchange charcoal 4 central 1:7000
71 cation exchange charcoal 5" not N terminus 1:125,000
72 . second antibody 0.5-2.5 N terminus 1:20,000 ¢
73 '\ cation exchange second antibody 10 _ . 1:5000
74 gel filtration charcoal ' 7.8-15.6 - i 1:84,000
75 gel filtration charé)al , . 10 . 1:5000
76' '\ “gel filtration second antibody 1.6 central (ref 72) 1:;7000-1:10,000
charcoal »
77 "cation exchange seéoﬁd antibody 25 pg/ml 1:80,000
78 cation exchange: vchafcoai‘ . 0.3 1:12,500
79 gel filtration charcoal _ 10 pg/ml 1:8000
80 hydrophobic ~ second antibody 10 pg/ml central 1:150,000
81 c;ﬁgﬁagzgﬁggg charcoal 0.1-0.5 ” o 1:10,000
82 gel filtration charcoal 1,25 ° N terminus 1:12,000
83 cation exchange charcoal 3.9 - 1:2500
84 — cation eéc/change charcoal 2.5 central 1:10,000
P £ b
. \
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(Table 2,87). Both the lactoperoxidase and chloramine T methods of iodin-

atlon have proven successful. The é.vailabi]:ity of synthetic analogs has:
made poésible determination of the regions of the somatostatin molecule with
which antisera react. In cases where this has been studied, most antisera
have recognized the central portion of the molecule although two antisera
have bound the N terminus. Immunological cr:::ss-reactivity of - somatostatin
with other kno‘{:m peptides has not been described in spite of the fact that -
somatogtatin shares structural homology of amino acici residues 10 to 13

'

‘w{t:h secretin ‘and glucagon (residues 5 to 8), gastric inhibitory polypep-—

tides (residues 5,6 and 8) and vasoactive intestinal polypeptide
6 and 7).

Nakagawa 'and colleagues (88) have reported an enzyme=-linked
that used sogmatostatin conjugated to alkaline phosphatase as the

(residues

immunoassay
labelled

The minimum detectable concentration of this assay 'was 40 pg per:

( g
tube, more than that:for the RIAs? ,

2. Bioassay '

Vale et al (89) developed a biocassay for somatostatin that exploits
its GH inhibiting effect on rat pituitary cells in culture. This bicassay
.has heen validated by beﬁg used for the original ‘i%solation of somatostatin.

Essentially, a standard dose-response curve comparing the amount of GH re-

ant igén .

leased in the presence of varying concentrations of synthgtic somatostatin
is constructed and-the concentration of somatostatin-like biologicalactivity
in an experimentél gample is derived from the standard curve after having ‘
* measured .the amount of GH released in the presence of the sample. Further
consideration will be given to this bioassay in the experimental section.

C. ANATOMICAL LOCALIZATION

1. Nervous System

a. Radio:hmnunoassay studies. Several studies have documented
the widespread anatomical distributions of immunoreactive somato’statin‘ (IRS)
in the brain of the rat (Table 3), Vale et al (Table 3, 92) have shown a
compfrrable distribution in the rat brain of somatostatin-like biological

The highest

cactivity as detemined by a cultured pituitary cell bioassay.

concentrations of IRS are found in the ME and medial basal hypothalamus
’ ]
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Table 3, Anatomical Distribution of Radioimmunoassayable and Bioassayai)le

Somatostatin in the Rat Central ‘Nervous System

Bloassa Radioimmunoassay
’ Somatostatin R -
1 ng/mg - - >
Wwet weight IRS ng/mg wet weight IRS ng/mg protein
Reference s . !
Region . 92 ) 90 76 . 71 73 90 76, 91
Median Eminence ) '15.5 3097 248 .
Hypothalamus 4.7 2.12 2.3 1.105  1.397 - 26 73 O
Preoptic arem——2- | 8.4 4.3 -
Septum - . } 066 . — '} 0.522 2.1 1.9
Thalamus 0.5 ‘ 0.15 0.464 - 0.5
"~ Striatum 0.8 0.05 0.281 \ .
Amygdala ~2.1 . 0.35-0.27 3.9 3.7 v
Hippocampus 0.6 \\\ 1.1 0.5
Cerebral cortex 0.9-2.4 0.03 0.52 0.098  0.093 . 2.4 6.7 0.7-1.6
Olfactory bulb 0.02 008 0.152 6.3 1,07 0.5
Cerebellum 0.2 0.02 0.03 0.047 ’ 0.43 0.4 )
Brainstem " 2.5 - 0,05 0.44 0.135 0.9-3.3 5.1 ° 0,9-2.4 )
Spinal cord 5.0 0.67  0.453 0.114., 104 2.4 ;
N ;xrophypop_hysis ’ ; : . t 5.6 '
eal - 0.5 0.14 0.3

\
. .
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with st;bstantial levels also present in i:he preoptic area, amygdala (93),
and spinal cord. IRS concentration is’ low in ttoxe cerebellum and pineal
gland. Brownstein-et al (90) determined that the ME, arcuate nucleus,
periventricular .nucleus, ventral premammilary 'nucleus, and ventromedial
nucleus contained the highest IRS concentrations-of several hypothalamic
nucledi teéted. The ‘circumventricular Brga;ts of the rat also contain IRS
(94) 4n addition to the other hypothalamic releasingohormones, TRH and LHRH

'

(95) . , . :
The regional distribution of IRS in the human brain bears basic resem-
blani:e to that in the rat with highest level_Ls found in the hy-potﬂalamus,
intermediate levels in the cerebral cortex, brainstem, and spinal cord, and
low concentration; in the cerebellum (96). Fetél human brain obtained from
10 to 22 weeks of gestation contained IRS'with concerr't';rations in the cere-
bral cortex being 25 pércent of those in the hypotha‘rlamus (97) . An increase
of hypothalamic IRS concentration occurred with gestational age. By immuno—
histochemical methods IRS was getected in t:hg human hypothalamus as early ‘

as 16 weeks of gestation (99). ,

IRS as- determined by RIA anda immunohistochemistry has ’been' detected in

"the ‘central nervous systém of all vertebraté classes teéted, including Cyclo-

stomata (Table 4). In addition, a RIA study has shown the presence of —
IRS in a peripheral nerve, the.vagus of dogs and cats (157). In the rat
hypothalamus IRS was detectable at 2'days of life, ,increased to a peak con- '
centration at 28 days, and declined thereafter (158). An ;I:hverse relatior:—

ship existed between the hypothalamic IRS and serum GH concentrations during
° d

this period. .
Subcellular fractionation studies of rat hyppthalamus, preoptic area,.

amygdala, thalamus, striatum, and cerebral cortex indicated that 60-70Z of |

IRS was localized in the synaptosomal fraction 6,73.,159). Synaptosomes

from the rat ME contained IRS by immunohistoche;nical staining dn éense

granules 90-110 mm in diameter (160). These observations suggested that

IRS in the rat brain was predominantly localized in nerve termimnals., .

il

b, Immunohistochemical Studies. . ‘

f
' 1

1. Hypothalamus. Immunohisfochemistry hgsn proven‘ particularly
valuable in defining the localization and pathways of neuronal elements

containing IRS. Investigators using various antisera and immunofluores-

B
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Table 4. Phylogenetic and General Anatomical Distribution of IRS J

H - hypothalamus v .
EB -~ extrahypothalamic brain -
WB - whole brain ’
. P = pancreas !
P*- pancreatic islet organ ’ . \ )
GI - gastrointestinal tract ' ;
| \ |
" RIA Immunohistochemistry
! "
Animals . " location References Location References ‘
N ' » ‘% ‘
VERTEBRATA .- ‘ {
MAMMALIA , . LE
humarn H,EB,P,GI  77,78,96-98 H,EB,P,GI 99--107
rat ’ See Tables 3 and 5 H,EB,P,GI 101,106-123
dog , ' H,EB,P,GI 28,78 -~ / H,EB,P,GI 107,124~128
mouse ' §,P,CI 129-131 H,EB 124,132
pig ‘H 5,133 H,P,GI , 101,103,107,108
-gheep _ H 2,134 H,P 101,108 E
ox ° ‘ . H,P 101,108 ;
hamster H,P,GI - 86 - ;
guinea pig .- - H,EB,P 123¥132,135,136 |
K J ’ \ ?
, tupaias H,EB,P,GL 28,87 ) »
nonkey . P,GI 28 EB 132 b
rabbit | P,GI 107 ~ f
'fox ' H,EB 137 . ;
cat EB,P,GI 107,132 §
!
s ‘ P
AVES : . :
chicken ' 0 H,P,GI: 101,107,108, =
, _ . 138,139
pigeon (unspecified)H,EB,P,GL 72 P ’ 141 ' o
{Columbia livia) H,EB,P,GI 140 . '
duck : - " 142 |
qua:l,l:-(Coturnix c. . - ' |
Japonica) . e6r 122 4
N , / )
. /
AN
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Table 4. Phylogenetic and General Anatomical Distribution of IRS (Con't)

. RIA v Immunohistochemistry
Animals h ©  Location Ref eréncﬂes Location References
AMPHIBIA o
frog (unspecified) WB,P,GI .72 \
(Rana esculenta) .H,EB,P,GL 143 -
{Rana temporaria ) - P,GI 144
toad (xenopus laevis) ' H, ,P,QI \140,145 .

tadpole (Alytes obste{:ricans)
newt (unspecified)

REPTILIA ‘
.1lizard (Lacerta muralis)
(Anolis carolinensis)

tortoise (Chersine angulata) H,EB,P,GL

snake ( Wpera berus) . P,GI
(Natzu:x Natrix) P

,OSTETCHTHYES

trout (Salmo gairdeneri )

catfish (unspecified) - WB,P,GI

(Ictalurus puhctata)
daddy sculpin (Cottus scorpius)P*

chichlid (Sarotherodon mossam-—
bicus) H,EB,GI

mudsucker & illichthys-
mirabilis)

anglerfish (Lophius americanus)P*

o \
CHONDRI CHTHYES

torpqdo (unspecified) | WB,P,GI

ratfish (Hydrolagus colliei) WB
l‘Gdagfl?ish (Squalus acanthias) WB,P,GI
{Pyroderma africanum) H,EB,P,GI

A
g

140
144
144

72

144

140 v

152

72
153
144,153
140

H 146 :
H 108 ;
H 147

P,GI 122,148 ?

P 144 ;
s N

£
»
+

H,P,GI 108,149,150

~ p* 151
Pk 144 .
{
{
P 122 Ly
Px 151
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Table 4, Phy]iggenetic and General Anatomical Distribution of IRS (Con't)

- o RIA Immunohistochemistry
Animals Location References Location  References
. N
*
CYCLOS TOMATA . N
hagfish (unspecified) WB,P 72 )
_ Atlantic hagfish ¢ yxine '

glutinosa) . P* GI 144 P% 154
Pacific hagfish (Eptatretus
/ stouti) P*,GI / 155 , 'P 122
lamprey (Lampreta L

fluviatilis) * 2 P 154

INVERTEBRATA
TUNLGATA . . '
sea gquirt (Ciona intestinalis)GL 144 GI 156
3 \ .
/
/f »
A }
[} 1
/
\ 3
~ ' }
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cence Or iumLunoperoxidase methods have observed IRS in nerve terminals of
-the ME of the rat (106,108-116) guinea pig (135,136), dog (124,125), mouse
(124), fo\x (137), duék (142), pig, sheep, chicken, trout 6(108) lizard (147),
amphibians (108 146), and human (99,100) by light microscopy. The external
zone of the ME contained the highest concentration of fibers staining for
IRS which were often in close proximity to capillaries of the pituitary !
portal plexus. Electron microscopic studies (115,161) have confirmed these
obsgrvétions and have identified the IRS in secretory granules 90-110 nm in
diametet". Immunohistochemical staining for IRS and LHRH in the same micro-
scopic sections of rat ME revealed that these peptides existed in two anatom-
ically distinct neuronal systems with no fibers containing both peptides
(162). Cell bodies that stain for IRS are found predominantly in the pre-
optic and anterior periventricular hypothalamus (99,106,111,115~118,125). /
Secretory granules |that stain for IRS and are of a similar size to those in
nerve'termina]is' (161) and synaptosomes (160) of the ME are present in neurons
of the periventricular nucleus by electron microscopy (163). Perikarya, in-
éluding in some cases the magnocellular neurons, that stain for IRS have
been identified in the paraventricular and/or the supraoptic nuclel of the
rat (164,165), human (99), fox (137), duck (142), 'and lizard (147). These
studies, however, contain conflicting evidence whether somatostatin and vaso-
pressin are localized in the same neurons., De Vitry et al (166) have report-
ed only slight staining for IRS in a cloned mouse neuronal cell line that
synthesizes vasopressin and neurophysin, but intense stain:i.ng for IRS in a
different mouse hypoﬁhalamic line, Hoffman and Hayes (125) demonstrated
somatostatin immunchistochemically in small neurons of the dog paraventric-
ular nucleus, but not in tHe magpocellular neurons. IRS-positive fibers

are also present in the neurohypophysis (99,111,125,142,146,147,149),
Staining for IRS occurs in occasional neuronal perikarya in the arcuate nu-
cleus (106,115,125) and in fibers in the arcuate ventromedial and Yentral
premammillary nuclei (111,125). IRS has not been identified in tanycytes

(106,113,142), /" ‘ ‘ .
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ii, Extrahypothalamic nervous system. Cellular elements which

contain IRS are identifiable in the circumventricular organs, other extra-—
hypothalamic brain sites, spinal cx\)rd, primary sensory neurons, sympathetic
ganglia, and nerves ix‘1trinsic to lthe gut, The circumventricular organs, .
which afford a site of molecular exchange through fenestrated capillaries
between the brain and the vascular system and whose functions are poorly
understood (167), contain IRS in two distinct cellular elements. Neuronal
fibers and endings which stain fo:f IRS are found predominantly cloée to
capillaries in the organum vasculosum-of the lamina terminalié (ovLT) (106,
109,111,113,114,116,168,169), subfornical-organ (111,116), and pineal gland
(109,114). Electron n;icrc;scopy revealed IRS—positive secretory granules

90 to 120 mm in diameter in nerve terminals of the OVLT (114,168). Ependy-
mal and subependymall cells contained IRS in the subcommissural organ (109,114)
area postrema and suybfornical organ (11l4)., Neuronal cell bodies which

stain for IRS are present in the zona incerta, bed nucleus of the stria ter=-
minalis, cortical amygdaloid nucleus, hippocampus, pyriform, entorhinal |
and neocortex (170,171) and the reticflar nucleus of the medulla oblongata

.(132). Nerve fibers or terminals that are positive for IRS are located :Ln

the interstitial nucleus of the stria terminalis, nucleus acc(.unbens medfa.l
portion of the caudate nucleus, amygdala, olfactory tubercle, several cor-
tical areas, and the parabrachial nucleus of the brainstem (170,171). Others
(172) have identified IRS-positive structures with the appearance of synap-
tic terminals that surround particular neurons throughout the neocortex,
envelop CAl and CA2 pyramidal neurons of the hippocampus, and diffusely
surround neurons of the reticular nucleus of the thalams. Proteolytic
treatment of sections of tissue wiél;x pronase resulted in a widespread en-
hancement of staining for IRS in ne‘urons in several rat brain regionms “(173).
Johansson (174) has localized IRS to the Golgi apparatus of neurons in the

central and peripheral nervous system. ,
- /

A gystem of primary sensory neurons which stain for IRS exists in the
rat. Dorsal root ganglia contain small cells positive for IRS which are
distinct frorf’; cells containing substance P (175). Also IRS—c\iontaining fibers
are visible in .the dorsal horn of the spinal cord with the highest concen-
tration being in Lamina II. Positive fibers occur in Lissauer 's tract and
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the adjacent part -of the la_lterzl':funicultlxs. Forssmann (176) has identified

IRé-positive fibers distributed extensively in the grey matter of the mam-

malian spinal cord including the vicinity around the central canal (lamina

X), the intermedio-medial nucleus and the lateral column (laminae VI and

VII). Neurons in peripheral sympathetic ganglia of the guinea pig and rat
. stain for both IRS and dopémine beta hydroxylase suggesting they are nora~
drenergic in nature (177). This observation supports the hypothesis that
a neuron can contain more than one neurotransmitter, assuming that rsuch a
role exists for somatostatin. ‘ |

Nerve fiberé staining for IRS are present in- the lamina pr'opriia and
muscular layers of the mucosa, the myenteric plexus, and the submucosa of
the\ra‘xt small and large intestine, but no§ the stomach,(111,178). Neuronal
cell bodies positive for IRS are present in the myenteric and submucous
plexes of the guinea pig ileum (179). Denervation of the ileum reduced the
IRS content of the extemal muscle layer by one third but did not change
the mucosal-submucosal content (179), Tissue cultures of small intestine
from fetal mice studied after three weeks of growth contained fibers posi-
tive for IRS (180). These observations'provide evidence for the existence
of somatostat‘in-cont‘aining neurons which are intrinsic to thé int:est;'tne.

c. Neuronal projectionsﬂ containing IRS. The existence of a neuronal

pathway from cell bodies in the anterior hypothalamic periventricular area
to the external zone of the ME has been postulated based upon direct vis-
ualization by immunohistochemical methods (116,170,171) and lesion studies.
Placement of lesions 1in the periventricular nuclei or transection of nerves
connecting the ant.}or hypothalamic area and the ME resulted in loss of
nearly all IRS staining in the ME (170,171). In addition electrolytic
lesions of the anterior hypothalamic~preoptic a_r:aa (181-183) and complete
(181,184) or anterior (182,184) deafferentation of the medial basal hypo-,
thalamus all reduced IRS concentrations in the ME by over 75% as determined
by RIA. The IRS concentrat‘ion in extra-hypothalamic brain regions was not
affected in these experiments (181,184). Likewise,lesions in the amygdala
did not change IRS concentrations in the medial basal hypothalamus (181)
wﬁich, indicates independence of the content of hypothalamicand extrahypo-

thalamic somatostatin. A projection from the supracptic and paraventricu-
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lar nuclei to the neurohypophysis has been proposed on the basis of stud-
ies on several species (99,137,142,147,164), In support of this pathway,
electrolytic lesions of the anterior hypothal#mic area reduced the neuro-
hypophyseal concentration of IRS by 82 percent-(183).

