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ABSTRACT 

A radioimmunoâssay ,was developei to_ determine the concentrëltiot). of 

immunoreaetive somatostat1n (IRS) in erude and partially-purifed extracts 
'l ' \" __ 

of various anatomical regions of the nervous system t inël.uding the~ina. 

Affinity chromatography using somatostatin antiserum served tp concentrate 

lRS ,from the ret~na and other brain regions. Retina1 lRS from rats and .., 
, " humans inhibited the release of growth hormone in a bioassay in a smilar 

manner as did synthetic somatostatin. Aff,inity chromatography-puri~ièd 

extracts of' rat median eninence, °anterior hypothalamic-preoptic area; '>"amyg-
t 

da1a ànd cere~ral cortex, when subjected to gel filtrat/ion ehromatograp~y., 

e1uted with similar profiles characterized by four lRS peaks of whieh , 
the third to e1ute was 1argest and had a coineidenta1 elution, position . - '/ 
with synthetic somatostatin. The lRS in each peak- from aIl four brain 

regions was biological1y active as assessed by its ability to inhibit 

growth hormone secretion, 
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RESUME ( . 

On a fait un dosage radio-inmunologique pour déterminer la concen-

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

~ulaires bruts et partiellement purifiés provenant des dVférentes régions 

anatomiques du système nerv.eux, y compris de la rétine. La chro'Qlatographie 

d'affinité avec usage d'antisé:r;um de somatostatine a servi à concentrer' 

la SIR de la rétine et des autres régions du cerveau. La SIR rétinienne 

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

l ' 
dans un dosage biologique, d'une façon comparable à célIe de la 

somatdstatine synthétique. Des extraits purifiés par chromatographie 

d'affinit:é et provenant de l'éminence médiane, de' la 'zone préoptique 
L 

antérieure de l'hypothalamus, d'amygdales et du cortex cérébral de rats, 
" 

lorsqu' ori les a so~s à la chromatographie de filtration par gel, ont 

été élués aveè ::'~es profils siInilaires caractérisés par qua~re pics de SIR,' 
1 ~ ( 

è,' ~ 

dont le troisfême, le plus---grand, présentait une position d'é1ution' 

eorncidant avec la sO""toatati~thétiqU': La SrR dans eha~un dea pies' 

~ "de~ quat/res regions du 'cer:ve~u ,iit"ait~o10giq.ue~~nt active, comme l'a 

'~UVé son pouvoir d 'inhiber ~a Sécr~~\ de 1 'hot'mone de croissance • 
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INTllODUÇTION 

I. G~NERAÏ. OBSERVATIONS ON PEPTIDES COMMON Ta THE BRAIN AND 

GASTROINTESTINAL TRACT 

Because the studies described herein almost solely concern the peptide 

somatostatin as it exists in the nervous system it would be appropri~te,as 
1 

an, introctuction to consider somatostatin in a mox:e general sense as a 

member of t conceptually new c~ass.. of 'biologically act;lve peptides whi~h 
, are localized in the nervoüs system and gastrointestinal tract or pancreas. 
"-

Von Euler and Gaddum (1) in' ~93l firs~ identified biological activity due r' 

to substance P in extracts of horse brain and intestihe, but it was not until 

1970-71 that the peptide responsible for the biological activity was isolated 
J 

from brain tiss~e of çattle and its structure was characterized (2,3). A 

number of radioimmunoassay (IU;A) and 1unnunohistochemicfll st~dies in 1975 

demOIl'S~rat~d somatostatin-li~ act:l.vity distributed widely throughout, the 

nervous system, pancreas, ~'gastrointestinal tract. Subsequently the 
, 

list of peptides eommon to the bra:l.n, pancreas and/or gastrointestinal tract 

114s grown J:o includ-e the several indieated, in Table 1. Of this list, , only 

somatosta~in, substance P, and neurotensin have been isolated from both 

brain and gastrointest~nal tract or pancreas and have bad their amino acid 
, , 

sequences determined. Evidence for the inclusion of the others in the group 

of b~ain-gut peptides is based on the demonstration of immunologieal re-. 
activity, either by RIA or immunoh:l.stochemistry, and 18 therefore suggest~ve, 

but not ,definitive o For instance, controversy exists with respect to whether 

thyrotropin releastng hormone (TRH)-like immunoreact!vity in a variety of 

~ ex:trahypothalamic tissues and fluids represents true TRH or an immunologi

~ally--cross-reactive noIn-TRH mat~rial (41-44). 

'!'hese peptides and in particular somatostatin' have shown a wide variety 
-

of biologiea! actions in many experimental models that when considered 
" ' 

along with the anatomical loea_ation of the peptides have revitalized the 

-,r eonc~pt of paracrine' secr~t1on (45)/. This term' refers' to the release from 

eells of a chemical transmitter; into the interstitial space ta influence the 

function of adjacent or nearby cells. ~though c1assical neuro~ransmission 

\ 
,\ If' 

l, 
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Table 1. Peptides Identified From Brain, Pancreas or Gut 

c..:ç 

S-amino acid sequence determi.ned on iso1ated peptide 

l'''iden~ification prima!ily by immunologiea! methods 
, , , 

1 

Peptide Brain \; , ' Gut Pancreas ~ References 
t' 

Somatostatin S l S 4-7 

Substance P S '-,5 2,3,8 

Neurotensin S S 9r 10' , 
Adrenocorticotrop~ 

(ACTH) l l 11-13 

Bombesin l l 14,15 
'\. 

Cho1ecystokinin l S 16,17 

S-endorph1n l l 18,19 
",- Enkephalins S l 20,21 

Gastrin l S 22 ,-

Glucagon l l S 23 

C Insu1;n l S 24 

Luteinizing hormone 
releasing hormone 
(LHRH) S l 25-27 

Motili.n l 5 28 

Pancreatic 
Po1ypept~de l l S 29-31 

Thyrotropin 
Releasing hormone 
(TRH) S l l 32-37 

Vasoactive intestinal 4 
polypeptide (VIP) l S 38-40 

( 
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would strictly fit the description of paracrine secretion the term 1s most , 
commonly us~d in r~f erence t.o the peptides and cells of the paI}-creatic islet~ 

and gastrointestinal glands. Feyrter (46) in ~938 first brou~ht attention , ' 
to the common histological characteristics of a series of argent affin "clear 

cells" in the gastrointestinal tract in a paper titled Uber Diffuse Endokrine 

Epithelialeorqane suggesting the functional role of these cells. He subse- \' 

sequent}.y referred to the series of "clear cells" as constituting a parakinen 
, 1 

system to emphasize his hypothesis that the ·cells acted on their neighbours 

(47). The evidence to support a paracrine function for somatostatin will be 
1 

detailed r~low, but ~,summary the argument for paracrine secretion remains 

presumptive based primarily on anatomical studies and the effects of exogen

ously administered peptides. 
1 .~ 

The APUD (amine precursor uptake and decarboxylation) concept of'Pearse 

bears discussion here, because it receives considerable support by the exist

ence of the brain-gus. :pe~tides (48-50). The original formuiation of. the, 

APUD concept in 1966 t-eferred to a group of 'èndocrine cells which shared 

~ytoèhemical charatteristics of which the mest prominerit was the production 
; 

of biogenic amines (51). Original1):", Pearse, suggested the/sé cells were de-

rived from embryological precursor cells of a "neural ori~:l,n, perhaps coming . / ' 

from the neural crest" (50). Subsequent embryological developmental éxperi-

ments, including particularly those of LeDb~rin (52) using the technique of 

allografting quail embryonic neural tissue into',chick embryos to prod~ce quail-
, 

chick \!himeras~ demonstrated that only 6 or 7 out of 40 APUD cells actually 

arase from the neural crest. tn a recent formulation' a second subgroup of 

APUD cells, including the hypothalamus, pituitary and parat;J1yroid - glands, 

wàé proposed ta originate from neuroectoderm or specialized ectoderm such as 

the placodes (50,53). The peptide-containing cells of the gastrointestinal 

tract and pancreas are of obscure embryological.'origin~ as evidenced by 
Nt, 

Pearse's suggestion that they arise from the primitive ectoblast (49,50). 
-, , 

Although the APUD hypothesis has been of great -importance' by 'concep-

tually linking diverse cell types, perhaps an inordinate amount of atteption 

., in the literature has been given to attempts to identify a conunon embryological 

origin of these cells. r't appears to the author most clear to simply' consider , /"' . 
,that severa! cells, including those of the brain, share 'a fundamental common 

" ,.... - f 
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characteris;ic of expression of ge~es for synthesis of certain biologically 

active pepttdes ànd/or mo~oamines~ The significance of th:1s fact in tetms 
1 

of the regulation of biosynthesis and the expression of biological activ-
) , 

ity of the brain-gut peptides in differént tissues presents an ;!.ntriguing 

subject for future investigat~on. 
l 'I)! / 

, 
II. SOMATOSTATIN 

A.. HISTORY < " 
, 

'The disco;very of somatostatin was a direct consequence' of the studies 

of Guillemin and éolleagues directed toward isolation and characterization 

of'the hypothalàmic factors that regulate the sec~etion,of anterior pit

u~tary'hormones. This group and Schally and coworkér~ had p~viously 
; -

valida~ed the hypothalamic.releasing hormone concept by their char~~tèri-

zation of TRH (32,33) and luteinizing hormone releasing hormone (L~) (25/ 
/ 

26). During their search for growth hormone releasing factor* Guillemin 

and coll~agues observed the presence of a gr~~h hormone (GR) release inhib

iting property in extracts of ,sheep hypothalami. They accomplished the 
v \ ("'".( ). 

isolation and determination of the amine acid sequenc~ of a tetradecapep-

tide, , .--.. \ \ 
~a-5tY-CYS-LYS-Asn-Phe-Phe-Tr~-LYS-Thr-Phe-Thr-Ser-cys 

1 2 . 3 4 5 6 0 7 8 9 10 Il 12 13 14 

named somatostatin, or somatotropin release inhibitirtg factor, which accou~-
\ . 

ted for the observed biologieal activity (4,55-57). A crucial factor in 

..... the successful isolation of somatostatin was the use of a highly ,sens1ti';'e 
1 

and rèproduciole bioassay of inhibition of release ,of GR from dispersed 

anterior pituitary cells in culture (58). Krulich and colleagues (59-62) 
" 1 1 ~ a 

had previously observed a GR release inhibiting activity in acetic aeid 

extr,act·s of shei!J and rat hypothalami and had described an ana'tomic~l 0 

19cal!zation of th1s inhibitory factor in the anterior hypothalamus and 

• ... *The reader interesfed in the h1storYrof researeh on growth hormone releas-

ing ,factor, which is still uncharacterized, 1s referred ta the comprehen

{. sive review by Reichlin (54). 

/. 

i , 
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, median eminence (ME) of the rat whic'h i5 basically simUar t'ô, that' subse

quently determined for somatostatin by use of RIA and immunohistochem1cal 

me~hods. .. 
~ Somatostatin has now addi~ionally been 'isolated from pig hypothalamus 

(5)~ pigeon pancreas (6) ~nd' anglerfish panc~eas (7). lt bas had the iden-
, -

tical amino aci~ sequence as sheep hypothalamic somatostatin in aIL cases. 
, ' 

Chemical synthesis ~f somatostatin (63-67) followed saon after its original 

isolation. Several s~bsequent studies using synthetic'somatostatin and 

various experimental models unequivocally confirmed the inhibitory effect 

of somatostatin on the secretion of GR by the pituitary. 

The historically important discoveries that extended the relevance of , , 

s9matostatin beyond the confines of the hypothalamus and pituitary can be 

s~rized as: 1. Somatostatin i8 localized widely throughout the nervous 

system, 'pancr~s, and gastrointestinal tract, 2. Somatostatin reduces 

plasma levels of glucose and several peptide hormones, including insulin 

apd glucagon, 3. Somatostatin affects nervous as weIL as pituitary function. 

B. AS SAY METRODS 

1. Radioimmunoassay (RIA) , \" 
Arimura et al (68) and Patel and col1eagues (69) in 1975 reported the 

Urst RIAs for somatostatin uliing antiser1Ï rais:d against ,ynthetic somato

stat~n, as has 1%in done for aIl subsequent RIAs. Although these ,two stud

ies were the only reports of somatostatin RIAs avallable when the work 

described in,this thesis wâs begun, se~era1 other RIAs have been described 

() ( 'in recent y~rs (Table 2). AlI antisera included in tab1e\2, except ~hat 

of Gerich et al (82)~ were raised in rabbits, although sheep (82,85) and 
, 

guinea pigs (86), have atso generated antisera. Most investigators Mve 

us~d an tmmunogen of somatostatin covalently conjugated to fi variety of . -
lar~er molecu1es incl~ding human serum a globulin, thYroglobulin, bovine 

serum a1bumin, human serum a1bumin, and whelk or keyhole 1impet hemocyanin. 

1 In addition:, Epelbaum and colleagues (73) have pràduced an antiserum to 
, , 

somatostatin by a method invo1ving immunization with a mixture of methylated 
~ '-

bovine serum 
<il 

a1bumin and somatostatin that are not cova1ently conjugated.' 

~ecaus~ somatostatin con tains no amino acid residue appropriate for labelling 
, 'l' 8 

with radioactive iodine the analogs [Tyr] somatostatin,[Tyr ] somatostatin, 
Il ' ~ 

[~yr ] somatoàtatin, and N-Tyr-somatostat1n have been used, for th1s purpose 
1 

~,~»,<i(..l.\II~'À'o'~,~ ... i:& .. p...Jr, .... ""~~~- M "", .. ~04~" .... ~I .. ~_<,.-"" -~ ,J 1I..a~\ ><It~...,~ ... h,...~ ...... _ , .... ')0 .... ".:\.,' ,,1f • .tl-ù1/ .... ~' 
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Table 2. Radiotmmunoassay of Somatos~atin 

Reference First author 
and year 

68,70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 
82-

83 

84 

Arimura '75 

Kronheim, , 76 

Vale, '76 

Epelbé!UDf, '77 

_Makino, , 77 

Diel, '77 

Patel, '78 

Chayvialle, '78 

Mëlntosh, '78 

Chiba~ '78 

Penman, '79 

Dupont. '79 

Ger1ch, '79 

, ,.' Kumasaka '.79 
,="..- ,\, 

"Gillioz '79 
\ 
1 

\. 
"0 

ProtÊdri 
conjugated ta 
somatostatin for 
immunization 

h!1!Jlan serum a globul1n , , 
i 

whelk hemocyani~ 
'/" 

human serum albu~ln 

. (noncovalent) 

human ser~m a globulin 

bovine serum albumin 

bovine thyroglobulin 

DOvine serum album1n 

bovine serum albumin 

bovine serum album in 

keyhole rimpet hemocyanin 

bovine thyroglobulin 

whelk hemocyanin 
~ 

bovine serum albumin 

bovine serum albumin 

'\ 

Somatpstat :ln 
. analog 
labJ~11ed 

[Tyr1]..::sS 
N-Tyr-SS 

1) 
[Tyr ]-SS 

11 [Tyr .] -SS 

[Ty/]-SS 

N-Tyr-SS 
l 

[Tyr ]-ss 
1 [Tyr ]-SS 
1 

[Tyr 1-ss 
l 

[Tyr ]-SS 

N-Tyr-SS 
11 

[Tyr 1-8s 
N-Tyr-SS 

11 [Tyr ]-SS 
8 

[Tyr ] -S8 

N-Tyr-SS' 

• 

'--. 

Iodination 
reaction 

,~ 

lactoperoxidase 

chloramine T 

chloramine T 

lactoperOxIaase 

lactoperoxidase 

seyeral assessed 

c hlorandne T 

ch10ramine T 

chloramine T 
chloramine T 

lactoperoxidase 

lactoperoxidase 

chloramine T 

lactoperoxidase 

lactoperoxidase 

î"'"" " ~~.=:--- -:--:-~ 

- 1 

1 

- - ·1 

~ --...,..-- .. ~~~.- ~~ ~~ 

1 
0'\ 
1 

-v.~''''''~ 

~ 



~+t""'''·1IiiI!EK4n __ ~~ _____ " .. -..,.-~"~-- .. --.... ---.... -..-.~.-.. 1"10" v ,~~ ..... ~,. • 

..- -. 
r 

" 
Table 2. Radioimmunoassay of So~tostatin (Contt) o 

-;; 
Reference Purification Sep~aration of 

of labe11ed bound and 
.. ana10g free label 

68,70 cation exchange cbarcoal 
71 cation exchange charcoa1 
72 second antibody 
73 \ cation exchange sec~nd antibody 
74 gel filt,ration charcoa1 
75 gel filtration chartoal 
76 " ., 

gel filtration second antibody 
charcç,a1 

77 - cation exchange seéo~d antibody 
78 cation exchange' charcoal -
79 gel filtration charcoal 
80 hydrophobie second antibody 
81 . chromatography -

charcoal cation exchange 
82 gel filtration charcoal ' .... 
83 cation exchange charcoal 

/ 

84 cation cicchange charcoa1 

'\ ~ 

" 

_1 
--:::':"'----..~~~~""""""~t~" .. ~~~~.,.. .... ~ç,~~,.;:;- "--:"",,...~ ..... .t"" ,,), 

~ 

i1 
~ 

Minimum 
detectable 

concentration, 
pg somatostatin 

4 

5 

0.5-2.5 

10 

7.8-15.6 
10 

1.6 

25 pg/ml 

" 0.3 
10 pg/ml 

10 pg/ml 

0.1-0.5 

1.25 

3.9 

2.? 