Krisch (116) has described in detafl by immunohistochemical methods
the projection of IRS-containing fibers from the hypothalamic periventric-
ular perikarya to: 1. hypothalamic nuclei including the preoptic, supra-
chiasmatic, ventromedial, arcuate, and premammilary nuclei, 2. rostral
structures such as the OVLT, gubfoxjnical organ, olfactory tubercle, and
the i\hterstitial nuclei of the stria terminalis, 3. the amygdala via the [
stria terminalis and descending ventrolateral projections, dnd 4. the ME
by descending projectionss ‘

d. Hormonal effects on IRS concentration in the brain., Several stud- '

ies indic.;-_lte that the concentration of IRS in the hypothalamus and some
other brain regions is sensitive to hormonal manipulations. Hypophysectom=-
ized rats maintained for 28 to 133 days show a substantial depletion of

IRS in the ME as determined by immunohistochemistry (185). In addition,
RIA studies have indicated a reduction of IRS levels in the stalk-median
eminence (SME) (186,187),/hypothalamus (188,189), and se;;tal—preoptic area
(190) of rats sacrificed 12 to 28 days after hypophysectomy. In contrast,
ot‘her studies (190,191) have obsérved no statistically significant change
in the IRS levels of the rat hypothalamus and several extrahypothalamic
brain regions two weeks after hypophysectomy. Administration of ‘GH to rats
following hypophysectomy has inhibited the depletion of IRS in the SME and
hypothalamus as determined by RTA (187,188) and in the ME' as determined by
immunohistochemistry (192). Treatment of normal rats with GH increased the °
SME and hypothalamic concentration og IRS measured by RIA (187,188)./ Thege
observations provide a possible mechanism for feedback control of GH on
itself that is mediated by the GH effects exerted on tissue somatostat in.

It is not known at present whether the effects of GH on hypothalamic IRS

. are mediated directly by GH (short loop feedback) or indirectly by the l%oma—

tomedins (long 106p feedback) (187).
7/

Other hormonal effects on brain IRS are of uncertain significance.

a

‘Acute administration of insulin to urethane-anesthetized ratsl caused an

N
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{ increase of the hypothalamic, thalamic, and cortical If{S concentration
within 15 minutes (193). No significant changes of hypothalamic IRS occur-
red after glucose or glucagon injection. Hypothalamic content of -IRS
showed no significant change in rats subjected to: 1. thyroidectomy (189,
190), ii. treatment with tfhyroxine, or iii. thyroidecto;ny ﬁlus treatment
with thyroxine (189). An increase in concentration of IRS in the rat stri-

. ’
atum occurred after thyroidectomy (190). -

i

(2.‘ Gastrointestinal Tract/Pat';creas

®

!

Folél.owing upon the observation by Koerker et al (194) that exo'genously
administered somatostatin suppressed the plasma concentrations of .,insulin,
glucagon, and glucose, Arimura et al (195) first demonstrated IRS by RIA in
the rat pancreas and gastrointestinal tract. A large number of groups have
confirmed the presence of IRS in these tissues, of many animal species.
ITable 5 shows the distribution of immunoassayable IRS in the rat and human
gastro‘intestinallpancreatic tissues. Generally, IRS is present thrb;xghout
the length’ of the gut with the highest levels“ being in the gastric antrum
and the pancreas. The isolated rét pancreatic islets contain the highest

-

IRS concentration of any tissue in this species. Results of similar ana-
tomical mapping studies of IRS dohe on dog (28,78), monkey, and tupaia
(28) tissues are consistent with the distribution shown in table 5. Table
4 indicates the phylogenetic and general anatomical distribution of IRS de-
termined by RTIA and io:mun;hi‘s@ﬁ;:;y in the gastrointestinal/pancreatie
tissues of a wide variety of animals. Among uthe iowef species IRS is gen‘yer-
ally less abundant in the gut than in the pancreas (122,144). One inverte- _

, brate, Ciona intestinalis , of the sea squirt, contains IRS by RIA and immuno~
histochemistry in its gastrointestinal tract (144,156) although other inver- ‘
tebrates studied, including marine arthropods, molluscs, starfish, and
amphioxus, do not contain IRS (144). Somatostatin is therefore likely a

| phylogenetically ancient peptide although the originl of insulin probably
predates that of somatostatin considering that insulin occurs in some in-~
vertebrates that do not contain somatostatin (144), -

There is’ general agreement based on l'ight: and electron microscopic

(, immunohistochemical studies that IRS is 15calized to the D cells of the

i
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Distribution of IRS in Gastrointestinal Tissues ]

IRS ng/mg wet weight IRS ng/mg Protein
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References 195 76 .. 78 77 98 . 195 71 76
Region )
RAT o
pancreas (whole) 0,143 0.17  0.033 33.8 , 26.5 1.8
pancreas (islets) 786
stomach (whole) 0.37 2.4
stomach (body) 0.046 1,66 )
stomach (fundus) 0.463 - 9,5 ~
_ stomach (antrum) 0.426 0.050 9.7 20.2
duodenum (whole) . 0.15 0,017 2,17 1.94 N
duodenum (upper) 0,033 1.6
duodenum (lower) 0.021 1.3
jejunum 0.03 0.07 1.6 2,39 1.94
ileum i 5,22 A
colon - 15.36 P
_HUMAN ’ !
pancreas ° N 0.253 > 0.558 - -
stomach (bod?) 0.294 0.146 .
stomach (fundus) 0.60 B
stomach (antrum) 0.465 1.68 0.508 ' -
duodenum (whole) . 0.345 .
“duodenum (upper) 1.35
- jejunum 0.181
ileum 0.066 . .
colon - 0.033
v
%calculated from data given in reference 195,
- e - e ey
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pancreatic islet and gastrointestinal mueosa (103-105,107,141). In the
-ra;t IRS is ‘concentrated in D cell. secretory granules that are of low to
noderate electron density, have a limiting membrane closely applied ‘t:o the
granule core (120), and have ranged in dismeter from 150-210 nm (119,121,
107) . The diameter of IRS-positive seqéetory granules was similar in pan-
creatic and gastric tissue obtained fro\m the same species but differed
greatly from one species to another (107). D cells from the pancreas and
stomach of humans,' chickens and cats contain distinct IRS-positive secre-
tory granules that are larger in diameter than thogse of rat D cells (105

4

107)- . . o .
Species ‘differences exist in the distribution pattern of D cells in
the pancreas and gastrointestinal tract (107).- For instance, in rabbits
and pigs the oxyntic gland area of the stomach_ contains a higher concentra—
tion of D cells than the pyloric region, whereas ‘the reverse applies in the
dog, cat and human (107). 1In the pancreatic islet of the rat, chinese
hamster, mouse, and human the; D cells ‘are .localized predominantly at the

periphery of the islet- as a sheath just interior to the A cell layer and

exterior to the central'B celle (196). In the horse islet the A and D cells

are more centrally iocalized,. This architectural arrangement causes the
éﬁmatostatin—containing D cells to occur in close proximity to a higher
fraction of the A cells than B cells, a fact which has relevance to a po-
tential paracrine intra-islet function for somatostatin. The D cells of
the gastric glands of rats and h\gans have elongated cytoplasmic processes
which traverse the gastric glands and terminate on gastrin—containing and
hydrochloric acid—producing cells (197). These processes may provide a
pathway for the local release of -somatostatin onto particu.lar cells of the
gastroint:estinal glands, , o
Studies of fetal tissue have demonstrated the presence of IRS at early
stages of development, for Instance 14-17 days of gestation in the rat
pancreas (107,198) and 16-17 ‘z:lays of gestation in the rat duodenum “(107).
By lzirth the rat pancreas contained a concentration of IRS.which approxi-
mated- that in the adult pancreags. Explanted rat embryonic pancreases main-
tained in organ culture independent of nervous input preserved their con~

tent of IRS which suggests. that infervation is not a crucial factor in

A
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f é.;letermining pancreatic IRS content (198). The embryonic chicken pancreas

c‘;.ontained IRS by immunohistochemistry by 3.25 days of gestation when the
- pancreatic bud first appeared (138). Cells po‘sit:ive’ for IRS by immuno-
histochemistry have been observed in the pancreas, stomach and intesatinev
of human fetuses as early as 15 weeks df gestation (107).

; 3. oOther Tissues ’ \

Studies using RIA have de;:ected IRS in thyroid extracts from rats
(71,199) and rabbits (200) and have sh;wn that thyroid IRS elutes in a
simi&.ar volume as svnthetic somatostatin on gel filtration chromatography
(200). Immunohistochemical investigations have revealed IRS in the para-
follicular C cells of the rat (106,111), rabbit (200), dog and human
(202) thyroids althowgh other studies ha‘ve failed to demonstrate IRS im-
munchistochemically in the dog (200) and normal human (200,204) thyrodids.
Thyroid parafqllicular cells that contain both IRS and immunoreactive cal-
citonin have been observed in the rat (201,203) and rabbit (200). Two
( groups have demonstrated IRS in human thyroid medullary carcinomas (204,

205)., L
! | (Luﬁdberg et al (206) have detected a low number of cells staining for
IRS by immunohistochemistry in the norma} human adrenal medulla and a low
to moderate number in two out of three human. pheochromocytomas. One study
(71) observed a low concentration of IRS b§ RIA of rat adrenall gland ex-
- tracts although two other groups (76,195) failed to confirm tt}lis finding.
The chicken thymus contains radioimmunoassayable IRS at a similar
‘concentration té that found in the chicken intestine and contains cells
' that show immunofluorescence due to IRS (207), The thymic IRS is detect- \\
able two daysd after hatching but not beﬂfore. It elutes simil:irly to syn-
) thetic somatostatin on gel filtratrion and ion exchange chromatpgréphy.
v St:}udies of rat thymus have notedlow or undetectable levels of IRS by RIA
(71,195) . -
oo ' . Rumasaka et al (83) detected IRS by RIA and Iimmunofluorescence me—
thods in the chorionic villi and decidua of human placentas studied at
5~12 weeks of gestation. The cytotrophoblast contained a higher intensity
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'in plasma than-a ce”ntrally-dire.ctéd antiserun which would -recognize both

, .
:
, .
. 22 .
,

e e

of IRS immunofluorescence than thelsyncytiotrophoblast. " In contrast;
Fitz-Patrick and Patel (268) detected no IRS.by RTA of human placentas .
at 14, '18 and 36~40 weeks of gestation.

41, Body Fluids

a. Blood. Several studies have detected IRS in the blood of rats, -
dogs and humans although controrvérsy exists about the optimum’ RIA pro-—
cedure and the true concentration of IRS, As is evident in Table 6,
investigators have used a wide variety of procedures to process blood
samples, ranging from no extraction (209-211,213) to a complex method of °
aceti;: acid, acetone and organic solvent extraction (215). Major dis-
crepancies are evident in Table 6 with respect to the concentration of ‘ \
IRS in human blood and rat peripheral and hepatic portal blood. Never-
theless, IRS levels are consistently higher in hepatic and hypophysial

; f)g}:tal blood than in central blood p'ools, an observation which is con-

sistent with the fact that thegg portal vessels drain organs.enriched

in IRS content. It is not possible at this time to completely resolve e
the discrepancies.of IRS concentration observed by different groups. ‘ L.
However, an (atteinpt can be made to indicate the potential problems ,

faced when one tries to measure IRS in blood. These factors may account

for the variety of results reported in the literature' ,

\
' i. Somatostatin binding proteins. Conlon et al (216) have -

demonstrated by gel filtration chromatogrl:aphy at neutral pH the presence h
of a 150,000-200,000 molecular weight binding protein in dbg plasma. When

the authx;fs conducted gel filtration at pH 2.5 no evidence for the bind-

ing protein was found, suggesting that a noncovalent association between o
IRS and the binding protein had been disrupted. Interestingly, an anti- |
serum directed against the N terminﬁs %f somatostati? did not react with

the IRS~binding protein complex whHich suggested that somatostatin asso-

ciated with the binding protein through its N terminus region. Ewvidently,

an N terminus—directed antiserum would measure a lower IRS concentration

free and protein-bound IRS. In another study (70), rat plasma subjected!
to gel filtration at neutral pH revealed one predominant peak of IRS
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.
Table 6. Radioimmunoassay $tudies of Blood Somatostatin
Reference Authors Blood Extraction
collected in Method in Species
d ) -
3
- 209 Harris et al } EDTA, aprotinin none dog
210 - Schusdziarra et al -
211 Kronheim et al aprotinin none human
80 Penman et al aprotinin silica glass human
<
212 Patel acid ethanol rat A
- ° 70 K . Arimura et al acetone rat
213 Berelowitz et al aprotinin rat
' 214 Abe et al - acetone/acetic acid rat
B84 Gillioz et al ethanol rat
— 215 Chihara et al acetic acid- acetone rat
. ' \g\ v
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. --~Table 6. Radioimmunohssay Studies of Blood Somapostatin'(dbn't) S Co . A.a T
) 0y ¥ { B .
Reference Anesthesia ' Sample o Region Normal Concentration
) I I - L IRS pg/ml
209,210 " none plasma peripheral vein ! 120
- ' ' . hepatic portal vein . 275
LIS ' e
5 211 - none . serum peripheral vein
80 none - plasma peripheral vein
212 ' ether plasma héepatic portal vein
A . . inferior vena cava
70 chloral hydrate plasma ) hepatic ‘portal vein
. ) 8
peripheral vein
) 213 ether serum aorta . eﬂ
h R hepatic portal vein
. - hepatic vein .
214 urethane i pldasma 4 hypophysial portal vessels
84 pentobarbital ' plasma hypophysial portél vessels
215 urethane whole blood hypophysial portal vessels
- urethane whole blood jugular vein °
__ pentobarbital whole blood hypophysial portal vessels 113
° pentobarbital whole blood jugular vein 18,1
. Althesth whole blood hypophysial portal vessels 155
Althesin whole blood 15.5

jugular vein
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. eluting at an earlier volume than synthetic somatostatin eluted. The
early-eluting peak was interpreted to be & binding protein-IRS complex be- .
cause of the observation that exogenous somatostatin added to plasma result- ,
ed in a similar elution profile to that of endogenous plasma IRS. Kronheinm
et al (217) have corroborated the existence of a binding protein in blood
by ultracentrifugation sgdimehtataion studies of somatostatin incubated with
human serum. ‘ . -

. In an early study Arimura et al (68) observed that charcoal removed
99% of [125
ment did not prevent cross-reaction of the plasma in the RIA, This is

I-Tyrl]somatostatin added to rat plasma but that charcoal treat-

2

consistent with the demonstration by Ogawa et al (218) that rat and human
plasma showed very low, (1.27) specific binding of [IZSI—Tyrl]somatostatin ;
using charcoal to separate bound and free label. If the observations on dog

125

plasma binding protein apply to the rat and human, then [ I—Tyrl]somato-

statin would not be expected to associate with the binding protein (and there-

fore not to charcoal) because [l25

I-—Tyrl]somatqstatin is considerably modified
at the N terminus compared to somatostatin. However, alternative explana-
tions for‘ the obs/ervations of Arimura et al (68) using charcoal could be:

1. nonspeé:if ic interference by charcoal-washed plasma in the RIA, such as by
degrading the []'25
label bindi;g in the RIA., 2. the existence of a large molecular weight

I—fyrl]somatosta‘tin resulting in an apparent inhibition of

covalently-linked form of IRS, such as a biosynthetic precursor, that, does(»
not bind to charcoal. \

1i. Degradation by blood of somatostatin and [125

I Tryl] somato—

statin, Most studies acknowledge this effect but differ as to the conditions
required to 1nh1b1t the degradation. Two groups (209-211,213) clain apro— e
stinin (a peptidase inhibitor) alone or with EDTA (ethylenediamine; tetraacetic
acid) is satisfactory but others require extraction of plasma to prevent
degradation effects (70,212,215). The half life,of exogenously administered
somatostatin is relatively short, in the range of 2 min (se;a below).

iii. Large molecular weight §peciés of IRS. ~ Patel (212) obser-

.ved a large molecular weight form of IRS from rat hepatic portal and inferior
vena caval plasma that eluted at the vgid volume of Sephadex G-25 columns
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rup in 6 mol/l urea to dissoclate noncovalent bonds. Kronheim et al
(211) also found a voié ;olume peak of IRS on Sephadex G-25 acid chrom-
atography of peripheral venous serum from a small subgroup of humans -
; ~ studied.., Incubation of this void volume material in 6 mol/l urea for
"24'hours followed by rechromatggraphy did not change its elution posi-
tion., However, chromatography of serum from the same subgroup of sub- . -
jects on Sephadex G-50 to achieve greater resolution at larger molecular \
sizes revealed two peaks of IRS that eluted before synthetic somatostatin,.
one at the void volume and the other at an intermediate volume. Serum
from the majority of human subjects revealed only'a single peak on Seph—.
adex G-25 chromatography. Similarly, Berelowitz et al (213) observed
that the majority of IRS in rat plasma from various anatomical sites
eluted as a single peak similar in position to that of synthetic somato-
statin;r Gel filtration under acid conditioné of rat hypophysial portal
‘plasma (84) showed a small peak of IRS that eluted just before synthetic
somatostatin although the significance of this peak is suspect because a
similar peak could be produéed by addition of exogenous sqmaéostatin to
dog plasma followed by gel filtration chromaﬁography in acid (216), Chihara
et al (215) noted four peaks of IRS on ion exchange chromatography of a \
rat hypophysial portal blood extract. It is unlikely thaé the peaks re-
flect binding proteins because synthetic somatostatin added to peripheral
plasma eluted as a single peak coincidentally with synthetic somatostatin.
The precise nature of the three species of IRS with altered charge is un-
-clear though. \
A possible explanaéion for the variety of results obtained with res-
pect to heterogenous forms of IRS in blooq is that the antisera used may P
have differed in their ability to recognize larger formsaof IRS. For -
instance, Vale et al (72) have shown that an N-terminus-directed antiserum -
reacted less well with a large hypothalamic form of IRS than did a centrally-
directéd antiserum. In addition, the various extracgion procedures used
may have differed in theilr ability to solubilize and recover heterogenous

forms of blood IRS.
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( b. Other body fluids. Radioimmunoa/ssayable somatostatin is detec-
table in cerebrospinal fluid (CSF), urine, amniotic fluid and pancreatic

/ e secretions. CST from normal humans was shown to contain means of 35.4 and
55 pg IRS/ml in two studies (96,219). Patel et al (96) found increased
/ , levels of IRS in a variety of neurologicél disorders with very high con-
/ centrations being present in two patients with brain tumours. The possi-
/ bility that the IRS concentration in CSF may bel an indicator of ner':,vous
system disease merits further investigatibn. Human urine contained IRS
at a concentration of 66 pg/mé creatinine (220). It migrated similarly to
synthetic somatostatin in several .chromatographic systems. Fitzpatrick
and Patel (208) demonstrated IRS in hum:an amniotic fluid with mean levels \
- ) at 15-20 weeks of gestation being 320 pg/mi and at 32-40 weeks being 70
: ) pg/ml, The IRS eluted-on gel filtrationm chrOmatography done under denat-
+uring conditions with an apparent molecular weight of >5000 daltons. The
authors argued for the fetus as being the source~ of amniotic fluid IRS be-
cause of the absence of IRS in the plagenta in their study, the absence of
an arteriovenous gradient "of IRS in cord blood and the presence of differ-
ent concentrations of IRS in the amniotic fluids of twins with a monechor:
Jdonic diamniotic placenta. IRS has been detected in dog pancreatic ju'ice
'follov;ing stimulation of pancreatic secretion by intravenous infusion of
secretin and the C terminal octapeptide of cholecystokinin (221). Gel
filtration chx;omatography of the IRS revealeq a major peak coinciding in
elution volume with synthetic somatostatin and a minor early—eluting peak.
Isoelectric focussing also showed two components of IRS with the major
species appearing in the same pH range. as synthetic somatostatin and the

\

minor component focussing at a slightly higher pH,
D. BIOCHEMISTRY

1. Hetero&eneity of Somatostatin—like Material.s

Somatostatin isolated from sheep and pig hypothalamus (4,5) or pig-
eon and anglerfish pancreas (6,7) gqnsisted of the identical tetradecap- - ‘

,\ \e}:tide amino acid sequence. In addition, Pradayrol et al (222) have
\4s0lated from pig intestine a 21 amino acid species with a heptapeptide

v ) extension on the N terminus of somatostatin. : .
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a. Central nervous system. Studies using chromatographic methods

suggest the presence in the nervous system of immunologically and biolog-
ically active somatostatin-like materials which have physicochemical ]
properties different from these of somatostatin. During the original
isolation of somatostatin fromsheep hypothalami a fraction with GH re-
lease inhibitory activity was observed which was distinct from somato-
statin (57). Vale et al (72) described an extraction fraction from sheep
hypothalami which )(ielded two peaks on gel filtration chromatography.

One peak eluted earlier than somatostatin and the other co—eluted with
synthetic somatostatin. The early-eluting form sh,owed reduced reactivity
with an antiserum directed against the N-terminus of somatostatin which
suggests that it may represent somatostatin with an extension or modi-
fication at the N-terminus., Millar (134) has reported that an extract

of sheep hypothalami resolved into four peaks on(gel filtration chroma- i
tography. Two peaks which preceded somatostatir} did not change their
elution positions after incubation under denatuijring conditions, Pig
hypothalamic extracts contain at least ome (133) and possibly two (223)
immunologically and biologically active forms of somatostatin-like mater-
ial which are physicochemically distinct from somatost?tin. King and
Millar (140) demonstrated broad elution profiles on_ ion exchange chroma-—
fography of IRS from rat, pigeon, éértoise, frog and teleost fish hypo-
thalamd% and suggested the possible existence of heterogeneity of IRS.,
Patel and Reichlin (76) observed a form of IRS from rat hypothalamus

and extraﬁypotl:xélamic brain which eluted as a higher molecular weight
material on gel filtration done under denaturing conditions. Spiless et

al (224) identified two large species of IRS from rat hypothalami with
apparent molecular weights of 12,300 to 11,000 and 4,500 to 3,500 daltons.
(The molecular weight of somatostatin is 1638 daltons). These large species
maintained their apparent molecular weight‘s under dissociative and reducing
conditions. Zingg and Patel (225) found large forms of IRS of 25,000 ahd
4,000 daltbns in rat ME and neurohypophysis. Reduction of disulfide bonds
and use of denaturing conditions during gel filtration chromatography did
not alter their elution positions. Both forms of IRS were released from ME

) » ,
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{ ) and neurohypophysis in vitro in the presence of high extracellular potas-'
sium concentration. Gentle treatment of the 25, OOO dalton species of Zingg
and Patel and the 12,500-11,000 dalton species of Spiess et al with tryp-
sin resulted in their partial transformation to a species with a similar
gel filtration behavior as synthetic somatostatin., Mouse hypothalamic ex-
t:a‘cts' also contained two forms of IRS which eluted as larger moiecular
weight\ species than somatostatin (131),

b. Gastrointestinal traét/pancreas. Gel filtration studies have re-

vealed heterogeneity of IRS from the pancreas and gastrointestinal tract.
Arimura et al (195) and Patel and'Reichlin (76) demonstrated an early-‘
eluting species of IRS on Sephadex G 25 chromatography of\ a rat stomach
extract, Arimura et al also.observed that the major species of IRS from
\ | rat pancreas eluted ‘at the vold volume., When this peak was incubated f'zith
8 mol/l urea to dissociate noncovalent bonds and rechromatographed the elu-—
tion volume of most of the IRS had changed to become identical to that of
synthetic somatostatin (226), However, a portion of the early eluting peak
did not alter its position of elution. Conlon et al (227) partially puri-
- " fied dog pancreatic IRS by affinity chromatography and observed two large
/ species of IRS of 12,000 and 3,500 daltons on Biogel P 10 chromatography.
The 12,000 dalton species changed its elution position to i:hat of synthetic {
somatostatin after reduction of disulfide bonds by dithiothreitol, This
observation suggests that the 12,000 species may represernt somatostati_n
bound via a disulfide linkage to a nonimmunoreactive polypeptide. Hetero—
geneity of IRS extracted from human stomach, pancreas, and duodenum was )
mainly eviglenced by a small void:‘ volume peak on Sephadex G 25 chromatography
(77,78). ‘ :

* In a study of both extrahypothalamic and stomach IRS from dogs iyznar
et al (228) reportea IRS species of 12,000, 3000 and . 1600 daltons on gel
filtration chromatography. All three species could be isolated from stom—
ach or brain by affinity chromatography. The 12,000 dalton form h:ad an

N acidic igsoelectrt point on iscelectric focussing but the 3000 and 1600 dalton !
forms had basic isoelectric points similar to that of synthetic/ somatostatin.,
The two smaller forms of IRS did not change their elution positions on gel

(’ , . fil’tre(ition chromatography after incubation in/ 6 mol/1 guanidine HCl and :

/
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dithiothreitcil. In contrast, the 12,000 dalton species wé’s incompletely \
transformed into a 1600 dalton species after similar incubation but not .
after .incubation under dissociating conditions alone. The 1600 dalton forms
from both dog brain and stomach inhibited gastric acid secretion in rats.

IRS extracted from human pancreatic tumours that secrete somatostatin
(somatostatinomas) has demonstrated heterogeneity on gel filtration chrom-
atography. In one case the tumour IRS was stated to elute as two peaks
corresponding to apparent molecular weighits of 12 ,/000 and 3000 daltons and

a third peak coinciding in position with synthetic somatostatin.(229).
Plasma from this patient contained species of IRS that eluted at similar

positions, Another pancreatic somatostatinoma produced IRS that resolved

I
!

into four peaks on Sephadex G-25 chromatography, one of which coincided in
positio'n with synthetic somatostatin and *another of which eluted after the
column void volume (230), @ur pools of fractions from this chromatography
all inhibited insulin and glucagon secretion from perfused porcine pancreas
although it is unclear from the description given in the report whether the

four pools each represented a separate peak of IRS. .

2, Biosynthesis /

Noe and colleagues (152,231) have demonstrated biosynthesis of somato-
statin by anglerfish pancreatic islets. They used radioactively-labelled
amino acids in a pulse-chase protocol and analysed the labelled products
by gel filtration chromatography, poiyacrylamide gel electrophoresis, and
f&IA for somatostatin. A large species of IRS with a molecular weight of o
8000 to 15,000 daltons was initially labelled fo(llowed in time by a smaller
species which behaved immuggologically, chromatographically, and electrophor—
etically like somatostatin. The large species was resistant to strong de-
naturing and reducing conditions but it was cleaved to the small species
of 'IRS by incubation with trypsin., These studies strongly support a hypo-
thesis that somatostatin is synthesized via a larger molecular weight o

precursor,

3. Degradation

a. Central nervous system. Sf:udy of the degradation of somatostatin

has been restricted to the effects of brain fractions or partially purified
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enzyme; on synthetic somatostatin., Griffiths et al (232-234) have observed
inactivation of IRS by cytoplasmic and particﬁlaté (microsomes and mitochon-
dria) fractions of rat hypothalamus, thalamus, cortex and cerebellum; The
cytoplasmic fraction produced the greatest degree of inactivation with a ;
pH optimum of 7.3, The inactivation was eliminated by heating the fractions
to 100°C. Treatment of rats with propylthiouracil for 90 days resulted in
a two-~fold increase in the activity of cytoplasmic peptidases from ‘hypo- -
thalamus but not brain (235). This effect of propylthiouracil was reversed
by treatment of the rats with thyroxine. Marks and Stern (236) have demon-
strated that a neutral proteinase (Cathepsin M) prepared from rat brain

cleaved somatostatin at three probable interior sites: between Pheé-Phe7,

Trp8-Lys , and Thr 10_ h 11. The analogs dihydrosomatostatin (reduced disul-
fide bond) and des~(Ala ,Gly )—N -Ac-somatostatin were also cleaved by this
enzyme. An émipopeptidase of comparatively low activity aldo was present
in crude brain extracts. The analog [D-Trp8]somatostatin was resistant to
endopeptidase activity in rat brain homogenates (237). An acid proteinase
(Cathepsin D) purified from calf brain/cleaved dihydrosomatostatin at the
probable sites Phe6—Phe7 and Trp8—Lys (238), The analog [D—Trp }somatostat-
in was not cleaved, evidence in support of these two proposed cleavage sites.
An indepéndent study by Akopyan et al (239) demonstrated that Catheps;n D
purified from bovine hypothalamus had endopeptidase activity on ébmat&statin.

b. Blood. ‘The half-life of synthetic somatostatin infused intra-
venously is relatively short, 1.82 minutes in the dog (240) and 2.3 minutes
in humans (241). Removal of somatostatin from blood by tissues probably
accounts in part for its short half life, A transhepatic venous gradient
for IRS has been observed in the rat (213) and dog (210) and a trans-renal
gradient between the aofta and renal vein exists in the rat (242). In ad-
dition, demonstration of IRS in urine (220) and a low metabolic clearance
rate for somatostatin in patients with chroniec renal failure (241) are
congistent with a renal mechanism contributing to removal of samatostatin
from blood.

Rat serum and plasma and human serum also inactivate synthetic somato-
statin in vitro (243,244), The inactivation of somatostatin by plasma was
;related to temperature, dose of plasma and time of incubation with synthetic

\
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gsomatostatin (244), Also, the inactivation of somatostatin was eliminated
by heating the plasma ‘and was reduced by benzamidine, a proteinase inhib-
itor., Benuck and Marks (243) have identified in human serum an aminopep-
tidase and an endopeptidase as indicated by cleavage of the analog
des-(Aldl,Glyz)-N3-Ac-somatostatin. The fact that the analog [D—Trpsl
somatostatin was r?sistant to internal cleavage was consistent with an
endopeptiﬁase activity in serum., Somatostatin injected intravenously into
rats was cleaved by an aminopeptidase as shown by isolation of the cleaved

product and analysis of its amino acid composition (245,246).

4, Structure-Activity Relationships ) .

Vale et al (247) and Holladay et al (248) have commented upon the
difficulty of interpretation of data on the’ biological activity of peptide
analogs in terms of structure-activity4relationships. Structural modifi-‘
cation of a peptide may affect biological activity by alteration of
specific essential groups or perturbation of the molecular conforﬁation.
In addition; anlanalog can alter several potential biological events, in-
cluding: 1. distFibuéion in body tissues and fluids, ii. enzymatic degrad-
ation, iii. receﬁtor binding, and iv. receptor-analog complex activation
of intracellular events. Since relatively»litile is known at present )
about these biological mechanisms with respect to somatostatin, discussion
of structure—function relationships of somatostatin analogs has necessar-

ily been predominantly descriptive rather than mechanistic. s,

3

a. Conformation. Holladay and Puett (249), on the basis of physical

chemical sgudies, proposed that somatostatin exists in aqueous solution as
an ellipsoid mohomef with a conformation characterized by a hairpin loop

of the peptide chain with four. to six residues, forming an antiparallel B~
pleated sheet. In their model one end oﬁ the molecule is hydrophobic, con-

" taining Trp8 at its extremity. The other end consists of the Alal—Gly

side chain and the disulfide bond and is hydrophilic. Amino acid substit-

. utions of Phe7 and Trp8 greatly modify the conformation, substitutions of

Phe 1 have lesser effects, substitutions of Phe6 and Thr12 have very slight

effects. Holladay et al (248) interpreted these results as support for
a B sheet structure whichAeffénds from residues 6 to 13 and involves hydro-
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gen bonds between NH and CO groups of residues Pheé and Serl3, and Trp8

and Phell. Veber et al (250) and Arison et al (251) suggested that somato-

statin at its cellular receptor site exists in a different conformation,

characterized by hydrophobic interactions between the Phe6 and Phel% moi-

-
eties.