"-

Site on 

somatostatin , 
mo1ecu1e tha"!' 
antisera bind 

central 

not N terminus 

N terminus 

"-

central (ret 12 ) 
• 

central 

N terminus 

central 

.;-

--. 
\' 

Dilution of 
antibody 

used 

1:1000 

1:125,000 

1:20,000 i 

4 1:5000 

1:84,000 
1:5000 

1 : 7000-1 : 10, 000 
1 

""-J 

1:80,000 1 

1:12,500 

1:8000 

1:150,000 

1:10,000 

1:12,000 

1:2500 
1:10,000 

• 
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(Table 2,87). Both the lactoperoxidase and chloramine T methods of iodin

ation have proven sueeessful. The àvaUab:il;ityof synthetic analogs has' 

made possible determination of the reg~6ns of the somatostatin Molecule with 

which antisera react. In cases where this ,hàs been studied, most antisera 

have recognized the central portion of the molecule although two antisera 

have bound the N terminus. Immunologieal cross-reactivity of, somatostatin 
{ 

with other known peptides has not been described in spite of the fact that 
\ 

somatostatin shares structural homology of amino acid residues 10 to 13 

w1th secretin 'and glucagon (residues 5 to Sr, 'gastric inhlbitory polypep

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

6 and 7). 
, 

Nakagawa and co1leagues (88) hav:e reported an enzyme-linked ilIImunoassay 

that used sqInatostatin conjugaied to alkaline phosphatase as the labe11ed 
/ . 

antigen. The minimum detectable concentration of this as say 'was 40 pg pero 
/' il,!" 

tube, more than that 1 for the RIAs. 

2. Bioassay 

Vale et al (89) developed a bioassay for somatostatin that exploits 

its GH inhibiting effect on rat pitu:i.tary 'cells in culture. This bioassay 

bas ~en vaHdated by ,befhg used for the original' isolation of somatostatin. 

Essentially; a s~andard dose-response curve comparing Ilne amount of GH re

leased in the presence of varying' concentrat ions of synthetie somatostat:i.n 

ls constructed and- the concentration of. somatostatin-like biologicalactivïty 
, 

in an experimental sample ls derived from the stan4ard curve after hav:i.ng 

• measured _ the amount of GH rel:eased in the presence of the sample. Further 

consideration will be given to this bioassay in the exper~ental seetic;m • 

c. ANATOMICAL LOCALIZATION 
L 1 

1. Nervous System . \ 

a. Radioimmunoassay studies. Several studies have documented 
, 

the widespread anatomica1 distributio~~ of immunoreactive somat~statin (IRS) 
(, 

in the brain of the rat (Table 3). Vale et al (Table 3, 92) have shown a 
,] 

comPft;able di~tribution in the rat brain of somatostatin-like bi,ologieal 

~activity as determined by a cultured pituitary eell bioassay. The highest 

concentrations of IBS are found in the ME and media1 basal hypothalamus 
~ , 

o 

, 

t 
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Table 3. Anatomieal Distribution of Radioimmunoassayable and Bioassayable 
Somatostatin in ~he Rat Central 'Nervous SIstem 

,D,ioassa! RadioimmunoaBsay 
~omatostatin \ 

ng/mg 
,.. 

\." 

wet weight IRS ng/mg wet weight IRS nslmg 2rotein 

Reference 
Region 92 -90 76 ~ 71 73 90 7~ . '. 

91 

Median Eminence 115.5 30~ 248 ,,,. 
~ Hypothalamus 4.7 2.12 2.3 1.105 1.397 26 73 

Preoptic area 8.4 4.3 
Septum } 0;64 } 0.522 2.1 1.9 

Thalamus 0.5 0.15 0.464 0.5 

-'; - Stratum 0.8 0.05 0.281 1 
\D 

Amygdala -2.1 0.35-0.27 3.9 3.7· 1 

Hippocampus 0.6 1.1 0.5 
Cerebral cortex 0.9-2.4 0.03 0.52 0.0~8 0.093 _ 2.4 6.7 0.7-1.6 , 
Olfactory bulb 0.02 Go 08 0.152 6.3 1.07 0.5 

Cerebel1um 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 co rd 5.0 0.67 0.453 -0.114 ". 10.4 2.4 
N~~rophypop~YSiS 5.6 

ea1 - 0.5 0.14 0.3 

'0 1" -

'" 
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with substantial levels also present in the preoptie area, amygdala (93). 
c '" and spinal cor~. IRS concentration isolow in the cerebellum and pineal 

gland. Brownstein" et àl (90) determined that the ME, arcuate nucleus, 
, 

periventricular onucleus, ventral premammiLary ?,ucleus-, and ventromedial 

nucleus contaiped the highest lRS concentrations 'of several hypothalamic 
~ , 

nuelei tested. The 'circumventricular ~rgans of the rat also contain IRS 

(94) in addition to the other hypothalamic releasing hormones, TRH and LHRH 

(95) ; 
o 

The regiona! distribution of irRS in -the human bra:l.n bears basic resem,,;, 

blante to that in the rat with highest leve~s found in the hypothalamus, 

intermediate levels in,the cerebral cortex, brainstem, and spinal cord, and 
, 

low concentrations in the cerebellum (96). Fetal human brain obtained from 

10 to 22 weeks of gestation contained lRS with concerrtrations in the cere

bral cortex being 2~ percent of those in the hypot~lamus (97). An increase 

or hypothalamic lRS concentration occurred with gestational age. By innnuno

histochemical methods lRS was detected in the human hypothalamus as early 
CJ1 

as 16 weeks oÎ gestation (99). 
• • 1 ., 

IRS as· determined by' RIA and illlmunohistochemistry has been detected in 
. . \ 

the 'central nervous system of aIl vertebratè classes tested, including Cyclo-

stomata (Table 4). In addition, a RIA ~tudy has shown the presence of 

IRS in a peripheral nerve, the. vagus of dogs and cats (157). In the rat 
" . 

hypothalamus lBS was detectable at 2'days of life, ,increased to a peak con-

centration at 28 days, and declined thereafter (158). An ;f;nverse relation

spip existed between the hypothalamic IRS and serum GR conc:ntrations during 
,1 ' 

this periode 

1 
1 j 

1 

Subcellular fractionation st~dies of rat hyp~thalam.us, preoptie area,' @ 

amygdala, thalamus, st;riatum,' and cerebral cort$x indicated that 69-70% of' 

lRS was loca1ized in the synaptosomal fraction (.73,159). S'yna,ptosomes 
... t:; .\. 4 # 

frOID the rat ME contained IRS by immunohistochem1.cal staining ~ dense 
, D 

granuies 90-110 mm in diameter (160). These observations sugge,sted that 

IRS in the rat brain was predominantly localized in nerve términal~ • 

. b. lmmunohistochemical Studies. 
v • 

i. HyPothalamus. lunnunohistochem.istry ~s P70ven particularly 

valuable in defining the localization and .pathways of neuronàl elements 

containing IRS. Inves.tigators usi!lg various antisera and :hmnunofluores-

'. ' 

o 
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Table 4. Phy10genetic and General Anatomical Distribution of IRS 

( 
fi 

/ 

l' 

() 

'. 

, • :y-

H - hypothalamus 
EB - extrahypotha1amic brain 
WB .... who1e brain 

P - pancreas 
p*- pancreatic is1et organ 

~I - gastrointestina1 tract 

, RIA 

Animals , 

VERTEBRATA 

MAMMALIA 

h1,1lD8.ri 

rat 

dog 

mouse 

pig 

'sheep 

ox 0 

hamster 

guin~.,pig 
.J 

, tupaia, 

monkey 

rabbit 

fox 

AVES 

chic ken 
o 

Locat;pn 

R,EB,P,GI 

~ee Tables 

H,]m,P,GI 

R,P ,GI 

R 

R 

H,P,GI 

H,EB,P,GI 

P,GI 

pigeon (unspecified)H,EB,P,GI 

'(Columbia livia) H,EB,P,GI 

duck 

qua:f,l,.(Coturnix c. 
Japonica) 

1 

References 

" /~ 

77 , 78,96":'98 

3 and 5 

28,78 '--.. 

129-131 

5,133 

J2,134 

86 

28,87 

28 

12 

140 

_"iflllI1. la m rhtM~*<~~IiI __ [oIliillii/li01i'5o/"'_"[ -_ ... _-

]mmunohistochemistry 

Location 

H,EB,P,GI 

H,EB,'P,GI 

1 H,EB,P,GI 

H,EB 

H,P,GI 0 

R"P 

R,P 

H,EB,P 
\ 

EB 

P,GI 

H,EB 

EB,P~GI 
1 1 

/ 
/ 

/,,// 

P 

H 

GI 

References 

99~107 

101,106 ... 123 

107,124-128 

12~,132 

101,103,107,108 

101,108 

101,108 

123~132,135,136 

132 

107 

137 

107,132 
;' 

10i,107 ,108, 
'138,139 

141 

142 

122 

, 
f 

! 
1 

1 

1 

i 
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Table 4. Phylogenetic and- Genera-l Anatomieal Distribution of· IRS (Con,'t) 

Anikls 

AMPHIBlA 

frog (unspec:ified) 

(?ana esculen:ta) 

(Rana temporaria ) 

Location 

WB,P,GI 

-H,EB,P,GI 

P,(;I 

toad (xenopps laevis) H, EH ,P ,GI 
1 

tadpole (Algt:es obstetricans) 
1 

newt (unspecified) 

REPULlA . ' 
,Hzard (Lacer ta muralis) 

(Anolis earolinensis) 

RIA 

Referènces 

.72 

143 

144 

140,145 
\ ' 

tortoise (Chersine anqulata) H,EB,P,GI 140 

sna)ce (lIfpera berus) 
n 

(Natrix Nattix) 

OSTEiCHTHYES 
,~=;..;;.;..;.;::;;;;=~ 

trout (Salmo gairdeneri ) 

catfish (unspecified) 

(Icealurus purrDtaea) 

P,GI 

P 

~,P,Gl 

daddy sculpin (Cottus seorpius)P* 

chfchlid (Sarotherodon mossam-
bieus) H,EB,GI 

mudsucker (; il1.ichthgs
mirabilis) 

ang1erfish (Lophius americanus)P* 
... 

CHONDRICHTHYES 

torp~do (unspecified) 

ratfish (Hydro1.agus colliei) 

"~Ogf1Sh (Squalus acanthias) 

~oderma a~ricanum) 

\ 

WB,P,GI 

WB 

wB,P,GI 

H,EB,P,GI 

144 

144 

72 

144 

140 

152 

72 

153 

r'"44,153 

140 

, 

Immunohistoehemistry , 

Location References 

H 

H 

H 

p,G! 

p 

H,i»,GI 

p* 

'P* 

P 

p* 

146 

lQ8 

, 147 

1~2,148 , 

144 

108;149,150 

151 

144 

122 

151 

. " 

, 

1 

ï , 

l, l' 

! , 
1 
1 
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Table 4. Phylogenetic and General Anatomieal Distribution of IRS (Con't) 
( 

RIA Immu~ohistochemistry 
AnimaIs Location References Location References 

CYCLOS tOMATA 
\', 

hagfish (unspecifiedJ WB.P 72 

Atlantic hagfish lM gxine 
gl~tinosa) P*,GI 144 p* 154 

Pacifie hagfish (Ept:at:retus 
1 stouti) P*,GI 155 

1 
,p 122 

lamp~ey (Lampreta 
-.; 

fluviatilis) -"' P 154 ., 
i' 

INVERTEBRATA 

TUNlCATA 

sea squirt (Ciona in testinalis) GI 144 GI 156 

( 

'" 

, . •• '.ru 
" . , 

"ti, , 

, 

1 
f \ 
1 
\ 

'i 
\ . 

1 , 
1 
f 
1 

f . , 
, 

"j-

\ 

1 
i 

i 
'.j 
l 

! 

"" 

1 

Il 
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cence or ~noperOXidase methods have ~observed IRS in n~rve terminaIs of 

- the ME of the rat (106,10B-116) guinea pig (135,~36), dog (124,125), mouse 
, - ~ 

(124), fox (137), d~èk (142), pig, sheep, chicken, trout (10~), lizard (147), 

amphibians (108,146), and human (99,100) by light microscopy. The externa1 
~ 

zone of the ME contained the highest concentration of fibers staining for 

IRS which were often in close proximity to capil1aries of the pituitary 

portal plexus. Electron micrbscopic studies (115,161) have confirmed these 
l ' 

obs~rvations and have identified the IRS in secretôry granules 90-110 nm in 

diameter. ImmunohistochE6nical staining f()r lRS and UiRH in the same micro

scopie sections of rat ME revealed that these peptidés existed in two anatom-
1 

ically distinct neuronal systèms wirth I~o fibers containing both peptipes 

(162). Cel! bodies that stain ,for lBS are found prèdominantly in the pre-

, opt1c and anterior periventricu1ar hypothalamus (99,106,111,115-118,125). 

Secretory granules Ithat stain for lRS aJld are of a similar size to those in 

nerve -terminai~ (161) and synaptosomes Q60) of the ME are present in neurons /' 

of the periventricular nucleus by e1ectron microscopy (163). Perikarya, in-
1 

c1uding in some cases the magnoce11u1ar neurons, that stain for lRS have 

Qeen identified in the paraventricu1ar and! or the supraoptic nuclei of the 

rat (164,165), human (99), fox (137) ~ duck (142), 'and !izard (1:47). These 
1 

studies, however, contain conf1icting evidence whether somatostatin and vaso

pressin are 10calized in the same neurons. De Vitry et a.I. (166) have report

ed on1y slight staining tor lRS in a c10ned mouse neuronal cell line that 

synthesizes v:asopressin and neurophysin, bùt intense staining for IRS in a 

different mouse hypothalamic 1fne. Roffman and Hayes (125) demonstrated 

somato,statin immunoh;stochemically in smàl1 neurons of the dog paraventric

ular nucleus, but not in tl1e magnocel1u1ar neurons. IRS-positive fibers , 
are also present in, the neurohypophysis (99,111,125,142,1.46,147,149). 

Staining for I;RS occurs in occasional neuronal,perikarya in the arcuate nu

cleus (106,115,125) and in fibers in the arcuate, vent;romedià~ and yentral 

premallmd.llary nuc1ei (111,125). lRS bas not beeQ, identified in tanycytes 

(106,113, 142~ • /'" 
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H. ExtrahyPothalamic nervous system~ Cellular elements which 

contain IRS are identifiable in the circumventricular organs~ other extra

hypothalamic prain sites, spinal cord, primary" sensory ne~rons, sympathetic 

ganglia, and nerves intrinsic to the gut. The circumventricu1ar organ's~ 

which afford a site of mo1ecular exchange through fenestrated capil].aries 

between the brain' and t~e vascular system and whose functions' are poorly 

understood (167), conta in IRS in two distinct cellular elements. Neuronal 
"-

fibers and endings which stain for IRS are found predominant1y close to 

capillaries in tqe organum ,vasculosum",of the lamina term1na1is (OVLT) (106, 

109,111,113,114~ll6,l68,169), subfornica1 'orga~ (111,116), ang pineal gland 

(109,114). Electron microscopy rev~led IRS-positive secretory granules 

9,0 to 120 mm in dia~eter in nerve terminaIs of the OVLT (114,168). Ependy

mal and subependyma cel1s confained IRS in the subcommissural organ (109,114) 

area postrema and s bfornica1 organ (114). Neuronal cel! bodies which 

stain for IRS are present in the zona incerta, bed nucleus of thé stria ter

mina1is, cort ica1 amygdalci id nucleus, hippocampus, pyriform, entorhinal, , 
; '. 

and neocortex (170,171) and the retic'Mar nucleus of the medu11a oblongata 
, . 

. (132). Nerve fibers or terminaIs that are positive far IRS are located in 

the interstitial nucleus ~f the stria terminalis, nucleus acciunbens, medial 

. portion of the caudate, nucleus, amygdala, olfactory tubercle, several cor-
, . 

tical areas, and the para brachial nucleus of the brainstem (170,171). Others 

" (172) have identified IRS-positive structures with the 'appearance of synap-

tic terminaIs that surround particu1ar neurons throughout the neocortex, 

envelop CAl and CA2 pyramidal neurons of the hippocampus, and diffusely 

sur round neurons of the reticular nucleus of the thalamus. Proteolytic 

t,reatment of sections of tissue with pronase resulted in a widespread ~n-
," 

hancement of staining for IRS in neurons in s~veral rat bra~n reg ions .\ (173). 

:Johansson (174) has localized IRS to the Golgi apparatus of neurons in t,he 

central and. peripheral nervous system. / 

1 
A system of primary sensory neurons which stain for IRS exists in the 

rat. Dorsal root gang1ia contain small cells positive for IRS which ar~ 

distinct fro~ ce11s containing substance P (175). Al.so IRS-Ç.ontaining fibers 

are visible in' ,1:he dorsal horn of the spinal cord with the highest concen

tration being in Lamina II. Positive fibers occur in Lissauer 's tract and 

o 1 ; 
l 
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the adjacent part-of the later~l-funiculus. Forssmann (176) has identified 
, f , 

IRS-positive fibers distributed extensively in the grey matter of th~ mam-

malian sp,inal cord inc1uding the vicinity around the central canal (lamina 

X), the intermedio-media1 nucleus' and the later~l co1umn (laminae VI and 

VII). Neurons in peripheral sympathetic ganglia of the guinea pig and rat 

stain for both IRS and dopamine beta hydroxy1asè suggest;ing they are nora-
1 

drenergic in nature (177). This observation supports the hypothesis that 

a neuron can conta in more than one neurotransmitter, assuming that fsuch a 

roie exists for somatostatin. 

Nerve fibers staining for IRS are present in- the lamina pr,opria and 

muscular layers of the mucosa, the myenteric plexus, and the subinucosa of 

th" r~t smali and large intestine, but nOf the stomachAll1,178). 1 Neuronal 

cell bodies positive for lBS are present in the myenteric and submucClls 
1 

p1exes of the guinea pig ileum (179) 0 Denervation of the ileum reduced the 

IRS cont~nt of the external muscle layer by one third but did not change 1 

the mucosal-submucosa! content (179). Tissue cultures of small intestine 

from fetal mice studied after three weeks' of growth contained 1 fibers posi

tive for IRS (180). These observations" provide evidence for the existence 

of somatostat,in-containing neurons which are intrinsiç to the intestine. 

c. Ne,uronal projections containing IRS. The existence of a neuronal 

pathway from ce11 bodies in the anterior hypothalamic periventricular area 

ta the external zone of the ME has been postulated based upon direct vis-
l ' 

ua1ization by immunohistochemical methods (116,170,171) and 1esion studies. 