. b. Activity of somatostatin’analogs on GH release. Somatostatin and

dihydrosomatostatin were equipotent with regpect to inhibition of GH release

in vitro (252) and in vivo (253). The possibility of interconversion of
these forms under experimental conditions could not be ruled out however.
The noncyclic analogs [AlaB’lA]somatostatin (254,255) and [S-MetFCys3’l4]
somatostatin (255) possessed low biological activity but this éoﬁld not

be solely attributed ,to their inability to form disulfide bonds.\ Veber

et al (256) and Garsky et al (257) have demonstrated that cyclic analogs ,
which do not contain sulfﬁr possess signiflcant biological activity. Thi;
indicates that the sulfur moieties are not specifically required for bio-
logical activity. Analogs with the side chain Alal—Gly2 removed (255),
including those N-acylated at the Cys3 residue (258-261), retained bio-
logical activity, which shows tyat the.cyclic portion of somatostatin en=~
closed by the disulfide bond possesses the structural requirements for
biological activity. ‘Additions of amino acids to the N terminus or block-
age of the N terminus by acylation did not affect biological activity
(262)," Amidation of the C terminus reduced the pgtency by two thirds
(262), Deletion of single amino acids revealed a greater than 30 fold re-

duction of in vitro biological activity’in the cases of Pheﬁ, Phe7, Trp8,

Ly59 and Phe11

activity (247,262). Systematic replacement of each residue in the cyclic

indicating the importance of these regidues for biological

portion of somatostatin with its respective D-amino acid revealed tha
[D—Trps]somatostatin (247,263) and [D-CyslA]somatosnatiﬁ (247,262) had
eight and 2,7 times the potency of somatostatin, respectively, although
activity was reduced in the cases of the other substitutions. Studies of
,the effect of halogenation of the indole group of D—Trp8 resulted in the
analogs [D-5F —Trps]somatostatin and [D—SBr-TrpS]somatosdEEin vhich were
25 and 30 times more active, respectively, than somatostatin on GH release

in vitro (264). Substitution of\'l‘rp8 by other groups including the aromatic

e
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amino acid D-Tyr (262,265,266) decreased activity indicating the absolute
requirements for the indole ring at position 8J Although [D—Trps]somatdl
statin is resistant to degradatiod.by brain (237) and serum (243) enzymes,
Vale et al (247) have argued that its high potency may not be due solely

to this property because the analog was highly active in vitro under assay
.conditions in which degradation of somatostatin is not evident. Vale et al
, (247) have reported several seven to ten amino acid analogs of somatostatin
whose activities, taken together with the above results, suggest a model
for biological activity which requires: i) hydrophobickamino\acids at
pdsitions 6,7,8 and 11, ii) lysine ‘at position 9, iii) a spacer amino acid
(Thr in somatostatin) at position 10, and iv) a cystine disulfide bond or
additional amino acids to maintain the conformation of the critical region,
Veber et al (250,267) maintained that the role of Phe6 and Phe 1 in somato-
statin is to stabilize the peptide conformation by forming hydrophobic , '
bonds with each other and that amino acids 7 to 10 are responsible for
neceptor{binding. In support of their formulation they have‘synthes&zed
analogs consisting of amino acids 7 to 10 of the somatostatin sequence that
" are maintained in aconstrained conformation within a bicyclic structure and

exhibit enhanced biological activity.
. <

]
c. Analogs with dissociated activities, Although early observations

~revealedbconévrdant activities of analogs on release of GH, insulin and
glucagon (268) many subsequent studies have discovered analogs with disso-
ciated activities on secretion of GH, -insulin, glucagon and gastric acid

" (247,262,269-271). 1In particular, analogs have been described which have
the following relative potencies for inhibition of the release of the hor-
monés indicated: 1. GH and insulin greater than glucagon (269,272-274),

2. GH and glucagon greater than insulin (275-278), althdugh one study dis-
agrees with this conclusion with respect to the [D~Cy514]-substituted
analogs (279), 3. GH greater than insulin and glucagon (257,280-282),

4, Gldcagon greater than GH and insulin (283). More extensive discﬁssiqn
\ of this clinically important subject is beyond the scope of this thelsis.
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E. BIOLOGICAL ACTIONS

Because the studies described in this thesis primarily concern
somatostatin’ localized in the central nervous system, the presentation
of the biological actions of somatostatin will focus upon its effect on
the secretion of anterior pituitary hormones and its action on neuronal i
function, Detailed discussion of somatostatin's action on non-pituitary ‘
hormone secretion, metabolism and gastrointestinal physiology would be
beyond-the scope of this thesis., Several reviews of these subjects are
available for the interested reeder (284-296).

»

1. -Effects on the Secretion of Anterior Pituitary Hormones.
a. Growth hormone (GH). The inhibitory ‘action of somatostatin on

the secretion of GH has been established in gseveral experimental models

in addition to the adterior pituitary cell bioassay which contributed to’

its original isoletion. By use of a pituitary perifusion model, somato-
stat;n has been’showo to inhibit basal secretion of Gﬁ and release stimu- -
lated by TRH, theophylline, dibutyryl cyclic-adenosine monophosphate (db

cAMP), and high extracellular pﬁéassium concentration (297-300). A re~

bound release of GH occurred within a few minutes of removing the somato-
stgtin (298,299), The basal plasma GH conc
at single time points or as a pulsatile secrgtory)profile were reduced by
somatostatin administration (301,302). Also) sometostat}n inhibited the
stimulation in rats in vivo of GH secretion due to pentobarbital (301,303,
304), morphine (303,305),,TRH /}06), chlorpromazine (307,308), isoprenaline
(308), prostaglandin E, (803 ,309), pig SME extract (309), and elettrical

stimulation of the hypothalamic ventro-medial nucleus and the basal-lateral

ations of rats detetmined

amygdala (310). With reference to other species, somatostatin inhibited

GH secretion under the following conditions: 1. Stimulated in wivo by L-
dopa in the dog (311), 2. Basal secretion in vitro and TRH-stimulated in
_vitro and in vivo in chickens (312,313). 3. Stimulated in vivo by pros-
taglandin'El (314), arginine (315,316), 3,5-diméthyl pyrazole (an antilipo-
lytic agent), sodium propionate, glucagon, and glucose (316) and in vitro
by prostaglandin El (316) in sheep, 4. Basal secretion in vivo in fetal
sheep (317), 5. Stimulated by prostaglandin F,0 in vivo in the bull (318),
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6. Basal secretion in vitro in a teleost fish (319).. ,In contrast to the
above, intracérebral ventricular (icv) iﬂjection of somatostatin to rats
anesthetized with urethane produced’ an increase in plasma GH levels (320).
Studies conducted on normal humans have observed either no .effect
(321,322) or a slight reduction (323) 'of basal plasma GH levels after admin-
istratién of somatostatin. " However, sowat':ostatin convincingly inhibited
the increase of blood GH provoked by sleep (324,325), exercise (326), and
 administration of L-dopa (32!1), arginine (321,327-331), leucine (331),
insulin (328,332,333), ACTH (334), and bacterial pyrogen (335). Acroﬂeg—
alic patients have consistently shown suppression of basal plasma GH levels
in response to somatostatin (322,327-—329,332,336—342l), as well as inhi})—
ition of fhe glucose-stimulated paradoxical rise of pla;'ma GH in subjects
in vwhom this phenomenon occurred (336,338). Acromegalic patients occasion—,
ally respond-also to TRH and LHRH with an increase in serum GH while normal
subjectd do not. ‘In one study (343) the m and LHRH stimulations of GH
secretion were not affected by somatostatin; another study (344), using
a higher dose of somatostatin, demonsfrated Iinhibition Qf the TRH~induced
response. Dwarfs with elevated immunoreactive GH levels (Laron's dwarfs)
treated with somatostatin demonstrated suppression of basal plasma GH and
inhibition of arginine—stimulateﬁ GH release (345,346), Somatostatin in-
hibited basal release of GH but not thyrb:.d stimulating hormone (TSH), pro-
lactin (PRL), luteinizing horomone (LH) or follicle stimulating hormone
(FSH) from cultured human fetal pituitaries obtained from 10 to 18 weeks of
gestational age (347). Human pi.tuitax:y adenomas also disp\layed inhibition
by somatostatin of basal (4, 348) and theophylline-stimulated (349) release
of GH. o \
‘ The use of somatostatin im the therapy of acromegaly has been limited
by its short biological activity in vivo and concern about its inhibitory
action on gecretion _oﬁfdtlggmorfds_x other than GH. Recently described analogs

with prolonged activity and selective action on GH release may prove c¢lin-

ically applicable in the future. ‘ 0

1

b, Thyroid stimulating hormone (TSH). In contrast to its effect on
- GH secretion, somatostatin did not inhibit the basal release of TSH from

cultured rat pituitary cells when 'incubated for less than five hours (350\\,

]
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' 351)., However, when incubated for three days somatostatin reduced the

amount of TSH released into the medium and the total intracellular and
extracellular content of TSH (350). Somatostatin inhibited stimulation of
TSH release from“&ultured rat pituitary cells (350,351) inducged by TRH,

ntheophyl]line and high extracellular potassium concentration. Cyclohexim-
ide, an inhibitor of protein synthesis, did not block the effect of somato-

n””‘

statinon- TRH-stimulated TSH release in vitro (350). Basal and TRH-st imi—

ulated accumulation of TSH in cultured mouse pituitary tumour cells and

incubation media wgre reduced by somatostatin exposure for 24-72 hrs (352).

Somatostatin administration to rats did not reduce basal plasma TSH levels
(351) but inhibited the TRH-stimulated rise in plasma TSH (350,351). Thy-

" roid Hormone produced»an additive effect with somatostatin on the inhibi-

tibn of TRH-stimulated TSH release in vitro (350) and in vivo (350;351) in
the rat. Basal TSH levels were not affected by somatostatin administra-

_tion to bulls (318), but the TRH-stimulated increase in serum TSH was blocked

i

by somatostatin in newborn sheep (353).

Somatostatin has either not affected (321 354) or only slightly reduced

(323) basal serum TSH 1e,vels in humans during the day, but clearly reduced
basal TSH levels during the nig_ht when these are normally®highest (355).
Stimulation of TSH release by TRH was int:libited by somatostatin in normal

humans (330,332,354,356,357) and patients with primary hypothyroidism (330,

354); Somatostatin administration to écromegalics has not reduced basal

TSH levels except in one patient who had a basal serum TSH level above nor- '

mal (337, 338). Elevated basal serum TSH 1in untreated primary hypothyroid-
ism was reduced by somatostatin (358), Somatostatin also decreased
elevated serum TSH levels in a hyperthyroid patient believed to have a
TSH-secreting.pituitary tumor (359). .

c. ‘Prolactin (PRL) . Study of the effect of somatostatin on PRI.

secretion has produced diﬁferent results depending on the experimental

model used. Somatostatin inconsistently inhibited basal release of PRL

* from cultured pituiltary cells from normal male® rats (350,351,360,361) but

more constantly suppressed secretion from cells of castrated or estrogen-
treated male rats (350). With use of anterior pituitary cel;l.s from female
rats both basal and TRH-stimulated secretion of PRL were inhibited (351).
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.- Somatostatin administration to male rats did not affect basal or TﬁI{—'
stimulated* plasma levels of PRL (351). Elevation of plasma PRL le\'rels in
chronically cannulated rats after administration of the dopamine-depleting
drug &l—methyl paratyrosine or after hypothalamic lesions was not affected
by infusion of large doses of somatostatin (ZSO]Jg) - (Martin, J B., personal

\ ! communication) Basal‘release of PRL was not reduced by administ jon of
somatostatin to cultured chicken anterior pituitary cells (313) and in vivo
'to” sheep (314), bulls (318).and monkeys (362). Also, somatostatin did not
! . inhibit PRL secretion stimulated in vivo by TRH, perphenazine or serotonin
| in the monkey (362) and prostaglandin Foa in bﬁlls\(318) but did block .
PRL release stimulated by TRH in cultured chicken anterior pituitary cells
(313) and in vivo by prostaglandin El in sheep (314) . L

A <

Somatostatin administration to normal humans has not affected serum
N ‘ PRL levels in the basal state (321 363), with the ‘egception of one study”
(323), or stimulated by TRH (332,354,356,363), arginine (321), or ipSulin
hypoglycemia (333) . Some acrxg)megalic patients have demons ated 4 reduc— )

’ ‘ tion of serum PRL by somatostatin (337,363) but others have shown no res-
ponse (332,338,342,363)., In one study two of five patients with a PRL-
secreting piguitary tumor responded to somatostatin with a reduction of
gserum PRL (363), Somatostatin inhibited the release of PRL by combined
TRH-arginipe administration in two out of three patient§ with primary

oo - s hypothyroidism (330). :

: d, Luteinizing hormone (ILH) and follicle stimulating hormone (FSH).

! Somatostatin has had no effect on basal (318,350), prostaglandin er-l

. : stimulated (318) or LHRH-stimulated (350) secretion of LH hy rat anterior

' , pituitary cells in vitro and bulls in vivo. Basal and LHRH-stimulated

levels of LH and FSH in humans have not been affected by somatostatin l ~

., administration (321,332) with the exception of a postmenopausal' woman in

whom basal serum LH was reduced (364)., In males somatostatin has blunted
’ the slight rise in serum FSH resulting from TRH administration (332).
. No effect on basal LH and FSH in acromegalics has been observed (337,338).
b - ] e. Adrenocorticotropic hormone (AC;I'H). Somatostatin has had no

effect on basal release of ACTH from cultured oituitary cells from normal

j
g' éa‘; or adrenalectomized rats (365), However, stimulation of ACTH release!by an
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extract bf rat SME aml arginine vasopressin was inhibitedb but only by ‘use
of cells frogp adrenalectomized rats ?d within a limited dose range of
" somatostatin.
‘ In normal humans plasma’ ACTH coxicentrettions vere stabé.e during somato-
_statin infusion (3Z3) and somatostatin did mot affect either ACTH (332) or
cortisol (333) release stimulated by insulin hypoélyce!ﬁia. Serum corti- |
costeroid levels remained normal in acromegalics during a 28 hour infusion
‘ of somatostatinT(SBB) ¢ In contrast, somatostatin gignificantly reduced
elevated plasma’ ACTH levels in 6 patients with Nelson's syndrome (366, 367)
ﬂand 1 patient with Cushing's disease studied 16 days after bilateral adren—~
alectomy (367).

];nc contrast to the complexity of somatostatin's actions ion anterior
pituitary hormone secretion, it has had no effect on the blood concentra-
l tlons’of the neurohypophysial peptides arginine lvasopressin in dogs (368)
or neurophysin in humans (369) . '

2. Evidence for a Physiological Role in the Secretion of Anterior

Pituitary Hormones.

J , Administration of somatostatin antiserum (SS-AS) in vivo or active
imm&nizhtion with somatostatin with the intention to neutralize endogenous
somatostatin has provided evidencé that somatostatin functions as a phys- ‘
'iologically relevant inhibitor of GH secretign. SS=AS given to freely-
moving cannulated rats partially reversed the suppression of pulsatile CH
release resulting from the stress of swimming (370) or prolonged®food
deprivation ‘(371) . ‘Suppression of serum GH induced by electro-shock stress
in conscious rats was also prevented by S55-AS (85). \ S5-AS has elevated
Baqsal GH levels in consciocus dogs (372) and urethane-and pentobarbital-an-—
-esthetized rats (373) and has increased the amplitude of peaks of episodic
GH secretion in freely-moving rats (374). SS-AS abolished the inhibition
of GH release after icv injection of substance FP but dld not alter the
stimulation of‘éH release by opiate peptides given by the same route (375).
Active immunization of baboons agalnst somatostatin resulted in an
inérease in the baseline levels of serum el gampled 'over 12 hours and a
diminution of the secretory bursts (376). The authors suggested that
somatostatin ms}: Jfunction in the baboon as a regulator of episodic bursts
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of GH secretion and that a GH ieleasfng factor was required to maintain a
tonic influence on GH secretion. In support of this model, hypothalamic

‘ deafferentation (377) dand electrolytic lesions of the medial preoptic area -
(37@), which disrupted the somatostatin—containing projection to the ME,

resulted in more fr‘equent bursts'of GH secretior; and an elevation of trough

GH levels in freely-moving \rats. Anterior hypo\thalamic deafferentation

and medial preoptic area lesions in rats also c\omp,rom:},sed the reduction

of plasma GH d\:e tc; stress (182), o

\ ’Somatostatin may/ have an inhibitory role in determining peripheral

blood TSH levels. 8S-AS administration has increased basal TSH levels in

conscious rats (374) ‘and rats anesthetized with ether, urethane, or pento~

birbital (373,579,380). The increase ¢f blood TSH'concentration resulting

from cold exposure (374) or TRH admi{xistration (379-381) was pc_)tentiated

by AS-SS. The effect of AS-SS to enhance .basal and TRH-stimulated blood

TSH levels persisted in rats treated with thyroid hormones or rats subjec-

ted to thyroidectomy (380,381) indicafing a degree of independence of somato-

statin action from thyroid hormone levels. However, surgical!. ablation of
" the medial basal hypo;halamus‘ of rats,' which eliminated thé influence of
‘endogenous somatostatin on the anterior pituitar}:, prevented the stj.mu-\
latory action of SS-AS on both basal serum GH,anci TSH levels (373). Cul-
tured rat anterior pituitawy cells have shown an increased basal release
of TSH in the presence of SS~AS (382). Interestingly, the inhibitory
action of somatostatin on basal and norepinephrine-stimulated TRH release
from cultured rat hypothalami (383) provides another site of action of
somatostatin for inhibition of TSH releas;e ir; addition to its direct pituit—
ary effect,

Consistent with the predominant lack of effect of exogenous somato-
statin on plasma PRL levels in vivo, adminiétration;ﬁf SS-AS to rats did

not alter basal serum PRL concentrations (373,379).
.‘:3
3, Mechanisms of Action on GH Secretion
o - B
a. Cyclic nucleotides. Pertinent studies have primarily investigated

the relationship between somatostatin action and cyclic nucleotides, cal- \

W, .
cium fon flux, and \cellular binding of somatostatin. Somatostatn has .in-
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-hibited the release of GH stimilated by db cAMP (300,384,385), theophyl-

\
'

line (384) and 3-isobutyl-l-methylx&nthine (386)" (both‘ phosphodiesterase
inhibitors) in vitro, and by db cAMP in humans (387), These results
suggested that somatos‘tatin may act on cellular mechanisms distal to cyc-
lic adenosine monophosphate (,cAMP) . * Somatostatin inhibited pituitary
concentrations of cAMP in a basal state —(388-39%and stimulated by theo-
phylline (389) TRH (391), prostaglandin Eq (388,391), prostaglandin Ep -
(389), chlorpromazine (390) , jand 3-isobutyl-l-methylxanthine (386), all
agents which stimulate the secretion of GH. Interéstingly, similar\ struc-
tu,re—activity reciuirements have been shown for reduction of GH .secretion
and inhibition of cellular accumulation of cAMP by relatively fev somato-
statin analogs tested om rat pituitary cells in vitro (392), For instance
[D-Lys ]somatostatin had very slight or no action on-.GH release or cAMP
accumulation. —

Studies of the effect of somatostatin on pituitary guanosine 3',5'-

' cyclic monophosphate (cGMP) levels have reported conflicting results.
" Kaneko et al (391) demonstrated somatostatin stimulation of c¢GMP levels in

rat pituitaries whereas Bicknell et al (393) observed no effect of somato-
statin on basal or acetylcholine (ACh)-stimulated content of cGMP in bovine
/

pituitaries, .
/Notwithstanding the several experiments in which somatostatin

actions on GH release and cellular cAMP content parallel one another there

- exist a number of examples of dissociation between thege two actions.” Stim—

ulation of cAMP accumulation by sodium fluoride and guanylylimidodiphosphate,
both which act upon adenylate cyclase, was not affected by somatostatin

(390) . Exposure of rat pituit i‘y halves/ to Batt i.op caused an increase

of .GH release wittfd;xt an effect on cellular cAMP content (386) . Soﬁlato-
statin inhibited the Ba''-stimulated GH reltase but did not alter pituitary

cAMP levels (386). 1In contrast, somatostatin inhibited cellular cAMP -levels '

in a cloned rat pituitary tumor line, MtT-F4, but did nat affect GH secre-
tion (394). ACh stimulated both GH relerase and cGMP accumulation by bovine
pituitaries; somatostatin inhibited ACh's effect on GH relea but not on

¢GMP accumulation (393). In summary, mediation of somatostatin's actions

on GH release exclusively by cyclic nucleotides is inconsistent with the

\
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above observatioﬁs. * Alternative mechanisms probably participa}ée in de;:er—‘
mining somatostatin's action. '

b. Calcium ion, Althouéh the présence of the calcium ion is réquired
for pir.ui%ary GH release, present studies do not permit a clear answer ‘
whether alteration by somatostatin of calcium transport across pituit.’kry
cell membranes is important to somatostatin's action. Stimulation of GH
release from cultured rat pituitary cells by various secretogogues was de-
pendent on the extracellular calcium ion concentration (385). Somatostatin
paétially inhibited GH release from rat pituitary cells in vitro stimulated
by a calcium ionophore (385), Addition of a high extracellular /S’otassyium
concentrét_iorf (3’95,396)‘, combined prostaglandin Ep and 3-isobutyl-~l-methyl=~
xa:nthine (397) or a calcium-ionophore (398) to perifused bovine pituitary
tissue resulted in an increase of GH releagse and efflux of 45Ca++. In
each case somatostatin inhibited the release of GH without effect on the
45(.‘,a++ efflux, an observation which suggests noninvolvement of calcium mem-—
brane f\lux in the biological effects of somatostatin on the aﬁterior pituit-
ary. In contrast, somatostatin inhibited both GH release and 45 efflux
from bovine pituitaries in vitro stimulated by ACh (393)., Additiomal evi-
dence supporting an alteration of calcium \flux in somatostatin's actio/'ns is ‘
that somatostatin reduced the ASCaH- uptake into cloned hormone-secreting
cells in a basal state (399), and bovine pituitary cells stimulated by high
extracellular potassium concentration (396). However, another study obser-

ved that somatostatin had no effect upon the pdtassium-sti‘mulated uptake -
£ “5ca™ by bovine pituitary cells (395). :
¢, Cellular binding sites for somatostatin. Schonbrunn and Ta’s‘zhj ian
(400) have described cellular binding sites for somato(tfatin on a cloned

rat pituitary tumor cell line, GH,, J_/th&tr gecretes both GH and PRL. The

/ '
presence of somatoitweeeﬁfors on different cell straing correlated well

with the capacity of the ce{lls to respond to somatc)statin. The dose-response
char\ﬁcteristics of somato\stat‘:in binding. tp GH4C1 cells and inhibition of GH
and PRL secretion were quantitatively similar. Somatostatin has also' been °
reported to bind to bovine anterior pitiuitary cell membranes but with a
considerably lower affinity than to GH4C1 cells (401)., No comparison was
made in this study between the charact?ristics ‘'of somatogstatin binding to
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the membrane and the biological action of somatostatin on the bovine pit-
uitary. Ogawa et al (218,402) have 1dentifi'ed and described the physico-
chemical characteristics of a heat-labile somatostatin binding proteim in .

the cytosol fraction of several rat tissues including the brain and anter-

ior pitu:{:tary. Although probably of intracellular origin, the binding

protein could represent an easily soluble membrane protein, It has an
apparent molecular weight of 80,000 daltons and disulfide linkages are re-
quired for its binding to somatostatin. The relationship betwken/ the bio-
logical action of sgomatostatin and its biflding to the soluble protein
remains to be established.

L

4, Actions on the Nervous System

’
a, Electrophysiological studies, /Renaud and colleagues (403,404)

first demonstrated that microiontophoretic appl:igation of somatostatin
depresse({ the firing rate of CNS*_neurons. Using anesthetiz’ed rats a}nd ‘
extracellular recordings they observed a depression of discharge frequency
of single neurons in the hypothalamic ventromedial nucleus and_ Lhe cerebral
and cerebellar cortices in responsé to local iontophoretic applicat.gion of

somatostatin. Other characteristics of the neuronal responses were“ i. an

RS IR

3

increase in the spike amplitude (consistent with membrane hyperpolarization),

"ii. a brief time of onset after initiation of the ejection ‘current, iii,

rapild recovery after cessation of the current, and iv. a graded depression

" of discharge frequency with increasing current: A higher'proportion of

neurons were responsive to somatostatin in the hypothalamus and cerebral

cortex than in the cerebeYlar cortex, The authors concluded that their

results favor a postsynaptuic.rather than presynaptiec site of action.
Other studies have concluded that iontophoretically-applied somato-

‘ e
statin has an excitatory effect on neurons, Ioffe et al (405), using con-

scious rabbits that were habituated to restraint, noted an increase in the

discharge frequency of 58 percent of sensorimotor cortical neurons. The

latency of onset varied from 1 to 40 seconds and the recovery period after

. 3 !
termination of the ejection current was up to 40 seconds, both intervals

being longer than those observed by Renaud et al (403) . Glutamate stim-
ulation of neuronal discharge frequency was potentiated by simultaneous

administration of somatostatin, In contrast, Renaud et al (403) observed

v

*(CNS) central nervous system /
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that somatostatin depressed glutamate-stim@lated neuronal firing. Dodd
and Kelly (406) used tissue slices of rat hippocampus and recorded intra-

- cellularly from CA1 and CA, pyramidal neurons. They observed transmem~
brane depolarization and an increased frequency of action potentials in
response to administration of somatostatin by microiontophoresis, [by direct
pressure injection, and by local application of droplets, The excitatory

effects of somatoétatfn were comparable to those of glutamate in latency

R
e v

and magnitude, In this study a negative current was employed to discharge

the somatostatin at pH 7.0 in contrast to the previous studies (403-405)
which had used a positive current of lesser magnitude., Dodd and Kelly did
not obsei:ve any alteration of neuronal excitability on passage of a posi-
tive current. Notwithstanding the different currents used in the microion-—
tophoretic studies, the simildr results obta;ined by Dodd and Kelly uéing
three methods of \gppylication of somatostatin speak for the validity of
their observations. " |
Randic and Mitelic (407) observed in the cat that microiontophoretic
( ) applicat:f.on of somatostatin depressed the frequency of spinal cord dorsal
/ horn neuron discharges which occurred spontaneously or were activated by
v noxious stimuli applied to the skin., Dorsal horn neurons activated by
gon;-nd‘xious mechanical stimuli were not affected by somatostatin. The
characteristics of the depressant response, rapid onset and recovery asso—
" ciated with an increase in spike amplitude, were comparable to those obser-
ved by Renaud et al (403). Methionine-—enkephalin applied microiontophore—~
- . tically produced similar results to somatostatin, although the opiate
receptor antagonist naloxone blocked the depression of the firing rate after
meth'ionine-enkeppalin but not after somatostatin. On the basis of these
results and immunohistochemical evidence that somatostatin is localized
in primary afferent neurons (175), the authors suggested that somatostatin
may participate in the modulation of .pain sensation.

e Koranyi et al (408)° have accumulated evidence for a depressan§ effeqgt
of somatostatin on neuronal discharges in the mesencephalic reticular
formation of the rat, .Intraperitoneal injection of somatostatin increased

. the time interval between spike discharges in the brain stem reticular
( . formation but only minimally affected thelinterspike interval in the

i ‘ T g
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.of these data are made difficult by lack of any conclusive evidence that i

~

hippocampus. The authors concluded that somatostatin decreased neuronal
activation in the reticular formation but could not rule out the possi‘p-
1lity that somatostatin dould also depress neuronal\ activity in the

hippocaﬁpus. Such an effect could have b’een masked by a competing ten-
dency toward hippocampal activation occurring physiologically as a con-

sequence of decreased reticular formation activation. The interpretation

somatostatin crosses the {blood-bfain barrier.
That somatostatin perturbs the electrophysiological status of neurons

is undeniable; what, is uncertain at present i{s how to interpret these effects

. in terms of a possible physiological function for somatostatin in the

nervous system. The varying results obtained in studies of the brain may
be due to a number of factors, including differences in species, anatom-
ical regions studied, and experimental methods. Two limitations apply

to microiontophoresis as an experimental model. 1. The specificity of the

" neuronal response” has not been established. Renaud et al (404) have demon-

strated that a relatively large number of ~puta,ti.ve neurotransmitters and
peptides depress the firing rate of hypothalamic neurons. Unfortunately,
no gpecific somatostatin receptor blocking agent 1is currently available
to assist in the study of }:his question. Control studies using analogs
of somatostatin would be pertinent, 2. Dose response relationshipé be-
tween electrophysiological events and somatostatin release from the’ t;icro-
iontophoretic barrels have not been defined. Presentlly available tech-
niques do not permit simultaneous quantitation of peptide release and
determination of biological effect at a cellular level.

b. Behavioral studies. Administration of somatostatin into the CNS

of conscious rats produces a characterisitic spectrum of behavior. Havlicek\
and colleagues (409) observed an initial excitation with reduction of

bo\t\:h‘l slow wave sleep (SWS) and rapﬁid eye movement (REM) ,sleep after icv
infusion of iO HUg of somatostatin. This initial effect progressed to

motor incoordination and rigidity of limb extensors in a majority of ani-
mals; one third developed tonic-clonic seizures, éontraction of limb
extensors resulted in rotation of the animal unidireq;ionally on the long-

itudinal (body) axis, which was termed "barrel rotation'" by Cohn and Cohn

+ !

o

™~




?" i N A WHan = wm e <o -

L BE e T,
f

=46~

(

(410) and which has- been observed by other groups (11-413). Administra-

tion of the muscarinic hlockers atropine %10) and trihexyphenidyl (413)

" inhibited "barrel rotation' but haloperidol, apomorphine, reserpine, or

amphetamine did not, suggesting involvement of 4 cholinergic mechanism.

Dir'ect stereotaxic injection of somatostatin into selected brain

- regions of the rat , includﬁng the amygdala, hippocampus, neostriatum and

cerebral cortex, produced similar behavioral effects (414'—417)‘. A dose of
IO.Ol to 0.1 ug caused behavioral activatic;n, stereotyped behavior, and
slight motor incoordination. With increased doses of 1.0 to 10 ug a se-
quence of motor disturbances ranging from incoordination, miscle tremors
and rigidity, to tonic-clonic seizures reé,ulted Sleep disturbances char-
acterized by a reduction of REM and deep SWS occurred with somatostatin
administration to each brain region. Rezek et al ( 418) commented that
several of the behavioral effects of somatostatin were similar to those of
morphine. It is difficult to interpret the significance of these respon-
ses in relation to specifi¢c regional brain effect\s. Since the doses

exceeded local concentrations of somatostatin it is possible that the

effects were mediated via extracellular or CSF distribution of the peptide

over a c?nsiderable distance.

¢. Interaction with compounds active on the CNS. Relatively few

" studies have investigated the interactions of somatostatin with agents
known to act on the CNS. As part of a screening study of the systemic .
pharmacological effects of somatostatin, Plotnikoff et al (419) observed
thaf this peptide potentiated the action of L-dopa in inducing-hyperactiv-
ity, Brown and Vale (420 reported that intravenous somatostatin (1 mg/kg)
reduced by 30 percent the dose of phenobarbital ;;l;l.ch caused death in 50
percent of rats studied (LDSO). In addition, somatostatin decreased f:he
duration of seizures induced by strychnine and increased tI}e LDg of stry-
chnine by 21 percent. These authors postulated a CNS depregsant effect of
somatostatin, To study whether endogenous somatostatin contributes to the
responses of rats to strychnine and pentobarbital Chihara et al (421) ad-
ministered antisomatostatin gamma-globulin icv. Antiscomatostatin globulin
reduced the duration of strychnine~induced seizures and increased the LDg

of strychnine but resulted in an increase in the LDg, of pentobarbital.
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The studies of Brown and Vale apd Chihara et al are in ag:’reeﬁient in con~ N
cluding that exogenously-administered and endogenous somatostatin potehti-
ate the CNS depressant effect of pentobarbital, However, the studies
disagree concerning the effects of somatostatin on strychnine's action'
exogenous somatostatin reduced the strychnine response but endogenous
Somatostatin was Interpreted to potentiate strychnine's action. This dis-
crepancy has been explained by the authors as possibly due to differaices
:i.n the doses of somatostatin involved, low in the case of endogenous som-
atostatin and “high in the case of exogenous somatostatin. The studies
may not be strictly compalrable because of the use of different routes of
administration of somatostatin or globulin. The passage of somatostatin
into the CNS has not been studied; whether modifications to the molecule
or metabol/i/c alterations in the (NS accompany such entry is unknown.

Brown et al (422) have pr?posed that somatostatin may exert a mod—
ulatory effect on the CNS regulation of blood glucose concentration., Hyper-
glycemia and hyperglucagonemia induced by icv administration of bombesin
to rats was inhibited by simultanecus icv iﬁj;action of somatostatin, The '
possibility that somatostatin could leak out of the CSF into the peripheral
circulation to a\t\cLirectly on the pancreas was ruled out by the use of

the analog, des—amino acial*?» 4,5,12,13

-[D=Trp ]somatostatin, that has no
action on glucagon release whet(( given systemically but which, when given icv,
inhibited bombesin-stimulated hyperglycemia - and hyperglucagonemia. Simil-
arly, hyperglycemia p.auseld by surgical stress and icv injection of Brendor-
phin or carbachol was reduced by ic‘v somatostatin. | Because bombesin's action
on blood glucose was dependent on intact adrenal glands the authors con—
cluded that bombesin acted ‘within the brain to increase sympathetic outflow
and adrenal secretion which subsequently resulted in hyperglycemia. Somato-
statin inhibited bombesin-induced hyperglycemia probably via a CNS mechanism
to reduce adrenal epinephrine secretion,

d. Interactions /with the opiate receptor, Somatostatin displays a
- ! ’
relatively weak interaction with the opiate receptor. Cox et al (423)
first observed that somatostatin was active in the guinea pig ileum bio-

~"assay of oplate agonist properties., Somatostatin also inhibited electric—
2

ally-induced contractions of the mouse vas deferens, a tissue which responds
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forebrainf, corpus striatum and brainstem (412),
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in a similar manner to opiates, although somatostatin's action was inter-
preted not to be mediated by the opilate receptor because naloxone did not
block the response ‘to somatostatin (424), Terenius (425) det;mined that )
somatostatin‘inhibited binding of 3I-I--ualtrexone and 3H—dihydromor:phima to
an opilate feceptor preparation consisting of sydaptic plasma membranes from
rat brain. Based on the comgarative compétition of somatostatin with these
two opiate ligands he concluded that somatostatin has partial agonist—
aritagonist properties, In contrast, Pugsley and Lippman (426) concluded
that somatostatin possesses purely agénistié properties based on inhibi-—
ti?n of 3H--naloxone binding to a rat brain homogenate preparation. The
affinity of somatostatin for the opiate receptor{was reduced by 16 fold when
sodium jon was added to the incubation medium, a2 result interpreted to be
consistent with pure agonistic activity. The concentration of somatostatin
which inhibited the'\specific binding of ,3H-naloxone to the opilate receptor
by 50 percent was 5"{.3 X 10“6 M, a concentration much higher than that
required for the inhibition of GH releasé from cultured pituitar)'i cells
or somatostatin binding to pituitary receptors (400).

logs of somatostatin containing amino acids found within the disulfide

Two synthetic ana-

ring of the molecule demonstrated greater affinity for the opiate recep- .