Placement of 1esions in the periventricular nuclei or transection of nerves 
/ 10.. 

connecting the antèf!P'or hypothalamic area and the ME resulted 10 10ss of 

nearly a11 IRS staining in the ME (170,171). In addition e1ectro1ytic 
... 

les~ons of the anterior hypothalamic-preoptiè area (181-183) and complete 

(181,184) or anterior (182,184) 'deafferentation of the media1 basal hypo-, 

thalamus aIl reduced IRS concentrations in the ME by over 75% as dete~ined 
by RIA. The IRS concen~ration in extra-hypotha1amic br:ain 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) 
~ 

which, indicates independence of the content of hypothalamic and extrabypo-

thalamic somatostatin. A projection from the supraoptic and paraventricu-
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lar nuc1e:i to the neurohypophysis has been proposed on the basis of stu~

ies on several species (99,137,142,147,164). In support of this pathway, 

e1ectro1yt:ic lesions of the anterior hypothalamic area reduced the neuro

hypophysea1 concen~ration of IRS hy 82 percent--(183). 
\ . 

Krisch (116) has deseribed :in detail oy immunohistochemica1 methods 

the projection of IRS-containing fibers from the hypotha1amic periventric

u1ar perikary~ to: 1. hypothalamic nue1ei including the preoptic, supra

ch:iasmatic, ventromedial,' 'q,rcuate, and premammilary nue1ei, 2. rostral 

structures such as the OVLT, suDfo~nica1 organ, olfactory tuoerc1e, and 

the ihterstitia1 nuc1ei of the stria termina1is, 3. the amygdit1a via' the 

str:ia terminalis and descending ventrolateral projections, Eind 4. the ME 

by deseending proj ect ions ~ 

d. Hormonal effects on IRS concentration in the brain. Severa1 stud

ies indicate that the concentration of IRS in the hypothalamus and some 

other brain regions is sensitive to hormonal manipulat:ions. Hypophysectom

ized rats maintained for 28 to 133 days show a substantial depletion of 

lRS in the ME as determined by immunohistochemistry (185). In addit:ion, 

RIA studies have indicated a reduction of IRS levels in the stalk-median 

eminence (SME) (186,187), / hypothalamus (188,189), and se~ta1-preoptic area 

(190) of rats sacrifieed 12 te 28 daya after hypophysectomy. In contrast, 
, . / 

other stud:ies (1,90,191) have obsèrved no statistically significant change 

in the lRS 1evels of the rat hypothalamus and several extrahypothalamic ' 

brain regions two weeks after hypophysectomy. Administration of 'GR ta rats 

fol10wing hypophysectomy has inhibited the depletion of lRS in the SME and 

hypothalamus as d,etermined oy RrA (187,188) and in the ME' as determined by 

immunohistochemistry (192). TJ;eatment of normal rats w:ith GR increased the 

SME and hypothalamic concentration of 1RS measured by RIA (187,188). / These 
1 

observations provide a posf3ible mechanism for feedback control of GR on 

itself that i8 med:iated by the GR effects exertèd on tissue somatostatin. 

Tt is not known at present whether the effects of GR on hypothalamic IRS 
1 

are mediated directly by GR (short loop feedbac'k) or indirect1y by the ~oma-

tomedins (long lo~p feedback) (187). 
/ 

Other hormonal effects on brain IRS are of uncerta:in sign:i.ficance. ' 

'Acute administration of insu1in to urethane-anesthetized rats caused an 

, 1 
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inerease of the hypothalam1c, tha1amie, and cortical lBs concentration 

within 15 minutes (193). No significant changes of hypotha1amic IRS occur

red after glucose or g1ueagon injection. Hypothalamic content of ·IRS 
showed no significant change in rats subjected to: i. thyroideetomy (189, 

190), ii. treatment with thyroxine, or iii. thyroidectomy plus treatment 

w:f.th thyroxine (189).' A.rJ. inr:rease ~n concentration of lRS in the rat stri-
• 1 

atum occurred after thyroide~tomy (190). 

i 2. Gastrointestina1 Tract/Pancreas 
1 

Fo1lowing upon the observation by Koerker et al (194) that exogenously 

administered ·somatostatin suppressed the plasma concentrations of .insu1in, 

glucagon, 'and glucose., Arimura. et al (195) first demonstrated lRS by RIA in 

the rat pancreas and gastroint-estinal tract. A large number of groups have 

confirmed the presence of' lRS in these tis.a.u~.p.f. J!Il!Oy ~n~ species. 

Table 5 shows the distribution ,of immunoassayable IRS in the rat and human 

gastrointestina1/panereatic tissues. Genera1ly, IRS 18 present throughout 

the length' of the 8qt with the hi~hest levels, being in the gast.ric antrum 

and the pancreas. The isolated rat pancreatic 1s1ets contain the highest 

1RS concentration of any tissue in this species. Results of similar ana

tomiea1 mapping studies of lRS done on dÇ)g (28,78), monkey, and tupaia 

(28) tissues' are consistent ~ith the distribution shawn in table 5. Table 

4 indicates the 'phylogenetiç and general anatom;Lcal distribution of lRS de-
- - -~~~ 

termined by RIA and :Lmmunohistochemistry in the gastrointestina1!pancreat:J,C 
o , 

,tis~ues of a wide variety of animaIs. Among the lower species IRS i8 gener

a1ly 1ess ab\lndant in the gut than in the pancreas (122,144). One inverte

brate, Ciona in'testinalis, or the sea squirt, cpntains I~ by RIA and immuno

histochemistry in its gastl-ointestina1 tract (144,156), a1though other inver

tebrates studied, including marine arthr?pods, mol1uBes, starfish, and 

amphioxus, do ~ot contain IRS (144). Somatostatin is therefore 1ikely a 

phylogenetically ancient peptide a1though the origin of insulin probab1y 
1 

predates that of somatostatin considering that insulin oceurs in some in

vertebrates that do not conta in ,somatostatin (144)., 

There is genera1 agreement based on light and e1~etron microscopie 
, , 

immunohistochemieal studies that lRS is loealized to the D cells of the 

l , 

l 
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Table 5. Distribution of IRS in Gastr9intestina1 Tissues • [ 
f: IRS_ng/m& wet we:tgl~t_ ___ I~ n g/mK P~~te1n ~ ~ ---------- ---- ---

References 195
a 76 -, _ 78 77 9R , 195 71 76 

Region 

o • 

RAT 
/ 

, .... pancreas (who le) 0.143 0.17 0.033 33.8 26.5 1.8 
~ancreas (iBlet~) 786 
stomaeh (whole) 0-.37 2.4 
st,omach (body)' 0.046 1.66 1 , stomach (fundus) 0.463 9.5 1 • • stomach (antrum) 0.426 0.050 .9.7 20.2 1 

1 
duodenum (Whole) 0.15 0.017 2~17 1.94 "-
duodenum (upper) 0.033 1.6 
duodenum (lower) 0.021 1.3 

t jejunum 0.03 0.07 1.6 2.39 1.94 
ileum 5.22 1 .... 
colon 15.36 \D 

1 

---RUMAN , * , / 

pancreas 0.2S3 0.558 
stomach Cbod{) 0.294 0.146 
stomach (fundus) 0.60 
stomach (antrum) 0.465 1.68 0.508 
duodenum Cwhole) 0.345 

1 
'auodenum (upper) 1.35 
, jejunum 0.181 

ileum 0.066 
colon 0.033 

/ 
r. 

~ 
a calculated from data given in Teference 195. 
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pancreatic is1et a:nd gastrointestina1 mucosa (103-10:5,107,141). In the 

'rat lBS is 'Concentrated in D ce1i, secretory granules that are of low to 

moderate e1eët;ron density, have a ~imiting membrane c10sely applied to the 

granule core (120), and have ranged in diameter from '150-210 nm (119,121, 
1 

107). The diameter of lRS-positive se~~etory granules was s~ilar in pan-

creatic and gastric tissue obtained from t~e same species but differed 

greatly from one species to another (107). D ceUs from the pancreas and 

sto~ch of humans,' ch1ckens and cats conta in distinct IRS-positive secre-
---:=:- ~ <J ~ • • -

tory gran.ules that are 1arger in diameter than those of rat D cells (l05, 

107). 

Species differences exist in the distribution pattern of D cells in 

the pancreas and gastrointestina1 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 17ev;erse app11es in the 

dog, cat and human (107). ln the pancreatic islet of the rat, chfuese 

hamsterl, mduse, and human thei D cells ['are ,1ocalized predominantly at the 

periphery of the is1et- as a shasth just interior to thé A ce11 layer and 

exterior to the central' B cells (196). In the horse islet the A and D ce1ls 

are more centrally localized,. This architectural arrangement causes the 
1 

stmatostatin-containing D ceUs to occur in close 'proximity to a higher 

fraction o~ the A cells than B cells, a fact which[ has relevance to a po

tential pB;racrine intra-is1et function for somatostatin. The D cells of 

the gastric glands of rats a~d h~s have elongated cytop1asmic pro cesses 

which traverse the gastric glands a~d terminate o~ 'gastrin-c'ontaining and 

hydrochloric acid-producing cel1s (197). These processes May provide a 

pathway' for the local release of -somatostatin onto particular ,cells of the 

gastroi~testinal glands. 

Studies of fetal tissue have demonstrated the presence of lRS at early 

stages of deve1opment, for 1nstanCî! 14-17 days of gestation in the rat 

pancreas (107,i98) and 16-17 days of gestat,ion 1n t'he rat duodenum (107). 
1 

By ~irth t~e rat pancreas contained a concentration of IRS, which approxi-

mated- that in the adult pancreas. Exp1anted rat embryonic pancreases main-
, 1 

tained in organ culture independent of nervous input preseryed their con-

tent of IRS which suggests- that :lnherva~ion 1s not a crucial factor in 

'II 
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determining pancreatic IRS content (198). The embryonic chicken pancreas 
Il 
crontained lRS by immunohistochemistry by 3.25' days of gestation when the 

pancreatic bud first appeared (138). Cells positive for lRS by immuno-
o 

histochemistry have been observed in the pancreas, stomach arid intestine 

of human fetuses as early as 15 weeks ~f gestation (107). 

3. Other Tis"sues 

Studies using RIA have detected lRS in thyroid extracts from rats 
~ 

(71,199) ànd rabbits (200) and have shown that thyroid lRS elutes in a 

simiiar volume as synthetic somatostatin on gel filtration chromatography 

(200). lmmunohistochemica1. investigations have revealed lRS in the' para

follicular C cells of the rat (106,111),~ rabbit (200). dog and human 

(202) thyroids altho\1gh other studies have failed to demonstrate lRS 'im

munohistochemically in the dog (200) and normal human (200,204) thyroids. 

Thyroid parafollicular cells that contain both lRS and fmmunoreactive cal

citonln have been observed in the rat (201,203) and rabbit (200). Two 

groups have demonstrated lRS in human thyroid medullary carcinomas (204, 

205). 
:Lundberg et al' (206) have detected a low number of cells staining for 

lRS by iImnunohistochemistry in the normal human a1renal medulla and a low 
,0 

to moderate number in t~/oùt of three hUIIÎan, pheochromocytomas. One study 

(71) observed a low concentrati,on of lRS by RIA of rat adrenal
l 
gland ex

tracts although two other groups (76~195) failed to confirm this finding. 
/, 

The chicken thymus contains radioimmunoassayable lRS at a similar 

'concentration t6 that found in the chicken intestine and contains cells 

tbat show immunofluorescence due to IRS (207). The thymie lRS is detect

able twC) days- after" hatching but not before. It elutes simil~rly to syn-
'" 

thetic somatostatin on, gel filtration and ion exchange ehromatpgraphy. 

Stpdies ôf,Jlt thymus have noted low or undeFectable levels ~f IRS by RIA 

(71,195). ' 

Kumasaka et al (83) detected lRS by RIA and immunofluoreseence me

thods in the chorionie villi and deeidua of human plaeentas'studied at 

5-12 weeks of gestation. The cytotrophoblast contained a highe,r inte~sity 

, . 
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of IRS innnunofluoresceq.ce than the syncytiotrophob1ast •. In contrast, 

Fitz-Patrick and Pate1 (208) detected no lBS,by RIA of human placentas 

at 14, '18 and 36-40 weeks of gestation. 
, , 

4 t Body Fluids 

a. Blood. Several st,udies have detected lBS in ,the b100d of rats, ' 

dogs and humans although controvérsy exists about ,the optimum' RIA pro-
, 

cedure and the true concentration of lRS. As is evident in Table 6, 
, 
investigators have used a wide ,variety of procedures ta process blood 

samples, rp.nging f.rom no extraction (;309-211,213) to a complex method of 

acetic acid, acetone and organic 'solvent extraction (215). Major dis

crepancies are evident in Table 6 with respect to the cO"Çlcentration of 

lRS in human blood and rat peripheral and hepat1c portal blood. Never

theless, lRS ~evels are cons1stently higher in hepatic and hypophysial 
, 
pqrtal blood thal! in central blood pools, an observation which is con-

sistent with the fact that the~ portal vessels drain organs :enriched 

in lRS content. It is ndt poss,ible at this time to completely resolve 

the d1screpancies--,of lRS concentration observed by different groups. \ , 

However, an\\attempt 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 ~esults reported in the 11terature: 
\ i. Somatostatin binding proteins. Con Ion et al (216) have 
1 [ 

demonstrated by gel filtration chromatography at neutral pH the presence 

of a 150,000-200,000 molecular weight, binding protein in dog plasma. When 

the authors conducted gel filtration at pH 2.5 no evidence for the bind

ing protein was found, suggesting Ebat li noncovalent association between 

lRS and the binding, protein had been disrupted. lnterestÜlgly, an anti

serWll directed against the N terminus of somatostatin did not react with 
, liJ p 

the lRS-~indiq.g protein complex wHich suggested that somatostatin asso-

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

an N terminus-d1rected antiserum would measure a lower lRS concentration 
, . 

'in plasma than' a cèntrally-directed antiseruttl which would recognize both 

free and protein-bound lRS. I;t another study (70), rat plasma subjected \ 

to gel filtration at neutral pH revealed one predominant peak of lRS 

/ 

\ 
! 

1 

1 
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Table 6. Radio~unoassay ~tudies of B1ood'Somatostatin 

.. 
Reference Authors B100d Extraction 

co-l1ected i.n Method in Species 

i 
.L 

209 Harri.s et al .} EDTA, aprot1nin none dog 
210 Schusdziarra et al ., 

.211 Kronhe:1m et al aprotinin none human 

80 Penman et al ~protinin silica glass human 

212 Pate1 acid ethanol rat 

70 ~ Ar:1mura et a;L acetone rat 

213 Bel'e1owitz et al aprotinin rat-
214 Abe et al - acetone/acetic acid rat 

'84 Gilli.oz et al ethanol rat 1 
N 
w 

215 Chihara et al acetic acid' acetone rat 1 
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.. ---Table 6. Radioimmunoassay Studies of Blood Somat=ostatin - (Con' t) 

'~ 

~ 

Reference Anesthesia 

209,210 

211 ' 
80 

212 
~. 