Somatostatin administered icv to rats had an analgesic effect as
assessed by the latency of tail flick in response to heat.(418).
nent with naloxone blocked the analgesic effect. Kastin et al (411) onted

Pretreat-

that somatostatin given icv to rats'antagon‘ized the behavioral effects of

previ?usly—administiered endorphin including sedation, rigidfity, and anal-

.

gesia but not hypothermia. . !

e, Neurochemical effects . T .

Somatostatin administered icv to rats increased L-dopa concentrations
in the limbic forebfain, corpus striatum, cerebral cortex, diemcephalon, '
and brainstem but increased 5-hydroxytryptamine levels only| in the limbic
| \ The eff?ct of somatostatin
on the rate of metabolism of monoamines was studied by prior administration
of a synt;hesis inhibitor.

the rate of decline of dopamine and 5-hydroxytryptamine levels but not

Subsequent :Lnjeci:ion of somatostatin accelerated
norepinephrine levels. The authors suggested that somatostatin increased

the, rate of synthesis and utilization of brain monocamines,
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Somatostatin given icv to rats decre‘ased the content of ACh din
" parietal 'cortex but not frontal cortex, -striatum, hippocampus, diencepha-
lon or brainstem (413), 1In addition, somatostatin increased the turnover
rate of ACh in the diencephalon, bra;instem, and' hippocampus (4‘13,427).
Local injection of somatgstatin into the septal area did not change ACh
content or turnover rate in the hippocampus, which has a septal-hippocampal
cholinergic input (413). Surgical transection of afferent projections to
the hippocampus did not prevent somatostatin's stimulatory action on ACh
turnover rate in the hippocampus ERZ?). These observations suggest that
somatostatin's effect on hippocampal ACh turnover occurs locally and not
indirectly vianeuronal pro[jec‘tions to the hi;pocampus.

A possilble effect of somatostatin on CNS calcium transport was suggested
by the studies of Tan et al (428), Somatostatin (100 ug/ml) €enhanced the
glutamatel—stimulated uptake of 45CaH into synaptosomes, although somato-
statin alone had no effect on 45'Ca++ uptake,  In addition, somatostatin
inhibited the release of 4503H from synaptosomes probably through an
action on a rapidly-releasable pool. Nemeth and Cooper (429) have cautioned
about the interpretation of the action of high concentrations of somato-
statin on biological systems, They observed that 100 ug/ml somatostatin
stim’xlated ACh release from rat hippocampal synaptosomes. Because this
effect was associated with zelease of the cytoplasmic enzymé lactic de- -
hydrogenase and was not calcium dependent the authors concluded it was due
to a\nonspecific action ‘of somatostatin, perhaps by damaging the plasma
membrane. | '

. Cy‘cl’ic AMP levels in the rat hippocampus and caudate/putamen were
increased by icv injection of somatostatin, an effect inhibited by the
B-adrenergic blocker, sotalo}. (430), Based on bioassay data, Goldstein !
and Pavel (431) concluded that intracarotid injection of somatostatin
caused release of vasotocin into the CSF of cats. l

f. Effects on the peripheral nervous system. Three groups (432-434)

have shown that somatostatin decreased the amplitude of contractions of -
strips of guinea pig ileum induced by electrical field stimulation. Soma-
tostatin did not inhibit contractions dué to exogenous adminis}:ration of

ACh or carbachol; naloxone did not ﬁ;odify the response to somatqstatin,
‘v L ’
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Somatostatin also reduced the contréétions caused by field stimulatilon of
the rat vas deferens and the rabbit ear artery, tissu;s sengitive to adren-
ergic agents (433)," Somatostatin did not affect contractions stimulat:ed
by exogenously administered norepinephrine. These groups have concluded
that somatostatin acts through inhibition of neurotransmitter release.

' Williams and North (435) on the evidence of electrophysiological studies of

ganglion cells of the guinéa pig myenteric plexus maintained in a tissue
bath concluded that somatostatin has a direct inhibitory action on neuronal
firing. Blockade of synapticbtransmission did not affect the inhibitory
action of somatostatin, suggesting that somatostatin does not act by modi-
fication of neurotransmitter release. . Naloxone did not block the inhibi-
tory‘ effect of somatostatin, indicating noninvolvement of the opiate recep-
tor. .

g. Effect on neurological disorders. A two hour intravenous infusion

of somatostatin to patients with extrapyramidal disorders and electroen-
cephalographic abnormalities produced no change in the neurological signs
and symptoms nor the electroencephalographic patterns (436).

\

‘5. Release fro;n Nervous Tissue

Althwg%omatostatin in the ME almost certainly participates in the
regulation of GH secretion, its function in other parts of the nervous
system is not yet established. In summary, evidence that somatostatin
could function as a neuro‘:rgnsmitter includes: i. ‘the selective distribu-
tion of somatostatin in anatomic pathways, as for example, in primary
afferent neurons, {i. immunohistochemical localization in nerve terminals
and secretory granules, iii. localization by RIA predominantly in synapto-
somes, suggesting presence in nerve terminals, iv. alteration of animal
behavior after exogenous administration and v. influences on electrophy-
siological properties of neurons. .

An important requirement for a candidate neurotransmitter is that it
be releas/ed from nervous tissue, Several studies have used a variety of
in vitro experimental preparations to study IRS release, including i. in-
cubated rat neurchypophysis (437), ii. Incubated rat hypothalamic synap-
tosomes (438), 1ii, perifused rat hypothalamic and amygdala slices (439),
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iv. incubated rat hypothalamic blocks (440) , v, perifused rat hyﬁothalaniic
blocics (441), vi. incubated rat cerebrFl cori;/ical slices (442), vii. incu-
bated rat hypothalamic slices (443), viii, incubated rat ME fragments (444),
In all except the final study listed above the release of IRS was shown )

< e

to be calcium dependent and stimulated by membrane .depolarization using

high extracellular potassium concenta:ation. Other agents that have stimu-

lated IRS release include. i. dopamine in incubated rat hypothalamic synap- \

tosomes (438) and rat ME fragments (444), ii. a calcium ionophore (440),

rat GH (445), neurotensin and substance P (446) using incubated rat hypo- \

thalamic blocks, and iii. norepinephrine in incubated rat ME fragments X

(444), A large number of neurotransmitters and neurotransmitter candidates

tested failed to increase IRS release from perifused rat hypothalamus (441), -

Vasoactive intestinal polypeptide llms inhibited IRS release from incubated '

rat hy-pothalamic slices (443 ). ' o
Interpretation of studies of IRS release into rat hypophysial portal

‘vessels (214,215,447,448) is subject to the reservations described wal;aove

concerning the wvalidity of RIAs of blood IRS., Using this in vivo model

Chihara et al (447) have reported that icv injection of dopamine., ndrepi.ne-

phrine ang A:Q{Etok uréthane-anesthetized rats and dopan;ine to althesin-an-

’

kb

esthetized rats increased IRS r.:elegse into hypophysial portal blood. Elec-
trical stimulation of ttie predptic area of rats increased IRS release
whereas electrical stimulation of the ventromedial hypothalamus did not
(448). These latter observations are consistent with the high number of i

P

IRS-containing neurons in the preoptic area that project to the ME, '
There are several deficiencies in our knowledge about somatostatin in
nerv,pus' tissue that signal caution with respect to congidering that somato-
statin functions as a neurotransmitter. The mechanism of somatostatin
bilosynthesis and the «vcharacteristics of somatostatin receptors in nervous
tissue are unknown. Release of somatostatin from nerves upon stimulation
of afferents and correlation of endoéenous release and exogenous applica-
tion with biological effects have not yet been studied. Apart from micro-
iontophorétic studies, little data has been reported toncemi.ng events in
the recipient cell which accompany somat:ost@a'tin administration or release.

Specific pharmacological antagonists, "agoni_fsts,' synthesis inhibitors or
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receptor blocking agents comparable to those used for -study of mono-
aminergic or cholinergic systems are presgently not available for somato-
statin,’ ,
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RATIONALE FOR STUDIES UNDERTAKEN -
} e}

In describing the rationale for undertaking these studies I must attempt
to assume the perspective of the state of knowledge about somatostatin that
was available-cat the beginning of these studies. In mid 1976 onlj one pub-
~ lished paper describing a RIA for somatostatin was available (6;8).. The )
; anatomical distribution of IRS had been described but little information was
available about the nature of endogenous IRS, 1In order to unde‘rtake study
" of endogenous IRS in the nervous system we Initially developed a RIA using
a sheep as the source of antiserum, in part to obtain a large quantity of
antiserum. A considerable portion of this thesis is concemed with the
characteristics and validation of the RIA. For instance, deter-mination of
the site on the somatostatin molecule to which the antiserum binds allows
us to use the RIA as a molecular probe for particular IRS determinants in '
tissue or body fluids, .

A bioaseay of GH release inhibiting activity was used an an indepepndent
indicator of :the presence of’ somatoet;acin-like Aactivity in tissues, The
cor:c?mitant observation of GH release inhibit“ing activity lends validityﬁto
demonstrations of IRS made by RIA and, in the case of chromatographically
heterogeneous forms of IRS,could indicate the extent to which they could be
biologically active, S . ‘ . -

} ) An additional use of the §5-AS when coupled to an insoluble matrix was
¥ i/”"?a(s' an affinity c‘hromatogrephy ligand for endogenous ')IRS. Affinity chroma-

o

tography of somatostatin had not previously been attempted at the time this
work was begun and therefore attention was given  to gseveral methodological *
:'fsgue's as desc),zbed in the experimental section. Affinity chromatography

’

«’served mainly to concentrate and partially purify IRS from several brain g

regions and plasma., Another initial motivating factor was that removal of
= IRS by affinity chromatography might prove a us\efui technique for future
study of growth hormone releasing factors without the potential int:erference
by somat:ostatin Affinity chromatography was used to demonstrate the pre-
sence of IRS in plasma. No previously reported stu}dy at tha_t time had iden-
tified IRS in blood, “ '
RIA, bioassay and affinity chromatography techniques were ‘used to demon-
¥ . strate the prisenef {sof s‘omatostatin-like material - in the rat and human retina,
]
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( a neural tissue that had not previously been shown to contain som-

atostatin. The retina is of particu}ar interest as a potential model tig~ '

sue for the futuTe study of somatostatin action 'on the nervous system, The

|

sgudied by others and provide a wealth of background information that may

anatomy, pharmacclogy and physiology of the retina have been extensively
as%is; in the investigation of somatostatin function in the retina.
. - Very little data on the chromatographic. behavior and biological activ-
r ity of hypothalamic or extrahypothalamic IRS was available at the start of
* this work, Again the techniques of RfA, bioassay and affinity chromatography
were applied to the study of this question. Selected anatomiqal regions
were studied for particular reasons: i, ME because it contained predomin-
antly nerve terminals, ii. anterior h&pothalamic—preoﬁtic area berause it
contained a relati}fely high concentration of neuronal cell bodies positive
for IRS by immunoﬂistochemistry, and 1ii. amygdala and cerebral cortex as -
representatives of extrahypothalamic nervous tissues, We were particularly
interested whether IRS‘from these different regions would exhibit similar
or different chromatographic and biological.properties, Because the
content of IRS is dependent upon the integrity of anterior hypothaﬂdcgc-pre—
optic area connections to the ME we wonderéd whether TRS in the anterior
\ . hypothalamic—preoptic area, where presumably the IRS was synthesized, differed
chromatographically and biologically from IRS in thg ME, a.site to which IRS
may have been transported déwn axons from the anterior hypothalamic-preoptic
area, Forms of IRS with heterogeneous chromatographié and biological prop-
erties could represent: i, immunologically cross reactive materials un--
telated to somatostatin except in sharing ‘common antigenic determinants,
ii. large molecul;r &eight b%osynthetic precursors of somatdstatin, iid.
species of somatostatin that were:cheémically modified in a manner specific ’
° to a barticular anatomical site, and iv, degradation products of .somato-
gtatin. These studies may yield clueg tq whether somatostatin biosynthesis
or metabolism proceeds by identical mechanisms ‘in varidus tissues or whether:
particular mechanisms and biological controls of biosynthesis and metabolism
exist in different tissues thét may modify the expression of somatostatin's

biological action(in a tissue-specific manner., .
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A. RIA FOR SOMATOSTATIN ., . ;
, p ;

I . 1. Materials and Methods

a. Materials. The sources.of the peptides used are as follows:
somatostatin for immunization (lot AY 24,910), Dr. H, Immer and M. Gotz,
Ayerst Labdratories; somatostatin for RIA standard (lot 14~206~60), Dr. J. ;
Riyiér,’Salk Institute, (La Jolla California); ITyrl]somatostétin, Dr. J.
Rivier (lot 35-242-30) and Ayerst Laboratories (lot Ay 25,511); N-Tyr-
somatostatin (lot 9185), Bachem Inc.; analogs of somatostatin indi;ated in
Table 9, Dr, J. Rivier; analogs of somatostatin indicated‘ip Table 10,
Ayerst Laboratories; glucagon gastrin, secretin, and gastric inhibitory

: ) polypeptide, Dr. J. Dupre, University of Western Ontario Ctondon, Ontario);

. ' porcine insulin, Connaught Laboratories (Toronto, Ontario); substance P,
Dr. S. Leeman, Harvard Medical School (Boston, Massachusetts); oxytocin, i
( Peninsula Laboratories;svasopressin and rat neurophysin 1, Drs. M.J. Brown- f

stein and H. Gainer, National Institutes of Health, U, S A.; melanocyte
-stimulating hormone—release inhibiting factor (lot AY 24,192), Ayerst Lab-
orat&?ies; TRH and LHRH, (lots 21-34-95 and 14-136-30, respectivel&i, .
Dr. J, Rivier; rat GH,rat LH, rat PRL, and rat TSH (reference preparations
GH~Rp-1,1H-13,PRL-Rp-1, and TSH-RP-1, respectively), hatiqnal Institutes of . é
Arthritis, Metabolism and Digestive Diseases, U,S.A. o ‘ s : é
The sources of the following reagents are: human serum albumin (HSA) j
(Cohn fraction V), HSA (globulin free, crystallized), bovine serum albumin - ;
(BSA) (RIA grade), methylated BSA, chicken egg albumin (grade V, electro- . ‘
phoretic purity), and gelatin (type III, calf skin), Sigma Chemical Co., ‘
[125I]Na1 (100 mCi/ml, 1 Ci=3, 7x10t0 becquerels) Amersham/Searle' carboxy-
methyl cellulose (CM-52), Whatman, Inc.; Freund's complete and incomplete
adjuvants, Difco Lahoratories; sheep gamma globulin (lot 9661), ICN Pharm-

e

aceuticals; -sheep serum, Pel Freeze Biologicals, Inc.; Rabbit antiserum !
against- sheep gamma globulin, Antibodies Incorporated; fluorescamine (Fluram),

Hoffman-LaRoche. " ? \ - i o
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100 pl.5.78 x 10°

~56-

b, Induction of antisera. Antisera to somatostatin were induced in

two adult sheep by, use of ? method that had previously proven successful

_in our laboratory for the development of a SS—AS in rabbits (73). Seven mg

of synthetic somatostatin were dissolved in 2.5 ml of 0.15 mol/I NaCl and
mixed with 2 ml distilled H20 containing 1 mg methylated BSA. The soiﬁtion
was emulsified with an equal volume of Freund's adjuvant, Four ml of
the emulsion were injected intradermally at multiple sites Into each of
two adult sheep (bne male Dorset. type, "54 kg, and one female Suffolk type,
41 kg). The sheep sera were tested for their ability to bind [1251 ~Tyt ]
somatogtatin four week§ after the first injection and at two to three
week intervals thereafter. Booster injections consisted of the same emul-
sion except that Freund's incomplete adjuvant was used. These were given
intramuscularly at intervals of two to three weeks. Both sheep had gener-
ated antisera within a period of 4-5 months., The SS-AS produced by the
male sheep subsequently proved to have g\higher<tité¥ and -gave a more
sensitive standard curve in the RIA.

C, -Radioiodiﬁétion of;jIyrl]somatostatin. Because somafostatin does
not contain an amino acid suitable for iodination the analog [Tyrl]somaﬁo—

statin was used to generate a radiofodinated antigen for RIA. [Tyrl]somato-
statin was radioiodinated}by a modification of the method of Greenwood et
al (449), To 25 ul 0.5 mol/l sodium phOSphate buffer, pH 7 .4, were added
-3 mol/l (10 ng) [Tyr ]somatostatin in 0,002 mol/1 ammonium
acetate buffer, pH 4.6. One to two mCi of [lzsi]NaI (100 mCi/ml) was
added, followed by 25 ul freshly prepared 6.59 x 10~4m°1/1 chloramine-~T
(0,15 mg/ml)dissoiﬁed in 0.05 mol/l sodium phosphate buffer, pH 7.4.
After a reaction time of %0-405 at room temperature, 50 pl 1.31 x lO_3
mol/1 sodium metabisulfite (0.25 ng#1) dissolved in 0.05 mol/l sodium
phosphate buffer, pH 7.4, were added. This was fglloyed, after an addi-
tional 10s, by 100 ul 10Z (wt/vol) HSA (Cohn fraction V) dissolved in
0.1 mol/l sodium phosphate buffe;, pH 7.4. The radioiodinated-product

?

‘'was purified by ion exchange chrbmatography (Figure 1) on a column of

carboxymethyl-cellulose (CM-52), by a previously repotted method (68,73).
The first sharp peak corresponds to the elution of unreacted radioactive
iodide, The rgdioiodinated product in the second peak bound to the SS5-AS.

!
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Figure 1. 1Ion exchange chromatogrdphy of [1251-Tyr1]somato-

statin, A 0.7 x 15 em column was used., Sequential elutions with

2 and 200 mmol/l ammonium acetate buffers are indicated. The

" fraction size was 1.7 ml. |
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lzsI-Tyrl]somatostatin from the second peak in serially

Incubations of |
increasiné mass under the conditions of the RIA resulted in a curve of

binding of radiolabel to the antiserum which was parallel to the radiglabel ]
binding curve obtained in the presence of synthetic somatostatim (Figure 2). — -

IZSI

The specific activity of the [ -Tyrl]somatostatin calculated from the

binding data was -26{ uCi/ug. N-Tyr-somatostatin was iodinated by the iden— Ve
tical procedure described above and produced on similar elution profile
as [1251-'}‘yrl]somatostatin'on ion exchange chromatography (data not shown).

In order to make a rational decision about the composition of the RIA
buffer, the stability of [IZSI-Tyrl]somatostatin was studied in the pres-

ence of different proteins and EDTA concentration, Approximag:ely 4 x 105
counts per minute (cpm) [lzsI-Tyrl]
and 7 days in 0.4 ml buffer consisting of 0.1 mol/l sodium phosphate

(pH 7.2), 0.05 mol/1 NaCl, 0.02% (wt/vol) NaN, and the protein and EDTA
solutions shown in tables 7 and 8., After the incubation period approx-

imately 10,000 cpm were removed for immunoprecipitation using 1:10,000

somatostatin were incubated for 24 h

final concentration of 55-AS and addition of second antibody as described
below for the routine RIAs. Tables 7 and 8 indicate that purified BSA
resulted in less inhibition of [leI-Tyrl]somatostatin binding to SS-AS
than other ﬁroteins. A similar study by Patel and Reichlin (450) indicated
125I;-'I‘yrl]som»at:ostat:in bipding by serum was pre:
vented by boiling, thérefo;/e suggesting that it was due to enzymatic acti-
vity, Tables 7 and 8 demo/r/x/strate that ugse of 0.0l or 0.25 mol/1 EDTA par- f
tially prevented the protein-related inhibition of binding. The tendency
of somatostatin to adhere to glass necegsitated the use of a nonspecific
protein in the RIA buffer. The routine buffer used for RIA was 0.1 mol/l ;
sodium phosphate (pH 7.2), 0.05 mol/l NaCl, 0.0l mol/l EDTA, "0.02% (wt/ r
vol) NaNj, 0.17 (wt/vol) HSA (Cohn fraction V).

The stability of [IZSI—Tyrl]somatostatin and 125I-labelled-N--Tyr-

R

somatostatin was determined after periods of storage at 4%and -30°C (Fig~
ures 3 and 4). The percentage binding of labelled analog was determined
using a 1/10,000 final dilutiom of 'SS-AS under routine RIA conditions
described below. It is clear that storage at 4°c 11!1 the absencé of added
0.1% 6wt7vol) HSA (crystalline) resulted in marked deterioration of binding
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Figure 2, Binding of [125;14—Tyr1]somatostatin to antiserum as

a function of the mass of somatostatin or counts per minute

(cpm) [lZSI—Ty‘L'l]somatostatin i)er RIA tube., Percent bound
1251-Tyr1]somatostgtip specifically bound to anti-

serum divided by total cpm [1251-Tyr}]somatostatin (minus cpm
|

nonspecifically bound) x 100,
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Table 7. Effect of incubation conditions on specific binding of [IZSI-Tyrl] -
) ' somatostatin to antiserum: 24 h incubation
o ( Protein Concentration Specific Binding % '
. ¥ . , ) |
B , EDTA EDTA  EDTA
0 mol/1 0.01 mol/1 0.025 mol/1
Bovine serum albumin 0,1 wt/vol 50.2 49,3 48,5 ;B )
(RIA grade) 0.5 " 50.5 ' 51,0 - 52,4
Human serum albumin 0.1 " 42,4 ) 49,1 48,7
(Crystalline) 0.5 " 46,0 42,17 50,8
' Human serum albumin \ 0.1 " 45,1 51.8 51,8
(Cohn fraction V) 0.5 " 34.8 46,2 48,1 .
Egg albumin 0.1 " 42,6 56,0 47.8 . 4
(chicken) 0.5 ™ o — 35.2 38.0 44,5 é
Gelatin 0,1 " 40,5 43.0 33,6
(calf skin)~ - -
Sheep serum o , 10 voljfvol - 1.7 . 3.3 5.1
’ 1 " 24,1 32.5 34,3
0.1 v 43,1 _ ~~68.1 47.9

s,

" ~
e P R et T .- R - P ' . .o PN -y e e abeam  ~ e M - - -l S e v e e S
ﬁ” i » R - -



P e m 2

PR REE
et T v B e O T bl e e W menin an

SN

A ~ - o~
: f
’ {
Table 8. Effect of incubation caonditioms on specific binding of [ I Tyrl]
somatostatin to antiserum: 7 day incubation
Protein . Concentration Specific binding %
_— ‘ z -
' : EDTA EDTA EDTA
0 mol/1 0.01 mol/1 0.025 mol/1
Bovine sérum albumin 0.1 wt/vol 51.6 57.5‘ 56.0
(RIA grade) 0.5 " 49.8 57.3 57.4
Human serum albumin 0.1 " 43,0 48.4 45,9
(crystalline) 0.5 " 35,6 39.5 39.7
|
~ Human serum albumin 0.1 " ‘ 29.4 56.7 49,7
(Cohn fraction V) 0.5 " 10.0 39.3 40.0
Egg albumin 0.1 " 33.1 54.0 55.8
- (chicken) 0,5 " "11.1 50.6 45,9
- Gelatin . 0.1 u 34.3 47 .6 52.0
— - (calf skin) : ~ -
Sheep serum ’\ 10 vol/vol 0.5 ) 0.0 0.2
1 " 2.0 16.4 17.1
0.1 " 30.0 45.8 52,5
i &
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| ,, ) | —
| P
1 \W“ o } : s SRR e 1 QA SIS R P LA ol shacia s, TS BB e - e e it




H
Q
T

PERCENT BOUND
N o
o o

-1 1

o
L

"o ! SR PR I
0 10 20 30 40 50 60 70

* AGE OF "251-[Tyr'] SOMATOSTATIN (DAYS)
|

l
Figure 3. Binding of IIZSI-Tyrl]somtos{ﬁ%in\ to antiserum as a
function of days of storage of [IZSI—Tyr}'jsomatostatin. Percent
bound is defined in Figure 2. Storage conditions:e 4°C,A 4°C with
0.1% HSA (crystalline) added,0 -30°c,a -30°C with 0.17 HSA (crysta- |
1line) added. | °
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Figure 4, Binding of 1251—labelled ﬁ-Tyr-somgtostatin to antiserum

as a function of days of storage of 1251—1abe11ed N-Tyr-gomatostatin.

Percen7 bound is defined in Figure 2. The symbols are defined in

Figure/ 3. .
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over time, Based on these results storage of the labelled analog below

0°¢c is recommended. The concentration of somatostatin in the RIA stand-

1251—Tyr1] somato-—

ard curve required to inhibit the specific binding of [
statin to antiserum by 50% (EDSO) remained relatively stable over time
under different storage conditions (Figure 5)

d. RIA. RIA was routinely performed using a 1: 20 000 or 1:25,000
final dilution of sheep B (male) antiserum and 10 000 to 12,000 cpm
[1251-Tyr ]somatostatin in a fin% volume of l;OO ul in 10 mm diameter x
75 mm length glass tubes. Standard somatostatin and unknown samples were
added in a volume of 100 yl and incubated for 20-24 h at 4°C. Then a por-
tion of rabbit or hor'se antiserum raised against sheep gamma globulin was |
added at a dilution' determined experimentally to yield an easily visuali-
"zed pellet and a satisfactory prec:Llpitation of the SSl-AS. In most .cases
the final dilutions used were: normal sheep serum 1:1000 and either rab~
bit antiserum against sheep gamma globulin 1:50 or horse antiserum’
againgt sheep .gamma globulin 1:40, Following an additional 16-20 h incu-
bation at 4°C the tubes were centrifugedat 2000 X g and 4°C for 30 min.

The radioactivity in the pellet was determined by a gamma scintillation
counter, for most experiments an LKB Rack-Gamma with a counting efficiency
of 76.2%. Non—specific binding of [1251-,'1‘yr1]somatostatin in the RIA was

3 to 6Z2. .
‘ The horse antiserum against sheep gamma g‘lobulin was raised in a 2 _year
old horse by subcutaneous injection at two sites of an emulsion of 10 mg
sheep gamma globulin 2 ml of 0.01 mol/l sodium phosphate buffer (pH 7.4),
0.15 mol/1 NaCl and 2 ml of complete Freund’ adjuvant, A low titer of

' 85-AS was present five weeks after the primary immunization but the titer
increased after booster.injections of the above emulsion except using in-
complete instead of complete Freund's adjuvant

e, Extraction of IRS from tissue, Adult male Charles River cp
rats were housed in é femperature and humidity controlled room with lights

T
*Done in collaboration with Dr. Robert Benoit.
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Figure 5. tMass of gsomatostatin per tube required to displace 50% of
[lzsl-Ty'i; ]somatostat::{.n in the RIA (ED ) as a function of days of storage *

[1251 -Tyr ]somatostatin The final dilution of antiserum-was—1:10 000.\
The symbols are defined in Figure 3,
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on from 0600 to 1800 h and were allowed free access to Purina Rat Chow and®

— o ‘tap water. The rats were killed by decapitationl and tissge fragments were e
dissected over crushed ice. The tissue fragments obtained were: 1. hypo-
thalamus (anterior boundary-optic chiasm, pc:st:eriorT &unda;y-mmmnillaf'y

bodies, lateral boundaries-hypothaiamic sulci, depth 1-2 mm), 2. anter-

ior hypothalamic-preoptic area (a triangular piece of tissue with its bas

being the anterior limit of the above fragment, depth 1-2 mm), 3., olfac-

tory bulbs, 4. amygdala (a cubic fragment of grey mattér with similar

anterior and posterior boundaries as the hypothalamic fragments), 5. cere-

bral cortex (slices of grey matter from the pariet;al region), 6. brainstem

(“pons and medulla), 7. cerebelﬂlmn, 8. cervical spinal cord, 9. pancreas

(whole or sectioned parallel to itsg ldng axis), 10, stomach (whole stom=-

ach or antrum) » 1l. duodenum (proximal portiom), '12. jejunum (15-20 cm

from pylorus), 13. colon (descending portion), and 14, liver. The gastro—

intesﬁinal regions were washed with 0.15 M NaCl. After determination of -

wet weight the fragments were placed in ice cold extraction solvent, most

( ; often 2 mol/l acetic acidlor 0.1 mol/1 hydrochloric acid (HCl) (tissue wt/

vol extraction solvent,,6 <0.1). In some experiments the tubes were placed
in a boiling water bath for five min and then allowed to cool. The frag-

r ‘ \ments were homogenized using a glass vessel and rotating Teflon pestle

h ‘with a clearance of 0.08 to 13 mm. 'The homogenate was frozen at -20°C over-

night and 'after thawing at room temperature was centrifuged at 2000 X g

,and 4/0 C for 30 min. The clear supernatant was co&lfected and stored at

; -20°d Prior to RIA the extract was diluted in RIA buffer, neutralized

% , using NaOH and phenol red pH indicator, and centrifuged at 2000 x g for, -

B

' 10 m;Ln to remove a small axm'.umt:r of precipitate that formed on neutraliza-

; ' tion,. The protein content of t:issue extracts was determined by a fluoro-
/

metric method using fluorescamine (451). Bovine serum albumin (RTIA grade)

serw,ied as the reference protein.

i 0

f

Results ‘
a. Radioimmunoassay. The specific binding of [ ~I-Tyr ]somatostatin ’

to the female sheep (4) antiserum was 42,37 at a final antiserum dilution .
O of 1:5000, The mass of somatostatin required to displace 50% of the speci- ;(

2.

{
{
{
l

125

/ ' N

$o A I n e e
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. are illustrated in Tables 9 and 10. Alterations of the N and C-terminal

B, sopatostatin to dntiserum which was two standard deviations below the

Y
1
o
~
»
14
.
«
3
3
:
N
B ST VR

125

fically-bound [ I-Tyrl]somat ostatin was 1050 pg/ tube, The male sheep

RSN

(B) antiserum was used for all subsequent studies because its titer and
sefxsitivity were superior to those of the female sheep antisetum. ;

A Scatchard (452) plot of the binding data obtained under the condi-
tions of the RIA is shown in Fig. 6.' The curve is consistent with multiple-
binding sitesméor somatostatin or negatiire cooperativity of the /sites at |
higher concentrations of somatostatin. At lower' concentrations of somato-
statin the binding data best fit a straight line with an apparent affinity
constant of 7,47 X 10 1/mol. Figure 7 displays the mean standard dis-
placement curve derived from 13 RIAs. The indicated peptides in concen-
trations (mass per volutne) of 100 times the maximum concentration of l 1
somatostatin used for the standard cyrve did not displace [1251-Tyr1]
sdm\atostatin from the sheep antiserum. '

The immunological cross-reactivity of several analogs of somatostatin

portions of the somatostatin molecule did not affect its immunoreact'ivity -
;reatly but modifications to the central portion of the molécule corres- ‘
ponding to the sequence of amino acids 4-10 reduced its immunoreactivity
substantially.*' ’ ' \ | -

. The minimum detectable concentration of the R,U:qA, defined as the con—-
centthtion of somatostatin which resulted in binding of [1251-Tyr1'] | .
mean binding dchieved in the absence of somatostatin was 14.3 pg/tube

(mean of 16 agsays) . The within-assay coefficients of variation for samples

" ., containing means of 91 and 304 pg/tube somatostatin were respectively 11.0

(seven determinations) and 12, 3 (nine determinations). The between assay
coefficients of ‘variation of samples containing means of 284,144 and 75
pg/tube somatostatin were 11,5, 13,2 and 13,7 respectively (16 assays).

\

RIA data in most caseswere analysed with a programable desk top cal-

Ao P s e i

qulator (Texas Instruments TI-59) and a program developed by Dr. Keith
Hoyte that uses a logit/nat‘ural logaritim standard curve calculated by

linear regression analysis,

AL

o Ie
*Cross reactivity studies shown in Fig. 7 and Tablfes\ 9 and 10 were done
‘in collaboration with Drs. J. Epelbaum and P. Brazeau.
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Figure 6. Scatchard -plot of binding of somatostatin to antiserum.