70 

213 

214 

84 

215 

-"-. 

none 

none 

none 

ether 

chloral hydrate 

ether 

urethane 

pentobarb1tai 

urethane 
urethane 
pentobarbital 

. -- 'pentobarb1tal 
Al thn ih 
A1thesin 

~ 

Sample 

plasma 

serum 

plasma 

plasma 

plasma ..,. 

serum 

/ plàsma 

plas~ 

whole hlood 
whole 'blood 
",hale l>lood' 
whole blood 
whole blood 
who1e blood 

-~------!~-----------~-....... ï"'-·-.,..:::..--...:..-. .... -~-....<.J.-L---"'-~'--

. -il 

Region Normal Concentration 
;tas pg/ml 

peripheral vein 
hepatic porta~ vein 

~ 

periphera:1 vein 

peripheral vein 

hepatic portal vein 
inferior vena cava 

hepatic ·'portal vein 
periphera1 vein 

aorta 
hepatic pqrtalQvein 
hepatic vein 

, 

é 

hypophysial portal vessels . 
hypophysial portal vessels 

hypophysial portal vessels 
jugul-ar vein . 
hypophysial portal vessela 
jugular vein 
hypophysial PQrtal vessels 
jugular :vein 

"'\ 
- ... ...--.-=-- ------ -

120 
275 

·214 

17-81-

310 
43 

29.6 
10.5 

15.5 

• 
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eluting at an earlier :volume than- synthetic somatostatiJÎ e~uted. The 

eariy-e1uting peak was interpr~ted ta be a binding protein-IRS complex be- . 

cause ~fbthe observation tbat exogenous somatostat!n added ta plasna result

ed in a similar elution profile ta tbat of endogeno\1s plasma IRS. Kronheim. 

et ~1 (217) have corroborated the existence of a bindirig protein in b~ood 

by ultracentrifugation sedimentation, studies. of somatostatin incubated with 
1 

human serum. ,/ 

, In an early study Arimura et al (68) observed that ch~reoal removed 

99% of [125r _Tyrl] somatostatin added to rat plasma but th~t charcoal treat

ment did not prevent cross-reaet ion of the plasma in the RIA. 'This is 

• consistent with the demonstration by Ogawa et al (218) that rat and human, 
.. '< 125 1 

plasma ~how~d. very low. (1.2%) specifie bind1ng of [ I-Tyr] somq,tostatin 

using charcoal to separate bound and free label. If the observations on dog 
, US l 

.p1asma binding protein apply to the rat and human, then [ I-Tyr ]somato-

statin would not be expected to associa te with the b;inding protein (and there

fore not to char co al.) because [125l _Tyrl] somatqstatin ts considerably mod1fied 

at the 'N terminus compared to somatostatin. However» alternative explana

tions for the observations of AriI'lura et al (68) using char'coal could be: 

1. nonspecific inter;:'erence by charcoal-washed plasna in - the RIA, such as by 

degrading the [125r_1fyrl]somatostatin resulting in an apparent inhibition of 

label bindfug in the Rlk. 2. the existence of a large mo1ecular weight 

c:oval~ntly-linke~ form of IRS, such as a biosynthetic precursor, that, does"r , 

not b;ind ta charcoal. \ . 
'. 125 1 

iL Degradation bI blood of somatostatin and [ I-Try] somato-

statin. Most studies acknowledge this effect but differ as ta the conditions 
l ' 

required to inhibit the degradation. Two groups (209-2tl,213) claim apro-

~inin (a peptidase inhibitor) alone or w1th EDTA (ethylenediamin~ tetraacet1c 

acid) is satisfactory but others require extraction of plasma to prevent 

degradation effects (70)>2~2,2l5). The half lif~of exogenously administered 

somatostatin is relatively short, in the range of 2 min (see below). 
1 

iii. Large molecular weight species of 1RS. Pat el (212) obser-

ved a large mo1ecular weight form of lRS from rat hepatic portal and inferior 

vena cavai plasma that eluted. at the v~id volume of Sephadex G-2~ columns 

, , 
__ ~_ ..... ~~ __ .~~~_..-~~~~~WJ>t..&~j,"",!"~ .. Hr..1"id' ..... t...;i~·0.I,, 
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rUIf in 6 mollI urea to dissociate q.oncovalen~ bonds. l<ronheim et al 
l , 

(211) also found a void volume peak of lBS on Sephadex G-25 acid chrom-

atography of peripheral venQ~s serum from a smal1 subgroup of hunians 
1 

studied., Incubation of this void volume material in 6 mo1/1 urea for 
1 \ 

24 hours followed by rechromatography did not chan~e 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 ~hat eluted before synthetic somatostatin,v 

one ,at the void volume and the other at an intermediate volume. Serum 

from the maj ority of human' subj ects revea1ed 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 vari0.!-ls anatomieal sites 

eluted as a single peak similar in position to that of synthetic somato

statin-. Gel filtration u~der aeid conditions of rat hypophysial portal 

plasma (84) showed a sma~l peak of lRS that eluted just before synthetie 

50matostatin although the significance of this peak 15 suspect because a 

similar peak cou1d be produced hy ,addition of exogenous so~atostatin to 

1 

dog plasma followed by gel filtration chrOmaJograPhY ln acid (216). 'Chiharà' 

et al (215) noted four peaks of IRS on ion exehange chromatography of a 
< 

rat hyPophysial portal blood extract. It is unlikely that the peaks re-

f1ect binqing proteins because synthetic somatostatin added to p~ripheral 

plasma eluted as a single peak coincidentally with synthetic somatostat1n. 

The precise nature of the three species of IRS with altered charge is un-

_' clear though. 

A possible explanation for the variety of results obtained with res

pect ta heterogenous forms of IRS in blood i8 that the antisera used may 

have differed in their ability to recognize larger forms of IRS. 
, A 

For 

instance, Vale et al (72) have shawn that an N-terminus-directed antiserum 

reacted less weIl with a large hypothalamic form èf IRS than did a central1y-, 
directéd antis~rum. In addition, the variqus e~traètion procedures used 

may have diffeted in their ability to solubilize and recover heterogenous 

forms of blood IRS. 

, ' 
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1 
b. Other body f1uids. Radio~noapsayable somatostatih is detec-

table in ~erebrospinal fluid (CSF), urine, amniotic fluid and pancreatic 

secretions. CSF 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 neuro1ogic~1 disorders with very high con

centrations being present in two patients with brain tumours. The possi

bility that the lRS concen"tration in CSt: may be an indicator of neo/0us 

system disease merits f~rther .inves~igatibn. Human urine 'conta~ed IRS 

a~ a concentration of 66 pg/mg creatinine (220). It migrated similarly to 

synthetic somatostatin in severa1~chromatographic systems. Fitzpatrick 

and ~at~l (208) demonstrated IRS in human amniotic fluid with mean 1evels 

at 15-20 weeks of gestation being 320 pg/ml And at 32-40 weeks being 70 

pg/m1. The IRS, eluted- on 'gel filtration chromatography done under denat-
, ", 

urit:g conditions with an apparent' molecular weight of ~5000 daltons. The 

authors arg';led for the fetus as being the sourcÈ~ of amniotic fluid :IRS be

cause of the absence of lRS in the plB5enta in their study if the absence of 

an arteriovenous gradient 'of IRS in co rd blood and 'the presence of differ~ 

ent concentrations of lRS in the amniotic fluids of twins with a monQchor

,ionic diamniotic placenta. IRS has been detected in dog pancreatic juice 

following stimulation of pancreatic secretion by intravenous infusion of 

secretin and the C termin~l octapeptide of cholecystokinin (221). Gel 

filtration chlioma~ogrpphy 0: the 'IRS reveale~ a majo'r peak coinciding in 

elution volume with synth~tic somatostatin and a minor early-eluting peak~ 

Isoelectrfc focussing also showed two components of IRS with the maj or 

spe~ies àppearing in the same pH range, as synthetic somatostatin and the 

minor component focussing.at a slightly higher pH. 

D. BIOCHEMISTRY 

1. ,Heterogeneity of Somatostat in-li'ke Materialp 

- '" Somatostatin isolated from sheep and pig hypothalamus (4,5) or pig'-

eon and anglerfish pancreas (6,7) ?Qns!sted o"f the identical tetradecap

,eptide amino acid sequence. In addition, Pradayrol et: al (222) have 
\ '<) 
\. /isolated from' pig intestine a 21 amine acid species with a heptapeptide 

extension on the N terminus df somatostatin. 

f 
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/il. Central nervous system. Studies using chromatographie methods 
, ) 

suggest the presence in the nerVous system of immunologically and biolog-

ically active somat'ostatin-like materials which have PhYSiCOchem~cal 1 

properties diff~rent from thIDse of somatostatin. During the original 

isolation of somatostatin from' sheep hypothalami a fraction with GR re-- , 

.lease inhibitory activity was observed which was distinct from somato

statin (57). Vale et al (72) described aJ1. extract,ion fraction from sheep 

hypothalami which yielded two peaks on gel filtration chromatography. 
\ 

One l?eak elùted earlier than somatostatin and the other co-eluted with 
1 

synthetic somatqstatin. The early-elut~ng form showed reduced reactiv1t:y 

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 1 gel filtration chroma

tography. Two peaks which preceded somatostatit;t did not chap.ge their 

el.ution positions after incubation under denatu~ing conditiohs.' Pig 

hypothalam'ic extracts contain at least one (133) and possibly two (223) 

~1!mologicaHy and biol.ogica11y ,act:t,ve forms of somatostatin-like mater

ia1 which are physicochemically distinct from somatostatin. King and 
i 

Mil.lar CI.40) demonstrated broad elutiém profiles 9n iori. exchange chroma-.. 
tography of IRS from rat, pigeon, t~rtoise, freg and teleost Hsh hypo-

thalamùr and suggested the possible existencé of heterogeneity of IRS. 

Patel and ,ReicI:ü-in (76) observed a fo:pn of IRS from rat hypothalamus 

and extrahypothillamic brain which eluted as a higher molecular weight 

material on gel filtration'done under denaturing conditions. Spiess et 

al "(224) identified two large sPecies of IRS fr(j)m rat hypothalami with 

apparent molec~lar weights of 12,500 to 11,000 and 4,500 to 3,500 daltons. 

(The molecular weight of somatostatin is 1,638 daltons). These large species 

maintained their apparent mo~ecular weights under dissociative and reducing 

conditions. Z,ingg and Patel (22~), found large forms of IRS l'of 25,000 àhd 

4,000 daltons in rat ME and neurohypophysis. Reduction of disulfide bonds 

and us~ of denaturing conditions du ring gel filtration chromatography did. 

not alter their elution positions. Both forms of IRS were released from ME 

Il 
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and neurohypophysis in vi tro in the presence of high extracellular potas

sium concentration. Gentle treatment of the 25,000 dalton species of Ztngg 

and Patel and the 12,500-11,000 dalton species of Spiess et al with tryp

sin resu1ted in the,ir partial transformatiolt to a species with a similar 

gel filtration behavior as synthetic somat~statin. Mouse hypotha1amic ex-
",p- , 1 1 

tracts a1so contained two forms of IRS which ehtted as larger molecular 

weight' species than so~tostatin (131). 

b. Gastrointestinal tract/pancreas. Gel filtration studies have re-
'" 

vealed heterogeneity of IRS }rom the pancreas and gastrointestinal tract. 

Arimura et al (195) and Patel and Reichlin (76) demonstrated an early

eluting species of IR,S'on Sephadex G 25 chromatography of a rat stomach 

extract. Arimura et al also. observed that the maj or species of IRS from 

rat pancreas eluted at the void volume. When this peak was incubated with 
, , 

8 mollI urea to dissociate noncovalent bonds and rechromatographed the elu-

tion volume of most of the I~ had changed to become identical to that of 
r 

synthetic ,somatostatin (226). l!owever, a portion of the early eluting peak 

did not alter its position of elution. Conlon et al (227) partially puri-
'" 

fied dog pancreatic ~RS by affinity chromatog,raphy 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 that of synthetic 

somatostatin after, reduction of disulfide bonds by dithiothreitol. This 

observation suggests that the 12,000 species may represerit somatostatin 

bound via a disulfide linkage to a nonimmunoreact1ve po1ypept1.de. Hetero-

geneity of IRS extracted from human stomach, pancreas, and duoc;lenum was 
, 

mainly evi~enced by a small void \ volume peak on Sepluldex G 25 chromatography 

(77 , 78) • 
1 

In a study of both extrahypothalamic and stomach IRS from dogs Zyznar 

et Ç11 (228) reported IRS species of 12,000, 3000 and, 1600 daltons on gel 

filtration chromatography. AlI three species could be isolated from stom

ach or brain by affinity chromatography. The 12,000 dalton form had an 

acidic isoeleetr~point on iSQelectric focussiOg but the 3000 and 1600 dalton 

forms had basic isoelectric points similar ta that of synthetici somatostat in. v-' -. -
The two smaller forms of IRS did not change their elution positions on gel 

filtration chromatography after incubation in! 6 mollI guanidine Hel and 
1 

1 -
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\ 1 

HthiothreitoL In contrast, the 12,000 dalton species wa1s incompletely 

transformed into a 1600 dalton species after simirar incubation but not 

after incubation under dissQciating conditions alone. The 1600 dalton forms 

from both dog brain and stomaeh inhibited gastrie acid secretion in rats. 

IRS extracted from human pancreatic tumours, that secrete somato,statin 

(somatostatinomas) bas demonstrated heterogeneity on gel filtratio~ chrom-

atography. In one case the tumour lRS was stated to elute as tw;o peaks 

correspondfng to apparent molecular weiglîts of 12 'iOOO and 3000 daltons, and 

a third peak coinciding in position with synthetic somatostatin.(229). 

Plasma from chis patient contained species of IRS that eluted at similar 

positions. Another pancreatic somat:ostatinoma produced IRS that resolved 

into four peaks on Sephadex G-25 chromatography, one of which coincided in 
, 

position with synthe tic somatostatin and another of which eluted after the 

column void ,volume (230). ~ur pools of fractions from this chromatography 

a11 inhibited insulin and glucagon secretion from perfused porcine pancreas 

although it is unc,lear from the description given in the report wheth~r the 

four pools each represented a separate peak of IRS. 
1 

2. Biosynthesis 

Noe and colleagues (152,231) have demonst~ated biosynthe_l?i;s of somato-
1 

statin by anglerfish pancreatic Islets. They used radioactively-1abelled 

amino ac1ds in a pulse-chase protocol and analysed the labelled products 

by gel filtration chromatography, polyacrylamide gel electrophoresis, and 

A la;.ge species of IRS with a molecular weight of RIA for somatostatin. 
r---

~OOO to 15,000 daltons was initially labelled foflowed in time by a smaller 

species wh1ch behaved immu~ologically, 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' lRS by incubation with' trypsine These studies strongly support a hypo

-thesis that somatostatin i8 synthesized via a larger molecular we1ght 

precursor. 

3. Degradation 

a. Central nervous system. Study of the degradation of somatostatin 

hM been restric'ted to thé effects of brain fractions or partial1y purified 
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enzymes on synthetic somatostatin. Griffiths eé al (232-234) have observed 
, , 

inactivation of IRS by,cytoplasmic and particulate (microsomes and mitochon-

dria) fractions of rat hypothalamus, thalamus, cortex and cerebellum. The 

cytoplasmic fraction p,roduced the greatest d,egree of inactivation with a 

~H bptimum of 7.3. The inactivation was elimmated by heating the fractions 

ta 100oC. Treatment of rats with propylthiouracil fo~ 90 days resulted in 

a two-fold increase in the act;ivity of cytoplasmic peptidases from 'hypo- . 
1 0 

thalamus but no,t brain (235). This effect of propylthiouracil was' reversed 

by treatment of the rats with thyroxine. Marks and Stern (236) have demon

strated that a neu~ral proteinase (Cathepsin M) prepared from rat brain 
6 7 cleaved somatostatin at three probable interior sites: between Phe -Phe , 

8 9 10 11 " ,1 

Trp -Lys , and Thr -Phe • The analogs dihydrosomatostatin (reduced disul-
1 a 3 fide bond) and des-CAla ,Gly )-N -Ac-somatostatin were a1so cleaved by this 

enzyme. An am~opeptidase of ~omparatively low activity also was present 
8 in crude brain extracts. The analog [D-Trp ] somatost~tin was resistant ta 

endopeptidase activity in rat brain homogenates ,(237). An acid proteinase 

(Cathepsin D) purified from calf brain1cleaved dihydrosomatostatin at the 
, 67, 89 8 

probable sites Phe -Phe and Trp -Lys (238). The analog [D-Trp ]somatostat-

in ~as not cleaved, evidence in support of these two proposed cleavage sites. 

An independent study by Akopyan et al (239) demonstrated that Cathepsin D 
, f 

purified from bovine hypothalamus had endopeptidas~ activity on somatostatin. 

b. Blood. The haH-lHe of synthetic somatostatin ipfused intra

venously is relatively short, 1,.82 minutes in the dog (240) and 2.3 m~utes ' 

in humans (241). Removal of somatostatin from blood by tissues probably 

accounts in part for its short half life. A transhepatic v~nous gradient 

for IRS has been observed in the rat ~2lf3) and dog (210) and a trans-renal 

gradient between the aorta and renal vein exists in the rat (242). In ad

dit~on, demonstration of IRS in urine (220) and a low metabolic clearance 
, 
rate for somatostatin in patients with chronic renal failure (241) are 

consistent with a renal mechanism contributing to removal of somatQstatin 

from blo~d. 

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 tempera~ure, dose of ,plasma and time of incubation with synthetic 

" 
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" somatostatin (244). Also, the inactivation of somatostatin was eliminated 

by heating the plasma <and wws reduced by benzamidine, a proteinase'inhib

itor. Benuck and Marks (243) have identified in h~n serum'an ~minopep

tidase and an endopeptidase as indi~ated by cleavage of the analog 

des-(Alal,Gly2)_~-Ac-somatostatin. The fact that the analog [D-Trp8r 
somatostatin was resistant to internaI cleavage was consistent with an 

endopeptidase activity in serum. Somatostatin injected intravenously into 
\ ' 

rats ~s cleaved by an aminopeptidase as shown by isolation of the cleaved 

product and analys,is of Us amino acid composition (245,246). 

4. Structure-Activity Relationships 

Vale et al (247) a~d Holladay et al (248) have commented upon the 

difficulty of interpretation of data on thè biological activity of peptide 
. -

analogs in terms of structure-activity relationships. Structural modifi

cation of a peptide may affect biological activity b, alter~tion of 

specifie essential groups or perturbation of the molecular conformation. 
, , 

In addition, an analog can alter several potential biological events, in-
, ;' 

cluding: i. dist~ibution in body tissues anq fluids, ii. enzymatic degrad-

ation, iii. receptor binding, and iVe receptor-analog complex activation 
" 0 

of intracellular events. Since relatively-little fs known at present 

about these biological mechanisms with respect to somatostatin, discussion 

of'structure-function~relationships of somatostatin analdgs has necessar-
f ,d' 

, ily been predotninantly descriptive rather t~n mechanistic. ~ ( 

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

chemical s~udies, proposed that somatostatin exists irl'aqueous solution as 

an ellipsoid monomer w1th a conformation characterized by a hairpin loop 

of the peptide chain with four,to six residuesforming an antiparallel 8-

pleated sheet. In their model one end of, the Molecule is hydrophobie, con-
'- ' i 1 8 1 2 taining Trp at its extremity. The other end consists of the Ala -Gly 

~ 

side chain and the disulfide bond and ia hydrophilic. Amino acid substit-
, 7 8 

utions of Phe and Trp greatly modify the conformation, substitutions of 
Il' 6 l~ Phe have lesser effec,ts, substitutions of Phe and Thr have very slight 

effects. Holladay et al (248) interpreted these results as support for 

a 8 sheet structure which e~ends from residues 6 ta 13 and involves hydro-

1 
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6 13 8 gen bonds between NH and CO groups of residues Phe and Ser ,and Trp 
, Il " l, 

and Phe • Veber et al (250) and Arison et al (251) suggested that somato-

statin at its cellular recep~or site exists in a different conformation, 

eharaeterized by hydrophobie interactions between the Phe6 and Phel~ moi-

eties. 
, , 

. b. Activity of somatostatin analogs on GR release. Somatostatin and 
" 

dihydrosomatostatin were equipotent with respect to inhibition of GR release , 
in vitro (252) ~nd in vivo (253). The ~ossib~lity of interconversion of 

these forms under experimental conditions could not be ruled out however. 
3 14 , 1 3 14 The,noncyclie analogs [Ala' ]somatostatin ~2?4,255) and [S-MetrCys' ] 

somatostatin (255) possessed low Jiologieal activity but this èo~ld not 

be solely attributed,to their inability to form disulfide bonds. I , ~eber 
et al' (256) and Garsky et al (257) have demonstrated that cyclib analogs 

which do not contain su1fur possess significant biological activity. This 

indieates that the sulfur moieties are not' specifically required for bio

logieal activity. Ana10gs with the side ehain Alal _Gly2 removed (255), 
3 including those,N-aeylated at the Cys residue (258-261), retained bio-

logieal activity, which shows t~t the cyclic portion uf somatostatin en

closed by the disulfide bond possesses the structural requirements for 

biologieal acti~ity. Additio~s'of amino acids to the N terminus or block

age of the N terminus by acylation did not affect biological activity 
o 

(262) .'1 Amidation of the C terminus reduced the potency by two thirds 

(262). Deletion of single amino acids revealed a greater than 30 fold re-
678 duction of in vitro biological activity'in the cases of Phe , Phe , Trp , 

9 11 Lys and Phe indicating the importance of these r~~idues for biological 

activity (247,262). Systematic replacement of eaeh residue in the cyelic 
1 

portion of somatostatin with its respective D-amino acid re~ealed tha~ 

[D-Trp8]somatostatin (247,263) and [D-Cysl4]somatostratfn (247,262) had 

eight and 2.7 times the potency of somatostatin, respeetive1y, although 

activity was reduced in the eases of the other substitutions. Studies of 
8 ,the effect of halogenation of the indole group of D-Trp resulted in the 

88-analogs [D-5F -Trp ]somatostatin and [D-5Br-Trp ]somatosdatin whieh wer~ 

25 and 30 times more active, respectively, than somatost~tin on GR release 

in vitro '(264).' Substitution of'Trp8 by ather groups including the ,aromati~ 



( 

( 

----~-----~-~---------------

" . 
-34- " , 

, 1 

amine aeid D-Tyr (262,265,266) decreased activity indicating the absolute 

requir~ents for 'the indole ring at position 81 Although [D-Trp8]somato1 '. , statin is resistant to degradation by brain (237) and, serum (243) enzymes, 

Vale et al (247) have argued that its high potency may not be due sole1y 
'1 

to this p~operty because the analog was high1y active in vitro under assay 

,conditions in which degradation of somatostatin i8 not evident.: Vale et al 

.' (247) have reported sever,al seven to ten amine acid analogs of somatostatin 

whose activities, taken together with the above results, suggest a mode1 
\ 

for bio1ogieal activity which requires: ~) hydrophobie amino'acids at 

positions 6,7,8 and Il, ii) 1ysine~t position 9, iii) a spaeer amine acid 
,~ 

(Thr in somatostatin) at position 10, arid Iv) a cystine disulfide bond or 
, 1 

additional amino aeids to maintain the conformation of the critiea1 region. 
• 1 6 11 

Veber et al (250,267) maintained that the role of Phe and Phe in somato-

1 statin is to stabi1ize the peptide conformation by forming hydrophobie 

bondsowith each other and that amine acids 7 to 10 are responsible for 
1 

~eeeptor'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 a constrained conformation j1ithin a bicyclic structure and 

exhibit enhaneed biologiea1 activity. 
'" 1 

e. Analogs with dissociated activities. Although ear1y observations 

'revealed 'eondordant activities of analogs on release of GR, insu1in and 
t 

glueagon (268) man~ subsequent studies have diseovered analogs with disao-
o 

ciated aetivities" on secretion 'of GH, ,insulin, glucagon and gastrie acid 

(247,262,269-;-271). In particular, analogs ,have been described whieh have 

the fol1owing relative potencies for inhibition of the re1ease of the hor

mon~s indicated: 1. GR and insu]in greater than glucagon (269,272-~74), 

2. GR and glucagon greater than insulin (275-278), although one study dis~ 

agrees with this conclusion with respect to the [D-Cys14]-substituted 

analogs (279), ? GH greater than insulin and glucagon (257,280-282), 

4. Glucagon greater than GR and insulin (283). More extensive diseussic;m 

\ of this clinica~ly' important subject is beyond the scope of 'this the[s'is. 

1 
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E. BIOLOGlCAL ACTIONS 

Because the studies described in this thesis pTimarily concern 

somatostatiIt loca!ized in the centra! nervous syst~, the presentation 

o'f the biological 'actions of somatoatatin will focus upon its effect on 

the secretion of anterior pituitary hormones and its action on neuronal \ ! 

function. Detailed discussion of somatostat'in r s action on non-pituitary 

hormone secretion, metabqIism and gastrointestinal physiology would ,be 

beyond the scope' of this thesis. Severa! reviews of these subjects are 

available for the interested reader (284-296). 

1. ,Effects on the Secretion of Anterior Pituitary Hormones. 

a. Growth ~ormone (GR). The 'inhibitory 'action of somatostatin on 

the secretion of GR bas beeu established in severai experimental,models 
, 

" 

in addition to the artterior pituitary cell bioassay which contributed ta' 
l ' 

its original isolation. By use of a pituitary perifusion model, somato-
'1 

stastn has been 'sho~ to inhibit basal secretioï of GR and release stimu-

lated ~y TRH, theophylline, dibutyryl cyclic-adenosine monophosphate (db 

cAMP), and' high extrace11ular ~assium concentration (297-300). A re-

the somato

a ,ons of rats det~rmined 
"-

tory profile were reduced by 
"-

bound release of GR occurred within a few 

stktin (298,299). The basal plasma GR cane 

at single time points or as a pulsatile 

somatostatin administration (301,302). Also, somatostat~n tnhibited, the 

stimulation, in rats ~n vivo of GR secretion due to pentobarbita1 (301,303, 

304), !!1orphine (303,305)'1 TRH __ y06), chlor-promazine' (307 ,30~), isoprenaline 

(308), prostag~a~din E2 (~3',309), pig SME extracf (309), and e1e~trical 

stimulation of the hypothalamic ventro-medial nucleus and the basa1-1ateral 

amygda1a (310). With reference to other species, somatostatin inhib{ted 

GH se~retion under the fo110wing conditions: 1. Stfmu1ated in vivo by L-
I 
1 

dopa in the dog (311), 2. Basal secretion in vitro and TRH-stimù1ated in 

\ , vitro and in' vivo in chic kens (312,313). 3. Stimulated in' vivo by pros

tag1andin'El (314), arginine (315,316), 3,5-dimèthyl pyrazole (an antilipo-

1ytic agent), sodium propionate, glucagon, and glucose "(316) and in vitro 

by prostagland~, El (316) in ~heep, 4. Basa~ secretlon in vivo in f;tal 

sheep (317), 5. Stimulated by prostag1~ndin F2a in vivo in the ,bull (318), 
1 

'J~' \ 1 
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; 
6. Basal secretion 'in vitro :in a teleost fish (319)0. In contrast to the 

above, intracerebral ventrieular (icv) injection of sODl/itostatin ta rats 

anesthetized with uretha~e produced' an increase in plasma GH levels (320). . , , 
Studies condueted on normal humans have observed either no effect 

(321,322) or a slight reduction (323) 'of basal plasma GR levels after admin
'/ 

istration qf somatostatin. "Rowever, s~ato$tatin convincingly inhibited 

the increase of blood GH provoked by s1:eep (324,325), exercise (326), and 
1 

, administration of L-dopa 1(321), argin~ne (321,327-331), leucine (331), 

" insu1in (328,332,333), ACTH (334), and bacterial pyrogen (335). Acrom~g
alie pati.ents have consistently shoWI'l; suppression of basal plasma GR levels 

in résponse,to somatostatin (322,327-329,332,336-342), as wall as inhip

ition of the g1ucose-stimulated paradoxical rise of plasma GH in subjects' 

in whom this phenom~non occurred (336,,338). Acromegalie patients occasion

aliy respond, also to TRH and LHRH with an increase in serum GR ttlhile normal 

subject~ do note 'In one study (343) the hm and mRH stimulations of GR 

secretion were ~ot ~ffected by somatostatin; another study (344), using 
, , 

a higher dose of somatostatin, demonstrated inhibition qf the TRH-induced 

response. Dwarfs with elevated 1mmuhoreactive GR levels (Laron's dwarfs) 

treated with somatostatin demonstrated suppression of basal plasma GR and 

inhibition of arginine-stimulated GR release (345,346). Somatostatin in

hibited pasal release of GR but n?t thyroi4 stimulating hOrn;lone (TSH) , pro-
l , 

lactin (PRL), luteinizing horomone (LH) or fol1icle st:lmulating hormone 

(FSH) from cultured human' fetal pituitaries obtained from 10 to 18 weeks of 

gestational age (347). Human pituitary adenomas also disp?-ayed inhibition ' 
\ 1 

by somatostatin of basal (4,348) and theophylline-stimulated (349) release 

of GR. 

The use of somatostatin in the therapy of aeromegaly has been limited 

by its short biological àctivity in vilvo and concern about its inhibitory 

action on secretion of hormones other than GR. Recently described analogs 
~------- ~ 

with prolonged activity and,' selectiVe action on GR re1ease may prove clin-

ically applicable in the future. 

b. Thyroid stimulating hormone (TSH). In contrast ta its effect on , 
- GR se,cretion, somatostat,in did nO,t inhibit the basal release of TSH from 

cultured rat pituitary cells when' incubated for less than five hours (350
1r 

1 
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, 351). However, 'when incubated for three days somatostatin reduced the 

amount of TSH released 'into the medi~~ and 'th~ total intracellular and 

extrace1lular content of TSH (350). Somatos'tatin inhibite.d stimulation of . , 

TSH ~elease fr01ll',rëultured rat pituiÎ:ary cells (350, 351) induc~d by !RH, 

, \»~heOPhYlll.ine and high extracellular potassium c~n~entra~ion. Cyclo~exim-
\ > 

'\ ièi~, an inhibitor of protein synthe'siSf, did not black the effect of somato-
~" ... ">- 0 

stat>1.n·'On "·ritiî:s~i.mulated TSH release in, vitro (350). Basal and_ Ï'RH-stiIIl ... 

ulated accumu~at1.on of TSH in cultured mouse pituitary tpmour c''T1ls and 

l'incubation media w$re reduced by somatostatin exposure for 24-72 hrs (352~. 

Somatostatin administration ta rats did not reduce basB;l plasma TSH levels 

(35~) but inhibited the TRH-stimulated rise in plâsmâ TSH (350,351). Thy-
• D 

roid hormone produced ... an additive effeét with somatostatih on the inhibi-

t:L6n of TRH-stimulated TSH release in v'itro (350) and in vivo (350;351) fil 

the rat. Basal TSH levels 'were not affected by somatostatin administra

tion to bulls (318), but the TRH-stimu-l,ated increase in serum TSH was blocked 

by somatostatin in newborn sheep (353). 

Somatostatin has either not affected \ (321, ~54) or only slightly reduc0ed J 

(323) basal serum TSH l~;vels in humans during the day, but clearly red~ced 
-

basal TSR levels during the n!ght when these are normall~highest (355). 

Stimulation of TSH release by TRH was inhibited by somatostatin in normal . ; 

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

354): Somatostatin administration to acromegalics has not reduced basal 

TSR levels except in one patient who had a basal serum. TSR leve! above nor

mal (337 f 3~8) • Elevated basal serum TSH in àntr,eated pr~ary hypothyroid

ism was reduced by somatostatin (358). Somatostatin also decreased 

elevated serl,lm TSH levlels in a hyperthyroid patient believed t,o have a 

TSH-secreting.pituitary tumor (359). 

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

secretion bas produced different results depending o~ the experimental 
\ 

'model used. Somatostatin incons1.stently inhibited basal release of PRL 

. from cultured pitu1.tary cells from normal male· rats (350,35],.,360,361) but 

more constantly suppressed secretion fram cells of castrated or ~strogen

treated male ràts (350). lUth use of anterior pituitary cells fram female 
, ,1' 

'rats both basal and TRH-stimulated secretion 0:( PRL were inhibited (351). 
1 - \ 
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, , , , 

\ .. Somatostatin admptistration to male rats d:Î.d nO"t affect basa.~ or Tmt-. , 

stimulated' plasma, leve1s of PRL (351). Elevation of plasma PRL 1evds in 

chronically' ~anm;lated rats aft~r administration of the dopamine-depleting 

drug ~-methyl paratyrosin: or aft:.er hypothalamic les ions was no~, àff,ected 

by infusion of large ,doses of somatostatin (250Ug) - (Martin, J.B., personal 
J , '\ ~ ) 

communication) •• ~asal~release of PRL was not re_duce~ b)1' adminiS~ion of 

somatostatin to cultured, chicken anterior pituitary cells (313) and in vivo 

'to" sheep (314), bulla (318) ~and monkeya (362). Also, $omatostatiil d:f.~ not 

'inhib:lt PRL secretion stimulated in vivo by TRH, perphenazine or serotonin 

in the monkey (362) and prostagiandi.n F2lX in bùlls"'(3l8) , but did block , , 
PRL release stimulated by TRH in cultur,ed chicken anterior pituitary éells 

.. • \ l" ) 

J) , 

, (313) and in vivo by prostaglaIJ.din El in sheep (314). 

, Somatostatin administration to nq,rma1 hUll)ans has not' affected 

PRL leve1s in the basal state, <321,363), ~ith' the '~ception of one 

(323), or stimulated by tRH C33!',354,356,363), arginine (32l), 
(J <1 ' ~ 

hypoglyc;mia (333). Some acromegalic patients have demotls .ated a reduc-

tion of serum I,>RL by somatostatin (337,363) but others have shawn 'Uo res

ponse (332,338,342,363). ~ In one study two of five patients with a PRL

secreting pit;uitary tumor responded to somatostatin with a reductton of 
o ,. . " 

serum ,PRL (363). Somatostatin inhibited the re1ease of' PRL by combined 

TRH-argin~e administration in two out of three pati~nt~ with pr~ry 

"\ hypothyroid:Lsm (330). 

d. Luteinizing hormone' (I:H) and follicle stimulating hormone (FSH). 

Somatostatin, has had no effect -on basal (318,350), prostaglandip. F2a.-

stimulated (318) o~ UlRH'7st~ulated (350) secretion of LH hy rat anterior 

pitu:itary cel1s in vitro and bulls in vivq. Basal and LHRH-stimulated 

le.Jels . of LH and FSH in humans have not been ~ff ected by somaiostatin 

. administration (321,332) with the exception of a postmenopausa! woman in 

whom basal: serum œ 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). 

e. Adrenocorticotropic hormone (ACTH). Somatostatin has had no 
- , 0 

effact on basal re'lease of ACTH from ~ultured pituitary cel~s from no~1 

l 

or adrenalectomized rats (365). However, stimulation of ACTH re1ea:selby an 

, 
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" 
extract \:If ràt SME and arginine 'l~sopressin wa~ in)1:ibited, but only by use 

of c'ells fro!p. adrenalectomized rats, fd w:f,thin a limited, dose range of 

somatostatin. . 

In normal humans plasma"' ACTH concentrat:ions were stable durinl somato-
, C> 

statin infusion (3Z3) and somatpstatin did not affect either ACTH (332) or 
oui ~ 

cortisol (333) release stimulated by insulin hypoglycemia. Serum corti-

costeroid leveis remained normal in acromegalics during a 28 hour :infusion 

. o~ somatostatin\ (338). ' In cèmtrast, so~tostatin significantly reduced, 

elevated plasma \ ACTH levels in 6 patients with Nelson-t s syndrome '(366,3ô7) 

and 1 patient w:1.th Cush:ing' s disease studied 16 days after bilateral adren-o _ 

alectomy (367). 

In contrast to the complejcity of somatostatilt' s actions ,on anterior 

pituitary hormone 5ecretion~ it has had no effe~t on the blood concentra

tions' of the neurohypophysial peptides argiuine vasopressin in dogs (368)_ 

or neurophysin in humans (3'9). 

2. 

1 

Evidence for a Physiologieal Role in the Secretion of Anterior 

Pituitary Hormones. 

Administration of somatostatin antiserum (SS-AS) in vivo or active 
J. - , 
1 

immunizlition with somatostatin with the intention to neutralize endogenous 

somatostatin has provided evidencè that somatostatin functions as a phys-
• '.~. J 

'iol~~ieal1y relevant inhi~or of GR secretion. SS-AS given'to f~ee1y-

moving cannu1ated rats partially reversed the suppression of pulsat:ile GR 
o 

re1ease resulting from the stréss10f sw:lmming (370) or pro1onged-J:ood 

deprivation On). "Suppression of serum GH induced by electro-shock stress 

in conseious rats was also prevented by 
\ ' 

SS-AS (85). SS-~ bas elevated , 
basal GR lev,ela in conseious ~oss (372) and urethane-and pentobarbital-an~ 

. esthetized rats (373) and has increased the amplitude of peaks of episodic 

CH secretion in freely-moving rats (374). SS-AS abolished the inhibition 

of GR release after !cv injection of substane'e "p but did not alter the 

stimulation aof '00 release by opiate peptides given by the same, route (375).-

Active immunization of bapoons aga;:ins.t somatostatin resulted in an 

increase in th/:! baseline levels of serum GR àampled 'over 12 hours and a 

dfmin~tion of"the secretoryjbursts (376). The authors suggested that 

somatostatin may I;function in the baboon as a regulator of episodic bursts . -' ~ 
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of GR secretion and that a GH releasing factor was required to maintain a 

tonie influence on GH secretion. In support of this model, hypothalamic 

deafferentation (377) and ellectrolytic lesions of the medial preoptic aTea 

(378)~ which disrupted the somktostatin-containing projection ta th~ ME, ,- , 

resulted in more f~equent bursts\of GE secretio~ and an elevation of trough 

GR levels in freely-moving rats. Ailterior hypohhalamic deafferentation 

and medial preoptic area lesions in rats also ~olllP,rom~sed t~e reduction 
" of plasma GR due to stress (182). 