The experimental conditions were similar to those of the RIA, , ;
' except that the antiserum wasg present at a 1:10,000 dilution. B/F, "
" Ratio of‘bound to free [1251-Tyr1]somatostati:}. B on the hotizontal .

axis is-the total concentration,of [Txrl]somtoétapm and somato- ‘
( . , ‘o

- statin bound' to antiserum. 3 S '
{
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\ = K &
| y
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SUBSTANCE P
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INSULIN ~
GASTRIN -
<SECRETIN -
NEUROPHY SIN -1
OXYTOCIN -
VASOPRESSIN
QP -

HaH -

rLH -1

PRL -

FTSH

MIF -

TRH-

« LHRH™

SOMATOSTATIN

B/Bo

%
40 ! :

SHEEP B .1:25,000

Bo/T =33.3%67%

13 ASSAYS ME’AN,‘!SD

V/4 LI T T 2 : 3 :
"0 2 10 105 10 10
TEST SUBSTANCE pg/tube ° ’

-

[1251 =Tyr ]somatostatin to antiserum as a function

125

F:fgure 7. Binding of
of somatostatin or otlier peptide concentrations. B/Bo, Ratio. of [
Tyr ]somatostatin bound in the presence of somatogtatin or other peptide
to that bound in the absence of synthetic somatostatin. lSheep B refers
to the animal whose antiserum was used for these studies. T, Total cpm
added to the assay. Fach point is the mean'pf 13 se;;arai:e ass‘aﬁs._ The
vertical lines indicate the standard deviation (SD). GIP, Gastric :thib-
itory polypeptide; rGH rat GH; rLHJ rat LH; rPRL rat PRL' rTSH,-rat
TSH; MIF, melanocyte stimulating hormone releage inhibiting factor,
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Table 9,

Immunoreactlwty*of alanine-substituted analogs of

somatostatm

Ala-Gly—Cys-LyE-Asn—Phe-Phe-Ttp~Lgs—Thr -Phe- Thr-Ser-Cys

1 2 3 4 5-6 1 10 11

12 13 14

ED:, somatostatin/

Analog EDs analog (%)

— Somatostatin - 100 -
: [Ala®*]Somatostatin 175
. ' [Ala‘]Somatostatin 1
[Ala®’]Somatostatin 11
[Ala®]Somatostatin 1
[Ala’]Somatostatin - 1
K [Ala®]Somatostatin 1
[Ala”’]Somatostatin . 21
’ [Ala'"]Somatostatin 18
- . [Ala'']Somatostatin 66
” [Ala'*]Somatostatin e 61

ED.o, Ccncentration causing 50% dlsplacement of '*I- labeled

[Tyr ]somatostatm from antiserum.
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Table 10,

~~ N —_
O o
~
Iramunoreactivity of analogs of somatostatin - o
Arnalog . A Analog/f& somatostatin (%)
Soma?osuitin i ™~ - 100
[Tyr'}Somatostatin 105
Gly-Gly-Gly-Somatostatin . 101
_Leu-Gly-Gly-Somatostatin ) 98
' Leu-Gly-Gly-des-COOH'*-Somatostatin - 101
des-NH.'-Somatostatin B 93
des-COOH"-Somatostatin 75
des-(NH.', COOH")Somatostatin N 97
des-(Ala', Gly?, NH.")Somatostatin — 96
des-(Ala', Gly’, NH;", COOH"*)Somatostatin { 108
des-(Ala’, Gly’)N*-Ac-Somatostatin ' 78
des-Lys*-Somatostatin _ 34
des-(Lys‘, Lys”)Somatostatin - 18
’ zH(l? S—8 (':Hz ’
zHC-CO—Ser-Thr-Phe—Thr-Lgs—'l‘rp«Phe-Phe-Asn-Lys-NH-CHz ~
1 2 3 4 5 7 8 9 1011 12 25
i Retroenantio isomer of des-(Ala’, Gly?, NH;*, COOH")somatostatin
Hg('l S -
:HC-CO-SerlThr-Phe-'I‘hr-Lgs—’l‘rp—Phe—Phe-Asn—Lys-C Gly-NHEt i .
. | 2 3 4 5 7 8 9 1011 121 14 .
Retroenantio isomer of des-(NH.', COOH'Y)somatostatin <1

A, Displacement of '“I-labeled [Tyr'lsomatostatin from antiserum by somatostatin or an analog of somatostatin, derived from: A = By —

Bimun/T, where B,y and Biwun are the counts per min of “].labeled [Tyr']somatostatin bou

and 100,000 pg somatostatin or analog. T is the total counts per min.
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b. Extraction of IRS from rat tissues. Extraction of rat hypothala-

mus and cerebral cortex with either 2 mol/l acetic acid or 0.1 mol/1 HCL
ga\{e similar concentrations of IRS, however extraction of/rat pancreas and
stomach with 2 mol/1l acetic aéid yielded significantly higher levels of

IRS than extra}:tion with 0.1 mol/1 HC1l (Table 11)., The concentration of °
IRS in 0.1 mol/l HC1 exzt{'acts of rat hypothalamus and cerebral cortex de~
clined considerably with prolonged storage at -20% compared to the IRS
concentration in extracts of the same region? stored in 2 mol/l acetic acid
(Table 12). Acetic acid extraction was used‘{ for the majority of subsequent
experiments. Preliminary experiments ;sing a previously described RIA (73)
based on a rabbit antiserum raised in our laboratory dem?nstrated that 2 or
0.2 mol/1 acetic acid extracted a greater amount of IRS per mg wet weight
from rat hypothalamus, amygdala and cerebral cortex compared to acetone,
methanol, or a solution of ethanol-chloroform-H,0-glacial acetic acid (810:
100:90:5), In addition, extraction of.rat ‘hypothalamus, amygdala and cere-
bral cortex by heating the fragments to 100°C for 5 min in 2 mol/1l acetic
acid did not result in a signficantly higher concentration of IRS than
extraction of fragments of the same tissues without heating.

Acetic’ acid (2 mol/l) extracts of rat ‘hypothalamus, amygdala, cere-
bral cortex, pancreas, whole stomach duodenum, jejunum, and colon displaced
[125 I-Tyr ]somatostatin from antiserum in a fashion parallel to synthetic
somatostatin (Figures 8 and 9). T}ne data on the duodenum, jejunum and colon
are not shown., The displacement lines were calculated by a nonweighteq
linear regression analysis using a logit[/natural 1ogarithﬁx transformation
of the data (453), The 95% confidence limits of t\k{e slopes of the displace-
ment lines were determined (454)., 1In all cases the slopes of the displace-
ment lines of the tisgue extracts did'not differ significantly from the
slopes of the displacement lines of synthetic somatostatin when compared by
a t-test (p<0.1l).* This suggests immunological similarity between somato-
statin and the tissue extracts,

In order to validate the extraction procedure for somatostatin and to
determine whether the presence of a tissue extract would interﬁererith
the RIA of somatostatin, recovery studies were done on synthetic somato-

statin added to either tissue homogenates or extracts using 2 mol/l acgtic

t

*See appen&’ix for details of t test,
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Table 11. Comparison of extraction of IRS with 2mol/l acetic acid and
0.1 mol/1l hydrochloric acid

\ 2 mol/1 acetic acid l 0.1 mol/1 hydrochdotic acid
Tissue wet weight IRS wet weight IRs -
. mg " pg/mg wet wt mg - pg/mg wet wt
Hypothalamus 24,05 + 1.89 1800 + 190 26,03 + 1.56 1820 + 200° -,
~
Cerebral cortex . 41,42:4 1,98 519 + 44 38,12 + 3.45 526 + 36 ¥
Pancreas - . 326.1 + 21.5 309 + 40 341.2 + 22.7 139 + 167 2
‘Stomach 3614 +48.5 803 + 105 347.8 +39.8 . 351 + 462

Data are expressed as mean 1 standard error of the mean (SEM), n = 8,

ap<0.01, two tailed t-test, comparing methdds of extraction.

~
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Table 12, Effe“ of duration of storage on tissue IRS concentration T
* Days of °
T ‘ storage at -20 C - Extraction Solvent
Tissue ) Acetic Acid (2 mo’lll) Hydrochloric Acid (0.1 mol/1)
. Hypothalamus 6 1800 + 190 1820 + 200_ PR
| ) 460 1330 + 420 458 + 240 o
N . - \
o . Cerebral cortex 2 519 + 44 526 + 136
. 3264 T 398 + 34 181 + 242
- Data are expressed as the mean + SEM (n=8) )
2p<0,001, p<0.05, two tailed t test, comparing short term storage to long term storage,
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Figuré 8, Binding of [1251 Tyr ]somatostatin to antiserum as a function of
dilutions of rat brain extracts and pg of synthetic somatostatin, B/Bo is
def inedl in Figure 7. 'ln, natural logarithm. Each point is the mean of dup-
licate determinations. The lines were determined by a nonweighted least
squares linear regression analysis,

slope Est SE of 95% conf,

| slope . slope °~ vy iInt, T
somatogtatin -0,977 ‘0.031 +0.086 4,13 ‘ 0.9981
hypothalamus (HYP) -0.971  0.059 . +0.186 -2.23 0.9968
amygdala (AMG) -0,946  0.076 +0,325 -3.31 0.9935
cortex (CX) -0,995  0.017 © 22,67 0.9997

Est. SE glope, estimated s-t'andard error of the slope
95% conf, slope, 95% confidence limits of the slope
y int, y intercept of linear regression line

r, correlation coefficient - I
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Figure 9, Binding of [lZSI-Tyt]‘] somatostatin to antiserum ag a function
of dilutions of tissue extracts and pg of synthetic somatostatin, B/Bo ¢

_ is defined in Figure 7. Thellines were analysed as in Figure 8.

4 3

slopé Est SE of 95% Conf. y int, T

slope slope '
somatostatin -1,150 0,038 . +0,107 5.63 0.9963
pancreas | -1.112  0.03% . +0.094 ~4.21 0.9982
stomach -1.122  0.028 +0.079 . -5.96 0.9983
/
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acid as extraction solvent (Table 13). In each case the amount of synthet:.-
ic, somatostatin added was approximately the same as the amount of endogen-
ous IRS, expec{ted to- be present in the aliquot of homogenafe or extract.
The near complete recoverieé for each tissue indicate that somatostatin
is not lost or degraded before or during the RIA procedure,

" The concentrations of IRS in selected rat I;rain and gastrointestinal

_regions are given in Tables 1l and ‘14. The highest concentrations of IRS

L4

were present in the hypothalamus, anterior hypothalamic-preoptic area
and gastric antrum and the lowegt levels were in the cerebellum and olfac-

tory bulb. IRS was not detectable in liver extracts.

4

B. BIOASSAY FOR SOMATOSTATIN ' , : !

1. Materials and Methods

ka. Materials. The sources of the materials are as follows: incubation

dishes (35x10mm), Corning Glass Works; Spinner Flask, “Bellco; DMEM 1885

culture medium, fetal calf serum, penicilﬁlf.n G, ahd streptomycin“, Gibco;
collagenase (CLS IV), Worthington; deoxyribonuclease (DNAse), BSA (Cohn
fraction V), and HEPES (4-(2-hydroxyethyl)-l-piperazine—ethanesulfonic acid),
Sigma Chemical Co; RIA kit for rat GH, National Institute for Arthritis,’
Metabolism and Diéestive Diseases, U.S.A.; Normal x&mkey seruh And‘gloat/
antiserum against monkey gamma globulin, Antibodies Incorporated. —

b. Method of bioassay. The bioassay of GH release inhibiting actiy-

ity essentially uses the dispersed anterior pituitary cell culture met;hod
developed by Vale and colleagues (89). Male Charles River CD rats wéighing
175-200 g were decapitated, and the anterior pituitary gland was removed
intact and placed in 0.025 mol/l HEPES buffer pH 7.2 containing BSA (Cohn
fraction V) 0.5% (wt/vol), DNAse 10 ug/ml, NaCl 137mmol/1l, KC1 5 mm?lll,

Na,HPO, 0.7 mmol/“]., glucose 11 mmol/1l, penicillin 0.3 .mg/ml.and strepto-
- \

L4 1

mycin O.1 mg/ml. - , . .

The tissue was minced manually using scapel blades and vashed with
HEPES buffer to remove residual blood. The pituitary cells were dispersed
at 37°C in a spinner flask in the above HEPES buf fer containing c‘oi}agenase
0.4% (wt/vol). Manual trituration was performed with a sterile Pasteur
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- Table 13. ‘Recovery of synthetic somatostatin added to homogenates or -
) — extracts of rat Tissues :

. somatostatin recovered .
_ Tissue fragment ,wet weight

il
mg ratlo omatostatin added ) -
R _ - ) Homogenate - Extract
. L _ K-
Hypothalamus - 12.62 + 0.50 T.01 + 0.11 0.92 + 0,07 f;.
- Amygdala . 23.60 + 1,13 0.87 + 0,09 0.96 + 0,12 ! |
A
- —Cerebral cortex 29.96 + 1.56 1.00 + 0,07 , 0.90 + 0.08
Pancreas - 464.5 + 13.4 g ) 0.94 + 0.06
Stomach (antrum) 196.6 + 9.0 . i | 1,01 + 0.04 B 1
Duodenum 355.2 + 13.2 - y ) ~ 0.96 + 0.07
Jejunum t 267.3 + 8.6 . 0.95 + 0.08
7% Colon 254.1 + 17.4 1.02 + 0.07

Data are éxptessed as Mean + SEM, ,
; n=10, except hypothalamus extract (n=7), and colon extract (n=8) . !

In all cases the tissue fragments had been heated to 100°C for five min in 2 mol/l acetic acid }

prior to homogenization, ) -
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- ‘ ' _Table 14, IRS concentrations in brain and gastrointestinal tissues of the rat.
o ‘ Fragment IRS IRS
. wet wt ng/mg wet ng/mg
- Lo ‘mg - wt protein
— ' £Z
Anterior hypothalamic- . R ’
preoptic area 17.79 + o0.68 1.32 + 0,04 24,7 + 1.0
Aiygdala 56.21 + 2,06 - 0.978 + 0,028 19.6 + 0.8
Cerebral cortex 114.38 + 2,16 0.491 + 0,039  10.3 + 0.3
Olfactory bulb B 58,51 + 1.62 0.071 + 0.006 1,12+ 0.17
Brainstem . 183.6 + 5.37 0.311 + 0.013 9.26+ 0,48
Cervical spinal cord 137.0 + 3.96 0.401 + 0,013 13.2 + 0,4
Cerebellum 261.1 + 4.10 0.047 + 0.003 1.11+ 0.09 .
Pancreas - ' 362.4 + 18.0 B 0.332 + 0.036
' Stomach (antrum) 331.9 +13.7 0.869 + 0.058°
Duodenum (proximal) 376.1 +17.9 0.096 + 0,013 -
L;,a‘ Jejunum ) 284.7 + 9,6 0.096 + 0,17
S Colon . 2948 + 8,2 0.130 + 0.022
Liver 155.1 + 8.9 <0,01

Data are expressed as mean + SEM.
.- n=8 except for liver where n=2, -
The concentration of IRS is not cor/rected for recovery,
_The extraction solvent was 2 mol/1 acetic acid and the tissue fragments were
minutes before homogenization. \

heated to 10090 for five
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pipette that had had its open:h;g reduced to <1 mm by 8 Bunsen burner. The
dispersion process ylelded a opalescent suspension after approximately 1 h. -
The cells were next Eentrifuged for 5-10 min at 800 X g and washed once
with incubation medium consisting of DMEM 1885, with added fetal calf senim
10Z (vol/vol), glucose 11 mmwol/1, HEPES 15 mmol/l,penicillin G 0.3 mg/ml,
and streptomycin 0.1 mg/ml. 'i'he cells were portioned out in 2 ml fractions
containing approximately 2 x 10 cells to 35 x 10 mm culture dishes.

After preincubation for 3 days at 37°c in 95% air-5% CO, and 100% humidity

v

2

the mediym was Temoved and the cells, which had attached to the bottom of

the dish, were washed once with incubation med 1um composed as above except

" that the fetal calf serum was replaced with BSA (RIA grade) 0.1% (wt/vo]:)

to ‘avoiwd the presence of plasma peptidases that could degra‘dé”rsqinatostatin,
The actual bioaasay consisted of adding 800 Ul of fresh culture
medium, BSA 0,12 (wt/\iol) per dish followed by 200 ul of either: (1) .a

~ standard solution of 20-1280 pg sym:hetic somatostatin diluted ig incuba-, ‘

tion medium, BSA (RIA grade) 0.1%Z (wt/vol) or, (ii) neutralized experimen-
tal samples diluted similarly as synthetic somatostatin. After incubation
for 3 h, the culture medium was aspirated and stored at -20°C- for subse-

quent RIA for rat GH.

c. RIA of rat GH. RIA of rat GE was carried out using the materials
and instructions included in the kit provided by the National Institutes
of Arthritis, Metabolic and Digestive Diseases, USA. o

" The standard rat GH preparation was GH-RP-1. The staﬂdatd dose res-
ponse curve ranged from 0,156 to 20 ng rat GH per tube. The between—assay,
cOefficient of variation was 11.3% for a samle containing 1.§7 ng of rat
Gi (n=20), Separation of bound and freé 1°I-labelled rat GH was achievéd
by a double antibody techn:\i.que using normal monkey serum and geat anti-
serum raised against monkey gamma globulin., The incubation media from the’

bioassays were diluted in ‘rat GH'RIA buffer and assayed }in duplicate.

o

2. Results
A standard dose response curve of the fnhibition of rat GH reledse

from anterior pituitary cells by increasing concentrations of synthetic . .

s’dmatostati‘n is shown in Figure 10. A 50% maximum inhibition &f rat GH
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