, , 

\ ~50matostatin may have an inhibitorYn ro~e in determining peripheral 

blood T5H levels. S5-AS administration has increased basal TSH levels in 

conscious rats (374) 'and rats anesthetized with ether, urethane, or pento'" 

bârbital G373,379,380). The increase dl blood l'SHI concentration resulting 

from cold exposure (374) or TRH admÏfistration (379-381) was potentiated 

by AS-5S. The effect of AS-55 to enhance ,basal and TR;H-stimulated blood 

1 TSH levels persisted in rats treated with thyroùt hormones or rats subjec-

ted ta thyroidectomy (380,381) indicating a degree of independence of somato

statin action from thyroid hormone levels. However, surgical ablation 'of ! 
" the medial basal l1ypo~halamus' of rats,' wh'tch eliminated th~ influence of 

'endogenous somatostatin on the anterior pituitary, prevented the stimu-
Oj 

latory action of SS-AS on bath basal serum GR,and TSH levels (373). Cul-

tured rat antet'ior pituita»y ~e1ls have shown an increased basal release' 

of T5H in the presence of 5S-AS (382). Interestingly , the inhibitory 

aÇ!tion of somatostatin on basal and norepinephrine-stimulated' T~ release 

from cultured rat hypothalami (383) provides another site of action of 
- , 

somatostatin for inhibition of TSH release in addition ta its·· direct pituit-

ary effect. 

Consistent with the predominant lack of effect of eJfogenous somato-
, , 

statin dn plasma PRL levels in vivo, administratio?f SS-AS to rats did 

not alter basal,serum PRL concentrations (373,379). 

\ 3. Mechanisms dI Action on" GR Secretion 
~ ..,. 

a. Cyclic.nucleotides. Pertinent s~udies have primârUy investigated 

the relation<ship betwe~n somatostatin action and cyclic nucleotides, cal-' 
\ ... , 

cium ion flux, and cellular binding of somatostatin~ Somatosta1!!:n has ,in-

r 
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,hibited the release of GR stim~lated by db cAMP 000,384,385), theophyl

line (384) and 3-isobutyl-I-methy~:!dlnthine (386) .,' (both phosphodiesterase 
1 _ 

inhibitors) in vitro, and by db cAMP in hUmans (387) ~ These results 

; 

1 
1 
1 
j 

1 

~ 
1 

suggested that somatostatin ~ay act on cell.ular mechanisms dis~a1 to cyc

lic adenosine monophosphate (cAMP) •. Somatostatin inhibited pituitary 

concentrations of cAMP in a hasal s,tate -(388-39~ and stimul.8.ted by theo

Phylline (38,9), TRH (391), prostaglandin El (388,391), pro,stagl4Ildin EZ 

(389), chlorprol!lazine (390), j and 3-isobutyl-l-methylxanthine (1,38,6), all. 

agents Which stimulate the secretion of GR. Interkstingly , sfmUar, struc-

\ 1 

~ 

tu,re-activity requirements have been shown for reduction of GR secretion 

and inhibition of cellular accumulat~on of cAMP by relatively few somato

statin analogs tested Ont rat pituitary cell.s in vitro (392). For instance 
- 9 ' 

[D-Lys ] somatostatin had very slight or no action on -GR release or cAMP 

accumulation. 

Studies of the effect of somatostatin, on pituitary guano sine 3',5 '

ctclic monophosphate (cGMP) levels bave reported èonflicting results. 

& Kaneko et al (391) demonstrated somatostatin stimulation of cGMP levels in 

rat pituitaries whereas Bicknell 
./ 

statin on basal or acetyléholine 

pituitaries. 

et al (393) observed no' effect of somato

(ACh)-stimulated content of cGMP in bovine 
1 

rotwithstanding the several experiments in which somato'statin 

actions on Ga release and' cellular cAMP content parallel Qne another there 
~ 

exist a number o'f examples of dissociation between these two actions.~ Stim-, , 

ulation of cAMP accumulation by sodium fluoride and gnanylylimidodiphosphate, 

both which act upon adenylate ~la-se, was not affected by sOIllatbstatin 
- / "" 1 l, 

(390). Exposure of rat pituit ry halves t-o Ba++- io~ caused an incr~ase 

of, GR release withd}ut an effect on cellular jCAMP content (386). Somato-

\ 
\ 

\' 

statin inhibited th~ Ba ++ -stimulated GR release but did not alter pituitary \ 

cAMP levels (386). \n contrast, $omatostat in iIih1bited cellular cAMP -levels 1 1 
in a cloned rat pituitary tumor line, MtT-F4, but did nQt affect GH sec re-. -
tion (394). ACh sti.mtilated both GR rel~se and cGMP accumulation by bovine 

pituitaries; somatostatin inhibited ACh' s effect on GR releale but not on 

cGMP accumulat:ion (393). In summary, , lIIediation of somatostatin' s actions 

on GJI release exclusiveJy by cyclic nucleot~des is inconsistent with the 
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/ 

abovè observations. • Alternative' mechanisms probably particiP4-le in deter

mining somatost a tin' s ac t ion. 

b. Calcium ion. Although the presence of the calcium ion is réquire~ 

for pitui~ary GR release, present studies do not permit a clear answer 

whether alteration by somatostatin of calcium transport across pituittry 
J 

cell membranes ia :important to somatostatin' s action. St1mulati~n of GH . 
release from cultured rat pituitary cells by various secretogogues was de-

pendent on the extracellular calcium ion concentration (385). Somatostatin 

pa~tially inhiBited GR release from rat pituitary cells in vitro st:imulated 

by a calcium ionoppore (385). Addition of a high extracellular ~otq.ss.ium 
cO,ncentra:t~on' (:395,396)" combined pros~glandin E2 and 3-i:sobutyl-I-methyl

xa'nt~ine (397) or a calcium- ionophore (398) to perifused bovine pituitary 

\ tissue resulted in an increase of GR release and efflux of 45 Ca ++. In 

each case somatoatatin :f.nhibited the release of GR without effect on the 
45 i+ 

qa efflux, an observation which suggests noninvolvement of calcium mem-

brane flux in the biologieal effects of somatostatin on' the anterior pituït-
45 ++ ary. In contrast, so~tostat1n inhibited both GR release and Ca efflux 

from bovine pituitaries in vi 'tro stimulated by ACh (393). Additionsl evi-
, , / 

dence supporting an alteration of calcium flux in somatostatin' s actidns is 
45 +r 

that, somatostatin rèduced the Ca uptake into cloned hormone-secreting 

cells in a basal state (399), and bovine pituitary cells stimulated by high 

extracellular potassium concentration (396). However, allother stüdy obser

ved that somatostatin had no effect upon the potassium-sti:mulated uptake 
45 +f-of Ca by bovine pituitary cells (395). 

c. Cellular binding sites for somatostatin. Schonbrunn and Tashj ian 

(400) have descr:ibed cellular binding 'sites for so~oBt'atin on a cloned 
~-----.---

rat pituitary tulDOr ce Il line, GH4CJ.J--that- secretes both GH and PRIa The l ' _______ 

presence of somato~c-epfors on different ce~l strains correlated well 

with the c~pacity of the cJIIs to respond to soma~bstatin. The dose-response 

char,lÎcteristics of. somato~ta~iri.' binding, t,o GH4 Cl cells and inhibition of GH 

and PRL secretion were quantitatively ~imilar. Somatostatin has aIso' been 

reported to biÎld to bovine anterior pituitary cel! membranes but with a 

considerably lower affinity than to GH4C
1 

cells (401). No comparison was 
, , 

made in this study between the charactrristics 'of somatostatin binding to 
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t::he membrane and the biologieal action of somatostatin on the bovine pit

uitary. Ogawa et al (2~8,402) have identified and ,described the physico-
• 

'~ chemica! characteristics of a heat-labile somatostatin binding protein in " 

thè cytosol fraction of several rat tissues including the brain and anter-
" , l' 
ior pituitary. Although probably of intracellular origin, the binding 1 

protein could tepresent an easily soluble membrane proteine It has an 

apparent molecular weight of 80,000 daltons and disulfide linkages are re

quired for its binding to somatostat'in. The relationship betweenl the bio

logical' action of 6lomatostatin and its b1Îlding to the soluble protein 

remains to be established. 

4. Actions on the Nervous Szstem , 
a. Electrophysiological studies. 1 Renaud and colleagues (403,404) 

first demonstrafed that microiontophoretic application of somatostatin 
, *-

depressed the Hring rB;te of CNS neurons. Using anesthetized rats ~nd 

extracellul~r ,recordings they observed a depression of discharge rrequency 

of single neurons iri the hypothalamic ventromedial nucleus and~ the .cerebral 
\ 

and cerebellar cortices "in responsé to local iontophoretic applica1;;ion of 
" 

somatostat;.in. Other charac,terisfics of the neuronal responses were :1,\ i. an 

increase in the spike amp11~ude (consistent with membrane hyperpolarization) , 

ii. a brief time of onset after initiation of the ej ec tion 'current, 111. 

rapid recovery after cessation of the current, and iVe a graded depression 

of discharge f,requency with increasing current,.' A higher proportion of 
1 . 

neurons were responsive to somatostatin in the hypothalamus and cer,ebrfl 

cortex than in the cerebeYlar cortex. The autltors concluded that their 

results f~vor a po stsynapt,ic , rather than presynaptia site of action. 

Other studies have concluded that iontophoretically-applied s,omato-
( 

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 
," J 

discharge frequency of 58 percent of sensorïmotor cortical neurons. The 

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

term.1nation of the ejection current was up to 40 seconds, both intervals 

being longer than t~se observed by Renaud et al (403) _, Glutamate st:1m.

ulation of neuronal discbarge ~requenèy was potentiated by simultaneous 
" , 

administration of' somatostatin. In contrast; Renaud et al (403) observed 

*(CNS) central nervous system 

.. 
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that somatostatin depressed glutamate-stimûlated neuronal: firing. Dodd 

and Kelly (406) used tissue slices of rat ,hippocampus and recorded intra

cellularly from ~ and C~ pyramidal neurons. They observed ~ransmem-
, 

brane dep,?larization and an increased frequency of action potentials in 

response ta administration of somatostatin by microiontophoresis s !by direct 

pressure injection, and by local application of droplets.. The excitatory 

effects of somato~tatfu, ~ere comparable ta those of glutamate in ~atency 
• , and magnitude. In this study a negativ~ current was employed to discharge 

the somatostatin at pH 7.0 in contrast ta the previous studies (403-405) 

which, had used a positive current of lesser magnitude. Dodd and Kelly,did 

not obse~e any alteration of neuronal excitability on passage of a posi

ti.ve current. Notwithstanding the different currents used in the microion

tophoreti.c studiess the similar results obtained by Dodd and Kelly using 

three methods of _{lpp~ication of somatostatin speak for the validity of 
1 

their observations. ' 

Rand'ic and Mitelic (407) observed in the cat that' microiontopnoretic 

application of somatostatin depressed the frequency of spinal cord dorsal 

hom neuron discharges which occurred spontaneously or were activ~ted by 

noxious stimuli applied to the skin. Dorsal horn neurons activated by 
~ -
non-nQxious mechanical stimuli were not affected by somatostatin. The -- , 

characteristics of the depressant response, rapid ons et and recovery asso

ciated with an increase in spike amp1~tude, were comparable to those obser

ved by Renaud et al (403). Methionine-enkephalin applied microiontophore

tically produced simllar results to somatostatin, although the opiate 

receptor antagonist naloxone blocked the depression of the firing rate after 

methionine-enkep~lin but not after somatostatin. On the basis of th~se 

re$ults and immunoh~stochemical E7vidence tha~ somatostatin is localü:ed 

in primary afferent neurons (175), the authors suggested that somatostatin 

may partici~ate in the modulation of ,pain sen.sation. 

Koranyi et al (408~" have accumulated evidence for a depressan~ effe~t 

of somatostatin on neuronal discharges in the mesencephalic retic~.llar 

formation of 'the rat •. Intraperitoneal injection of sotnatostatin increased 

the Ume interval between spik.e discharges in the brain stem reticular 

formation but only minimally affected the interspike interval in tl'1e , , 

., 
, 
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hippocampus. The authors concluded that somatostatin decreased neuronal 

activation in the reticular formation but could not rule out the possib

ility that somatostatin é'ould also depress neuronal activity in the 
1 \ 

hippocampus. Such an effect could have been masked by a competing ten-

dency toward hippocampal activ~tion occurring physiologically as a con-

sequence of decreased reticular formation activation. The interpretation '" 

1 ' of these data are made difficult by lack of any conclusive evidence that 

somatostatin crosses the 1 blood-brain barrier. 

That somatostatin perturbs the electrophysiological status of neurons 

is undeniable; what, is uncertain at present is 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. Thespecificity of the 

neuronal responsé'- has not been established. Renaud et al. (404) have demon

strateq that a relatively large number ,of putative neurotransmitters and' 

peptides depress the firing rate of hypo,tlialamic neurons. Unfortunately, 

no specifi_c somatostatin receptor blocking agent is currently available 

to assist in the study of this question. Control studies using analogs 

of somatostatin would be pertinent 0 2. Dose response relationships be

tween electrophysiological events and somatostatin release from the' micro

iontophoretic barrels have not been defined. Presently available tech

niques do not permit simultaneous quantitation of peptide release and 

determination of biological effect at a cellular level ~ 

b 0 Behavioral studies. Administrat ion of somatostatin into the CNS 

of conscious rats produces a characteriJtic spectrum of behavior. Havlicek' 

and eollea~ues (409) observed an initial excitation with reduction qf 

bo't~ slow wave sleep' (SWS) and rap1.d eye movement (REM) ,sleep after iev 

infusion of 10 llg of somatostatin. This initial effect progressed to 

motor incoordination and rigidity of 11mb extensors in ,a majority of ani

maIs; one third developed tonic,.clonic seizures. Contraction of 11mb 

extensors resultèd in rotation 'of the animal unidirec:tionally on the long

itudinal (body) axis, which was termed "barrel rotation" by Cohn and Cohn 
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( (~10) and which has' b~en observed by other groups (411-413). Administra

tion of the muscarinic blockers atropine (41Q) and trihexyphenidyl (413), 

inhibited "barrel rotati~n" but haloperidol, apomorphine, reserpine, or 

,àmphetamine did not, suggesting invo1vement! of à cholinergie mechanism. 

, 1 

Direct stereotaxie inj eetion of soma.tostatin into selected brain 
1 

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

cerebral cortex, produced sinlilar behavioral eff'ects (414-417). A dose of 

,0.01 to 0.1 llg caused behaviora1 activation, stereo~yped behavior, and 

slight motor incoordination. With increased doses of 1.0 ta 10 ug a se

quence of motor disturbances' ranging from incoordination, muscle tremors 

and rigidity, to tonic-clonic seizures re~ulted. S1eep disturbances char

acterlzed by a reduction of REM and deep SWS oeeurred wlth somatostat1.n 
, " 

administration ta each !;lrain region. Rezek et al (418) commented tha.t 

several of the behavioral effects of somatostatin were similar to those of 
; 

morphin~. lt i8 difficult to interpret the signlfieance of these respon-

s~s in relation to specif'iç regiona1 brain effeêtls. Since' the doses 

exèeeded local concentrations of somatostatin it is possible that thé 

effects were mediated via extracellular or CSF distribution of the peptide 

over a crnsiderable distance. , 

c. Interaction with compounds active on the CNS. Relatively few 
, 1 

- ----si:udies have investigated the interactions of somatostatin with agents 

knQwn to act on the CNS. As part of a screening study of the system,ic 

pharmacological effects of somatostatin,Q Plotnikoff et; al (419) observed 

that this peptide potentiated the action: of L-dopa in induc:\ng--hyperactiv

ity. Brqwn and Vale (42Q) reported that intravenous somatostatin (1 mg/kg) 
----

reduced by 30 percent the dose of phenobarbital which caused death in 50 

percent of rats studied (LDSO)' In addition, somatostatin decreased the 

duration of seizures induced by strychnine and. increased t~e LDSO of stry

chnine by 21 percent. fhese authors postulated a CNS depressant effect of 

somatostatin. To study whether endogenous somatos'tatin contributes ta the 

responses of rats t.o strychnine and pentobarbital Chihara et al (42,1) ad

ministered antisomatostatin gamma-globulin lev. Antisomatostatin globulin , 

l , 
1 . ( 

reduced the duration of strychnine .... induced seizures and increased the LDSO 

of strychnine but resulted in an increase in the LDSO of pentobarbital. 
4'. 
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The studies of Brown and, Vale and Chihara et al are in ag~e~ent in con- , 

cluding that exogenously-administered and endogenous somatostatin potenti-

ate the CNS depressant effect of pentobarbitai. However, the studies , " 

disagree concerning the effects of somatostatin on stryclmine' 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 differ.ces 

in the doses of somatostatin involved, low in the case of endogenou's som

atost'atin and "'high in the case of exogenous somatostatin. The stoudies 

may not be strictly comparaole because of, the use of different routes of 

administration of somatostatin or .globulin. The passage of somatost~tin 

into the CNS has not been studied; whether modifications to the molecule 
/ 

or metaboÜc alterations in the CNS accompany such entry is unkIiown. 

Brown et, al (422) have prrposed that somatostatin May exer!= a mod

ulatory effect on the CNS regulation ot blood glucose concentration. Hyper-
r 

glycemia an~ hyperglucagonemia induced by iev administration of bombesin 

to rats was in~ibited by simultaneous icv injection of somatostatin. The 

possibUity that somatostatin could l~ak out of the CSF into the peripheral 

circulation to a~rectly on the pancreas was ru1ed out by the use of 
, ... 1 2 4 5 12 13 8 ' 

the analo"g, des-amitlO acid t , " , -[D-Trp ] somatostat in, that has no 

action on glucagon re1ease wheJ given system.ically but which, when gi/en icv, 

inhibited bombesin-stimulated hyperglycemia, and hyperglucagonem.ia. Simil-
I 

arYy, hyperglycemia ,caused by surgica1 stress and icv injection of Bj-endot-, 
phin or earbacho1 was reduced by iev somatostatin. i Because bombes in 's action 

on blood glucose was dependent on ihtact adrenal glands the authors con

cluded that bombesin acted within the brain to increase sympathetic outflow 

and adrenal secretion w1,lich subsequently resulted in hyperg1ycemia. Somato

staUn inhibited bombesin-induced hyperglyc~ia probably via al CNS mechanism 

to rèduce adrenal epinephrine secretion. 
1 

d. Interactions with the opiate receptor. s~matos_tatin d1sp1ays a 
1 

relatively weak interaétion with the opiat,:e receptor. Cox et al (423) 

first observed that somatostatin 'was ac~,ive in the guinea pig ileum bio-
, 

-'v..------.sssay of opiate àgQnist propert:i!es. Somatostatin also inhibited elèctric-

ally-induced contractions of the mouse vas deferens, a tissue which responds 
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in a similar manner to opiates, although somatostatin' s action was inter-

preted not to be mediated by the opiate receptor because na1oxone did not 

block the response 'to somâtostatin (424). Terenius (425) det~rmined thatJ 
, 3 3 

somatostat in inhibited binding of R-naltrexone and H-dihydromorphine to 

an opiâte receptor preparation consisting of syriaptic plasma membrane~ from 

rat' brain. Based on the com~arative compétition of somatostatin with' these 

two oJjiate ligands he conc1uded that somatostatin has partial agonist

arttagonist properties. In contrast, Pugsley and Lippman (426) concluded 

that somatostatin possesses pure1y agonistid properties based
o 
on inhibi-

3 / 
ti,?n of H-naloxone binding to a rat brain homogenate preparation. The 

aff inity of somatostatin for the opiate receptor 1 was reduced by 16 fold when 

sodium ion was added to the incubation medium, a result interpreted to be 

consistent with pure agonistic activity. The concentration of somatostatin 

"\ 3 which inhibited the specifie binding of 1 H-na10xone to the opiate receptor 
r -6 

• by 50 percent was 5.3 x 10 M, _ a concentration much higher than that 

, 

required for the inhibition of GR releas~ fram cultured pituitary cells 

or somatos~atin, binding to pituitary reeeptors (400). Iwo synthetic ana-

logs bf somatostatin containing amine aeids found within the disu1fide 
l , ' 

ring of the molecule demonstrated greater affinity for the opiate recep

tore Somatostatin administered icv to rats had an ~na1gesic effect as 

assèssed by the latency of ta il. flick in response to heat, (418) • Pretreat

ment with naloxone blocked the analgesic effect. Kastin et al (411) hoted 

that somatostatin given icv to rats 1 antagonized the behavioral effects of 

previfuSly-administ'ered endorphin inc1.uding sedation, ~i1ty, and anaî-, 

gesia bùt not hypothermia. ~ \ 

e. Neurochemical effects 

Somatostatin administered i.cv to rats increased L-dopa concentrations 

in the 'limbic forebrain, corpus striatum, cerebral cortex, diencepha1on, 

and brainstem but increased 5-hydroxytryptamine levels only( in the limbie "~ 
, , , 

forebrainJ, corpus striatum and brai~stem (412). 1 The eff~ct of somatostatin 

on the rate of metabolism of monoamines was studied by prior administration , 
of a synthe sis inhibitor. Subsequent injection of somatostatin aecel~rated 

the rate of decline of dopamine and 5-hydroxytryptamiQ.e levels but not 

norepinephrine levels.. The authors s,+ggested that somatostatin increased 

the, rate of synthesis and utUization of brain monoatllines. 

• ,. -r-" 1 \~ • 
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Somatostatin given iev to rats deer,ased the content of ACh in 

. parietal 'cortex but not frontal cortex, 'striatum, 'hippocampuÉI, diencepha

+on or brainstem (413). In addition, somatostatin increased the turnover 

rate of Ach in the diencephalon, br~instem, and' hippocampus (413,427). 

Local injection of somat<?statin into the septal area did not change ACh 

content or turnover rate in the hippocampus, which has a septal-hippocampal 
1 

cholinergie input (413). Surgical transection of afferent projections to 

the hippocampus did not prevent somatostatin' s stimulatory action on ACh 

turnover rate in the h!ppocampus (427). These' observations suggest that 

somatostatin' s effect on hippocampal AChI turnover occurs locally and not 
, / 

indirectly viâ"neuronal projections to the hippocampus. 
" . 

,\ 

A possible effect of somatostat in on CNS calcium transPQrt was suggested 

.. 

by the studies of Tan et al (428). Somatostatin (100 Ug/m1) énhanced the 
1\ 45 ++ ' 

glutamate-stimulated uptake of Ca into synaptosomes, a1.though somato-

statin alone had no effect on 45 Ca++ uptake.- In addition" somatostatin 
45 ++ ' 

inhibited the release of Ca from synaptosomes probably through an 

action on a rapidly-releasable pool. Nemeth and Cooper (429) have cautioned 

about the interpretatian of the action of high concentrations of somato

statin on bio1ogica1 systems. They ~bserved that 100 Ug/ml. somatostatin 

stimulated ACh release fram r~t hippocampal synaptosomes. Because this 

effect was associated with t;elease of th; cytoplasmic enzym~ lacti~ de

hydrogenase a,nd was not calcium dependent the authors concluded it was due 

to a \ no~specific action ,of somatostatin, perhaps by damaging the plasma 

membrane. ' 

Cyclic AMP levels in the rat hippocampus and caudate/putamen were 

increased by icv injection of somatostatin, an effect --inhibited by the 

6-adrenergic blocker, sotalol (430). 
1 

Based on bioassay data~ Gold~tein 1 

and Pavel' (431) concluded that intracarotid injection of somatostatin 

caused release of vasotocin into the CSF of cats. 

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 electrica1 field stimulation. Soma

tostatin did not inhibit cont~actio'lls duè to exogenous administration of 

ACh ot carbachol; naloxane did not ~odify the response to somato.:st~tin. 

" 
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Somatostatin also reduced the contractions caused by field stimulation of 
'" the rat vas deferens and the rabbit ear artery, tissues seis1tive to adren-

erg1c agents (433).- Somatostatin did not affect; contractions stimulated 
( , ! 

by exogenously administered norepinep~ine. These groups have concluded 

t11at somatqstatin acts through inhibition of neurotransmitter rel,ease. 

Williams and Nortb (435) on the evidence of electrophysiolog1cal studies of 

ganglion cells of the guinea pig myenteric plexus maintained in a tissue 
o 

bath conc1uded that somatostatin has a direct inhibitory action on neuronal 
... . 

firing. Blockade of synaptic transmission did not affect the inhibitory 

action of so~tostati.Ii, suggesting that somatostatin does not act by modi

fication of neurotransm1tter release. , Naloxone did not black the ,inhibi

tory effect of somatostatin, indicating noninvolvement of the opiate recep-

tore 

g. Effect on neurologi~al disorders. A two bour intravenous infusion 

of, ~omatostatin to patients with exçrapyramidal disorders and electroen-

cephalographic abnormal1ties produced no change in the neurological signs 
o 

and symptoms nor the electroencephalographic patterns (436). 

, 5. Relasse from Nervous Tissue 
\ 

A1thougl~1il~pmatostat1n in the ME al~ost certainly part1cipB:.~es in the 

regulation of GR secretion, its function in other parts of the nervous 

system i~ not yet established. In summary, evidence that somatosta'tin 

could function as a neurorr~nsmitter includes: i. ,the selective distribu

tion of somatostatin in anatomie pathways, as for example, in primary , 

affereht neurons, ii. immunohistochem.ieal localization in nerve terminaIs 

and secretory granules, Hi. loealization by RIA predominantly in synapto

somes, suggesting presence in nerve terminaIs, IVe alteration of animal 

behavior after exogenous administration and v. influences on eleetrophy

siologieal properties of) ~eurons. 
An important requirement for a candidate neurotransmitter is that it 

/ 
be released from nervous tissue. Several studies have used a variety of 

in vitro experimental preparations to study IRS release, 1ncluding 1. in

cubated rat neurohypophysis (437). ii. iueubated rat hypothalami.c synap

tosomes (438), 111. perifused, rat hypothal,amic and amygdala slice's (439), 

.. 
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• ) l , _ 
iv. incubated rat 'hypothalamic blocks '(440) ,-v. perifuaed rat )1ypothalamic 

/ 

b1.ocks (441), vi. Jncubated rat cerebrrl cor~ical slices (442), vii. incu-

bated rat hypothalamic slices (443), viii. incubated rat ME fragments (444). 

In a11 ,except the final study listed above the release of IRS was shown 

to be calcium dependent and stimula.ted by membrane .depolarization using 
_'" t, 

high extracellular potas~ium conceni,,;âtion. Other a~ents that have stimu-

lated IRS release include: i. dopamine in incubated rat hypothalani.ic synaP.,-
. \ 

tosomes (4,38) and rat ME fragments (444), ii. a calcium ionpphore (440), 

rat GR (445), neurotensin and substanc~ P (446) usin~ incubated rat hypo:", 

thalami,c blocks~ and iiL norepinephrine :f,n incubated rat ME fragments " 
, ' 

(444). A large number of neurotransmitters and neurotransmitter cand1.ëiates 

teste4 failed to increase IRS release from perifused rat hypothalamus' (441). 

Vasoactive intestinal pol~eptide ~s inhibited IRS release from ineubated 

rat hypothalamic slices (443). 

Interpretation of studies of I~ release into rat hypophysial portal 

vessels (214,215,447,448) is subject to the reservations described --above 

concerning the validity of RIAs of blood lRS. Using this in vivo model 

Chihara et: al (447) have reported that iev injection of dopamine", norepine---

\ 

phrine and A~o urëthane-anesthetized rats and dopamine to althesin-àn-
1\ 0; '" ' ' ~, 

esthetized rats inereased IRS release into hypophysial portal blood. Elec-
.. ,. , 1 ~ 

t:ç-ical stimulation of the preoptic 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 

IRS-containing neurons in the preoptic area that project to the ME. 

There are sevéral defici~c'ies in our knowledge about somatostatin in 

ne~pus tissue that si,~nal caution wi.th respect to consi,dering' that somato

statin functions as a neurotransmitter. The mechanism of somatostatin 

'biosynthesis and the 'characteristics of somatostatin receptors in nervous 

tissue are unknown. Re1ease of somatostatin from nerves upon' stimulation 

of afferents and correlation of endog~nous releas-e and exogenous applica

tion with biological effects have not yet been studied. Apart from micro

iontophore.!=ic studies, little data has been reported concerning events in 

the recipient cell:- which acçompany somatostatin administration or release. 

Specific phal;'lllacological antagoniste, "agon~sts,' synthesis inh1bitors or 

! 
t ' 
\ 
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reeeptor blo~king agents comparable to tru;,se used for "study of '1I1On'o-
Q 

aridnergic or ,cholinergie systems are pre~entl:.Y not àvailaolé for somatQ;

statu. 
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RATIONALE FOR STUDIES UNDERTAKEN 
o 

: 1" 

In describing thé rationale for undertaking these studies 1 must attempt 

ta assume the perspective of the state of knowledge a~out somatos~atin that 

was available'at the beginning of these studies. In mid 1976 onli onè pub

lished paper describing a RIA for somatostatin was avail.able (68).. The 

anatomical distribut~on of IRS had been described but little information was 

available about the nature of endogenous IRS. In order to undertake study 

" o~ 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 ~ortion of this, thesis is concerned with th~ 
, 

characteristics and validation of the RIA. For instance, deteminatidn of 
'/ 

the site on the som~tostatin molecule to which the antise:t'UD1 binds allows 

us to use the RIA as a molecular probe for particular IRS determinahts in 

tissue or body fluids. 

A bioassay of GR release inhibiting activ!t:y was used an an indepepdent 

indicator of~the presence of' somatostatin-like "activity in tissues. The 

conc?mitant observation of GH release inhibiting activity lends validity to 

démonstrations 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. 

An additiona!- use of the SS-AS when couplec! ta an insolubl.e matrix was 

/-âs ~n affinity èbrotMtogr~hy ligand for end~genoufJ..fRS. Affinity c~~ma
tography of somatostatin had not previously been attempted at the time this 

" work was begun and therefore attention was given'to several methodologica1 

fs~uës ~s desc~ed in the experimental section. AffiniÇy cllr'0matography 

<':served mainly to concentr.!tte and partially' pur if y IRS 'from several brain', 

regions and plasma. Another initial motivating factor W8S that removal of 
\ " 

IRS by affini;y chromatography might prove a useful technique for' future 

~tudy of growth hormone releasing factors withoùt the potential interference 
t J 0 

~y somatostatin. Affinity chr01!latography ~a8 used bo demonstrafe the pre-
, 1 

sence of IRS in plasma. No previously reported study at that t ime had iden-

t ified IRS in blood. 

, RIA, b~oass,ay and 'affinity chromatography techniqûes were 'used to demon

strate th~presénce;pf somatostatin-like material'in the rat and human retina, 
J ~.~ • 

) 

1 

) 

l 

,1 



( 

• 

-54-

a neural tissue that had not previously been shown to contatn som-
.1 

atostatin. The retina i8 of particutar interest as a potential~IOdel tis~ 

sue for the futu~e studyof somatostatin action 'on the nervous system. The 

anatomy, pharmacology and physiology1of the'retina ha~e been extensively 

studied by others a~d provide a wealth of baefgroun~ information that, ma.y 

aSfis~ in the investigation of somatostatin functio~ in the retina. 

Very little data on the chromatographic,behavior and biological activ

ity of hypothalamic or extrahYPothalamic lRS wa~ available at th~ start of 

this work. Again the techniques of RiA, bioassay and affinity ehroma~ography 

were applied ta the study of this question. Seleeted anatomieal regions , 
were studied for particular reasons: i. ME beeause it eontained predomin

antly nerve terminaIs, ii. anterior hyPothalamic-preoptie area be~ause it 

contained a relati~ly high eoneentratic;m of neuro,nal eell bodies positive 
! 

for lRS by immunohistoehemistry, and iii. amygdala and cerebral cortex as 

representatives of extrahypothalamic nervous tissues. We were particularly 

interested whether lRS from these different regions would exhibit stmllar 
, '" . 

or different chromatographie and biological.properties. Be~ause the ~ 
content of lRS is ,dependent upon the '-integrity of anterior hypothaICc-pre

optic area eo~eetions to the ~ we wonder~d whether tRS in the anterior 

" hypothalamie-preoptie area~ where presumably the -lRS was synthesized, differed 

chromatographieally and biologieally from lRS in th~ ME, a site to whieh lRS 

may have been transported down axons from the anterior hypothalamie-preoptic 
, 

ares. Forms of IRP with heterogeneous chromatographie and biological prop-
, 1 

erties eould represent: i. immunologieally cross reactive materials un-' 

'. related to somatostattn exeept iD. sharing :connnon antigenie determinants, 
l ' 

ii. large moleeular weight biosynthet1c preeursors of somato'statin, Iii. 
" 

speeies of somatostatin that were/chemically modified in a manner specifie 

to a partieular anatomical site, and iVe degradation products of ·somato

stattn. These studies ~y yieid alues t~~hether somatostatin biosynthesis 

or metabolism proeeeds by identical mechanisms/in various tissues or whether' 

particular mechanisms' and biologiea! controls of biosynthesis and metabolism 

exist in different tissues that may modify the expression of somatostatin's 

biological action/in a tissue~specific manner. 

'1 
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- EXPERIMENTAL '. 

A. RIA FOR SOMATOSTATIN 

, 1. Màterials and Methods 

a. Materials. The sources of the peptides used are as fo1lows:' 

Somatostatin for immu~ization (lot AY 24,910), Dr. H, Immer and M •. GOtz, 
f • 

Ayerst Laboratories; somatostatin for RIA standard (lot 14-206-60), Dr. J. 

Ri'Y1er, "Salk Institute'1,(La Jolla California}; ,[Tyrl]soma~ostatin, Dr. J. 

Rivier (lot 35-242-30) and Ayerst Laboratories (lot Ay 25,511); N-Tyr

somatostatin (lot 9185), Bachem Ine.; analogs of somatostat~ indieated in 

Table 9, Dr. J. Rivier; analogs of somatostatin indicated .~ Table 10, 

Ayerst Laboratories; glueagon, gastrin, secretin, and gastric inhibitory 

polyPeptide, Dr. J. Du~re, University of W~stern ~tario .(Lond~n, OntariO); 

porcine' insulin, Connaugq,t Laboratories' (Toronto, Ontario); substance P, 

Dr.' S. Lèeman, Harvard Medical School (Boston, Massachus~tts); oxytocin, 

Peninsula Laboratories;~vasopressin and rat neurophysin 1, Drs. M.J. Brown-
, , 

,stein and H. Gainer, National Institutes of Health, U.S.A.; melanocyte . ~ 

stimulating hormone-release inhibiting factor (lot AY 24,192), Ayerst Lab-
\ . / 

oratoties; TRH and LHRH, (lots 21-34-95 and 14-136-30, re.spective1y), • 

Dr. J. Rivie~; rat GH,rat tH, rat PRL, an~ rat TSH (reference preparations . 
GH-RP-l,LH-13,PRL-Ri-~, an~ TSH-RP-l, respectively), Nati~nal Institutes of 

Arthritis, Metabo11sm and Digestive Diseases, U.S.A. 
• The Sources of the following reagents are: human serum albumin (HSA) 

(Cohn fraction V), HSA (globulin free, crystallized}, bovine serum albumin 

(BSA) (RIA grade), methylated BSA, chicken egg albumin (grade V" electro-: ' 

phoretie purity), and gelatin (type III, calf" skin) , Sigma Chemical Co.; 
125 0 10 0 • l" ' 

[ I]NaI (100 mCt/ml, 1 Ci~3.7xlO becquerels), ~ersham/Searle; carboxy-. -
methyl cellulose (CM-52), Whatman; Inc.; Freund' s comp"lete and incompletè 

adjuvants, Difco Laboratories; sheep gamma globulin (lot 966l)t ICN Pharm

aceuticals;·sheep serum~ Pel Freeze Biologicals, Inc:; Rabbit antiserum 

aga1nst- sheep gamma globulin, Antibodies Incorporated; fluorescamine (Fluram), 

Hoffman-LaRoche. ' l \ o 

1 J ,. 

/ 

'r 
,-- .. "'"'"" ........ ~~""'~;of .. tfl_'lJ.15pq.M~_~Ha~t~""'~';;R.Ao .. ~!.jl._", .. I.\" u:-•• : 

• 1 



\ 
\ 

C" 

(' l, / 

l' 

-56-

bo Induction of antisera. Antisera to somatostatin were induced in 

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

,in our laboratory for the development of a 5S-AS in rabbits (73). Seven mg 

of synthetic somatostatin were-dissolved in 2.5 ml of 0.15 mollI NaCl and 

mixed with 2 ml distilled H20 containirig 1 mg methylated BSA. The solution 

was emulsified with an equal volume of Freund's adjuvant. Four ml of 
o , 

the emulsion were injected intradermally at multiple sites into each of' 

two adult sheep (~ne ma~e Dorset, type, '54 kg, and o~e female Suffolk type, 

41 kg). The sheep sera were tested for their ability to bind [125I _Tyrl] 

somatostatin four weeks after the first injection and ~t two to three 

week inte~als thereafter. Booster injections consisted of the same emul

sion except that Freund f s incomplete adjuvant ws used. Th~se were given 

intramuscularly at intervals of two to three weeks. Bath sheep had gener

àted antisera within a period of 4-5 months. The SS-AS produced br the 
.1C 

male sheep subsequently proved to have .~ higher titer and·gave a more 

sensitive standard curve in the RIA. 
- 1 

c. ' RadioiodinatiQn of I!yr ]somatostatin. Because somatostatin does 
1 . 

not contain an amino acid' suitable for iodination the analog [Tyr ]somato-

statin ws used to generate a, radioiodinated antigen for RIA. [Tyrl]somato

statin was radioiodinated Iby' a modification of the method of Greenwood et 

al (449)0 To 29 ~l 0.5 mollI sodium phosphate buffer, pH 7.4, were ~dded 
-5 1 0 ' 

100 ~l,5.78 x 10, mollI (lOl1g) [Tyr ]somatostatin in 10.002 mollI ammonium 
. 125 -

acetate buffer, pH 4.6. One to two mCi of r t]NaI (100 mei/ml) ws 
, -4' added, followed by 25 ~l freshly prepared 6.59 x 10 mollI chloramine-T 

(0015 mg/ml} dissol-:..red in 0.d5 mol/l sodium phosphate buffer, pH 7.4. 
-3 After a reaction time of 30-40s at room temperature, 50 lJl 1 .• 31 x 10 

mol/l sodium metabisulfite (0.25 m~l) dissolved in 0.05 mollI sodium 

phosphate buffer, pH 7.4, were added. This was followed, after an addi-
" " 

tional lOs, by 100 ~l 10% (wt/vol) HSA (Cohn fraction V) dissolved ~n 

0.1 mollI sodium phosphate buffer, pH 7.4. The radioiodiaatedoproduct 
" 

was purified by ion exchange chromatography (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 rJdioiodinated product in the second peak bound to'the SS-AS. 
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Figure 1. 125 1 
Ion exchange chromatogrélphy of rI-Tyr ] $omato-

statin. A 0.7 x 15 cm column was used. Sequential elu,tions with 

2 and 200 uDnol/1 amïnonium acetate buffera are indicated. The 

fraction size was 1.7 ml. 
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1 1 

125 1 Incubàtions of [ I-Tyr ]somatostatin from the se~ond peak in seria11y 

increasing mass under the conditions of the RIA resu1ted in a curve of 

binding of radio1abel to the antiserum ~hich was para1lel to the radichabe1 , , 
binding curve obtained in the presence of synthetic somatostat-m- (Pi~ure 2). --; 

125 1 -
The specifie activity of the [ I-Tyr ]somatostatin calculated from the 

binding data was ,Q61 )lCilUg. N-Tyr-somatostat in was iodinated by the iden- / 
' '\ 

tica1 procedure described above and produced on similar elution profile 
125 1 ' l ' 

as [ I-Tyr ]somatostatin on ion exchange chromatography (data not shown). 
1 • 

In order ta make a rational dec'ision about the, composition of the RIA 

buffer, the stabUity of [l25I_Tyr1]somatostatin was studied in the pres'" 

ence of different proteins and EDTA concentra:tion~ Approximately 4 x 105 
125 1 ' 

counts per minute (cpm) [ I-Tyr ]somatostatin were incubated for 24 h 

and 7 days in 0.4 ml buffer consisting of 0.1 mo1/!' sodium phosphate 

(pH 7.2), à.05 mollI NaC1, 0.02% (wt/vol) NaN3 and the protein and EDTA 

solutions shown in table s 7 and 8. After the incubation period approx

imate1y 10,000 cpm were removed for immunoprecipitation using 1:10,000 

final concentration of S8-AS and addition of second antibody as described 

be10w for the routine RIAs. Tables 7 and 8 indicate that purified BSA. 
125 1 resu1ted in 1ess inhibition of [ I-Tyr ]somatostatin binding to SS-AS 

than other proteins. A simi1ar study by Pate1 and Reichlin (450) indicated 
125, II' 

that the inhibition of [ I-Tyr] somatostatin binding by serum was prè-
/ . 1- \ 

vented by bolling, therefote suggesting that it was due ta enzymatic acti-
• 1 

vity. Tables 7 and 8 d~strate that use of 0.01 or 0.25 mol71 EDTA par-

i tia11y prevented the protein-related inhibition of binding. The tendency 
1 of somatostatin to adhere to glass necessitated the use 

protein in the RIA buffer. The routine buffer used for 

sodium phosphate (pH 7.2), 0.05 mollI NaCI, 0.01 mollI 

vol) NaN3, 0.1% (wt/vol) HSA (Cohn fraction V). 

of a nonspecific 

RIA was 0.1 mollI 

EpTA, /0.02% (wtl 

The stability of r125I_Tyrl]somatostatin and 125 I-labe1Ied-N-Tyr-
o 0 somatostatin was determined after periods of st orage at 4 and -30 C (Fig-

ures 3 and 4). The percentage btnding of 1abe11ed ana10g was determined 

using a' t/10, 000 -final diluffinOf-rSS-AS unâer routine RIA conditions 
1 0 l ' 

described below. It ia c1ear that storage at 4 C in the absence of added 

0.1% (wt/vo1) HSA (crysta1line) resu1ted in marked deterioration of binding 

t' 
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pg SOMATOSTATIN ____ 
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125 1 
Figure 2. Binding of [ l'Ii-Tyr] somatostat~ to antiserum as' 

a function of the mase of somatostatin or counts per minute 

(cpm) [125I_Tyrl]somatostat:ln ~er RrA tube. Percent bound 

. equals cpm [12SI _Tyrl] somatostatin specifically bound to anti-
. l2S' ~ l' ' 

serum divided by total cpm l I-TY,T 1 ]somatostatin (minus cpm 
1 

nonspecifically bound) x 100. 
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Table 7. 125 1 Effect of incubation conditions on specifie. binding of [ I-Tyr l ~ 

somatostatin ta antiserum: 24 h incubation 

( Protein Concentration Specifie Binding % 
% 

1 

._) EDTA EDTA EDTA 
o mollI 0.01 mollI 0.025 mollI 

Bovine serum a1bumin 0.1 wt/vo1 50.2 49.3 48.S 
(RIA grade) 0.5 " 50.5 51.0 52.4 

Human serum albumin 0.1 " 42.4 49.1: 48.7 
(Crystalline) 0.5 If 46.0 42.7 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 
(c~icken) 0.5 " 35.2 38.0 44,S , 

C\ 

rr 
Gelatin 0.1 Il 40.5 43.0 33 .• 6 

(calf skin)-

S he.ep serum 
'" 

10 vol/vol 1.7 _ 3.3 5.1 
1 " 24.1 32.5 34.3 
0.1 u 43.1 ~8.1 47.9 
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Table B. Effect of incubation cqnditions on specifie 
somatostatin to antiserum: 7 day 

Protein _ 

Bovine Sèrum album in 
(RIA gradè) 

Human serum albumin 
(crysta11ine) 

Human serum albumin 
(Cohn fraction V) 

Egg ~lbumin 
(chicken) 

Gelat in 
(calf skin) ~, 

Sheep serum 

'-

> 

'. 
'\ 

Concentration 
% 

O.lowt/vol 
'0.5 " 

0.1 " 
0.5 " 

0.1 " 
9.5 " 
0.1 " 
0.5 Il 

0.1 u 

10 vol/vol 
1 Il 

0.1 " 

----

125 1 binding of [ I-Tyr] 
incubation 

Specifie binding % .-

EDTA EDTA EDTA 
o mo1/1 0.01 mol/1 0.025 mo1/1 

51.6 57.5 1 56.0 
49.8 57.3 57.4 

43.0 48.4 45.9 
35.6 39.5 39.7 

29.4 56.7 49.7 
10.0 39.3 40.0 

1 

33.1 54.0 55.8 
Q'\ 
1-' 

, 11.1 50.6 45.9 
1 

34.3 47.6 52.0 

0.5 0 0 0 0.2 
2,.0 16.4 H.1 

30.0 45.8 52.5 

t 
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r AGE OF f25I-[Tyr'lSOMATOSTATIN (OAYS) 

1 

1 

1 -Figure 3. Binding of f 25
I_Tyrl ]somatos~in' to antiserum as a 

function of days of storage of f 25I-Tyrfjsomatostatin. Percent 
' 

. 
o 0 

bound i8 defined in Figure 2. Storage conditions:e 4 C,A 4 C with 

'1 

0.1% aSA (crystalline) added,O -30oC,A -30oC with 0.1% HSA (crysta

I11ne) added. 
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AGE,OF f25.I-N-Tyr-SOMATOSTATIN 
(OAYS) , 

Figure 4. Binding of 125I_labelled N~Tyr-so~tostatin to anti'serum 
125 

as a function of days of storage of I-label1ed N-Tyr-somatostatin. 

defined in Figure 2. The symbole are defined in percenj bound ls FJ3. 
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" 
over tinte. 

o 
Based on these, results storage of the labelled analog below 

o C is recommended. The concentration of somatostatin in the RIA stan!=!-
125 1 1 

ard curve required to inhi'bit ~he specific binding of II-Tyr ] somato-

statin to antiserum by 50% (EDSO) .r~ined relatively stable over Ume 

under different storage conditions (Figure 5). 

, 
1 
i 

d. RIA. RIA was rooutinely performed using a 1:20~ 000 or 1 :25,000 . , 
• • '1 

final dilution of sheep B (male) antiserum and 10,000 to 12,000 cpm 
125 1 ' ( 

[ I-Tyr ]somatostatin in a fin~ volume of 400 pl in 10 mm diameter x 

75 mm length glass tubes. Standard somatostatin and unknown samp1es were 
, ' 

o 
added in a vo;t.ume of 100 III ~nd incubated for 20-24 h at 4 C. Then a por-

tion of rabbit or hor"se antiserum raised against sheep gamma glàbulin was 

added at a dilution' determined experimentally to yield an easily visua'li-

'zed pelle~ and a satisfactory preci,pitation of the SS~AS. ln most ,cases 
1 

the final ,dilutions used were: nornlat sheep serum 1:1000 and either rab~ 

bit antiserum against sheep gamma globulin 1: 50 or horse antiserum 
, . 

against sheep gamma globulin 1 :40. Following an additions1 16-20 h incu-

bation at ,40 C the tubes were centrifugedat 2000 x g and 4..oC for 30 min. 

The radioactivity in the pellet was determined by a gamma scintillation 

counter, for most exper:l.ments an LKB Rack-Gamma with a' cou~ting ,efficiency 
125 I 

of 76.2%. Non-specifie binding of [ I~Tyr] somatostatin in the RIA was 

3 to 6%. 
" 

The horse antiserum against sheep gamma globulin was raised in a 2 year 

old horse by subcutaneous inj ection at two sites of an emu1sion of 10 mg . \ 

sheep gamma globulin, 2 ml of \0.01 mdih sodium phosphare buffer (pH 7.4), 

0.15 mollI NaCI and 2 ml of' complete Freu~d' s adjuvant. A low titer of 
1 1 

SS-AS was p~esent five weeks after the primary immunization but the titer 

increased after booster, injections of the abovè emulsion except using in-, * 
complete instead of complete Freund's adjuv~t. 

1 

e. Extraction of, IRS from tissue. Adult ~le Charles River CD ' 

rats were housed in a temperature and humidity controlled room with lights 

, 1 

*Done in collaboratio* with Dr. RoQert Benoit. 
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A~E OF f2$z-/Tyr'l SOMATOSTATIN (OAYS) 

F;igu~e 5. \Maas of somatostatin per tube required to disp1ace 50% of 
125 1 ' , 

[ I-Tyt Jsomatostatin in the RIA (EDSO) as a function 6f days of' storage 
125 1 l , . 

of [ I-Tyr ]somatostatin. The final dilution of antiserum-was-1:10,OOO. 

The ~ymbo'1s are defined in Figure 3. 
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~~ 
dO. from 0600 to 1~00 lt and were allowed free access to Purina Rat Chow and' 

. tap water. The rats were kUl\ed by decapitation' and tiss~e fragments were 

dissected over crushed ice. The tissue fragments obtained wel:l,e: 1. hypo

thalamus (anterior boundary-optic, chiasm, posterior l'&)unda;y-mammillary 

bodies, lateral boundaries-hypothalamic sulci, depth 1-2 lIID), 2. anter

i.Qr hypothalamic-preoptic ~rea (a triangular piece of tissue with its bas~ 

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

tory ,bulbs, 4. amygdala (a cl1;b:1c fragment of grey matter w:1th s:lmilar 

anterior and posterior boundar:1es as the hypothal~:1c fra~ents), 5. cere

bral cortex èslices of grey matter fram the parietal region), 6. brainstem 

(pons and medulla), 7. cerebellwn, 8.' cervical spinal co rd , 9. pancreas 
, T 

(who1e or sectioned parallel to its long axis), 10. stomach (whole stom-

ach or antrum), 11. duodenum (proximal portion) ,12. jejunum (15-20 cm 
• 

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

intes~inal regions were washed with 0'.15 M NaCl. After lieterminatian of / 
, 

w~t ~ight the fragments were placed in i,ce cold extraction solvent, 'mast 

often 2 mollI acetic acid lor 0.1 mol/t hydrachloric acid (RCI) (tissue wei 
vol extraction solvent,p <0.1). In some experiments the tubes were place~ 

in a boUing wter bath for five min and then allowed to cool. The frag-

\ments ',were homogenized using"a ,glass vessel and rotat>ing Teflon pest le 

. with ~' clearance of 0.08 to 13 mm. IThe homogenate was frozen at _20oe over-. 
nighthand 'after thawing at room temperature was centrifugedl at 2000 x g 

,an4 4/ e for 30 min. The c1ear supernatant was co~lected and stored at 
a' 

-20 d. Priar to RIA the extract was d:1luted in RIA buffer, neutralized 
l , 

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

10' m!jf.n to remove a émall amoun~ of precipitate, that formed on neutraliz~': 
, .. 

tienf. The protein content of ti.ssue extracts was determined by a 'fluoro-
1 

metr!ic method using fluorescamine (451). Bovinè serum album.m (RIA grade) 

served as the reference protein. 
! 
/ 

2. 1 Resu1ts 
! ,125 l . 

a. Radioimmunoassay. The spec1.f:1c, binding of [ I-Tyr ]somatostatin 

to' the female' sheep (A) ant!serum ws 42.3% a't ~ final antiserum dilution 

of 1:5000. The 1D&SS of somatostatin required to di!l#lace 50% of the speci ... 

" 

i , 
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r' 

, 
125 1 . 

fically-bound [ I-Tyr ]somatostatin,was 1050 pg/tube. The male sheep 
Q l' 0 

(B) antiserum was used for aIl sgbsequent studies because its tfter and 

sens1tivity were superior ta those of the female sheep antiserum. 

A Scatchard (452) plot of the' ,binding data obtai,ned 'under the condi

tions Qf the RIA is shown in Fig. 6. The c,1,1rve 1s consistent with multiple' 

bind:lng sites'for somatostatin or n~gative cooperativit~ of the Jsites at 

higher· concentrations of somatostatin'. At iower' concentrations of somato

stat:ln the binding data best fit a straight line with an apparent affinity 
9 ' , ' 

constant of 7.47 x 10 l/mol. Figure 7 d1splays the mean standard dis-

p1acèment curve derived from 13 ~IAs. The indicated peptides in concen-
, 

trations (mass per volume) of '100 times the maximum concentration of 
, 125 1 

somatostatin used for the standard cqrvé did' not ,disp1ace [ I-Tyr] 

sdmatostatin from the sheep antiserum. 
\ , 

The immunological cross-réacti~ity of several analggs of somatostatin 
l, ' 

are illustrated in Tables 9 and 10. Alterations of the N and C-terminal 

portions of the so~tostatin molecule did not affect its immunoreactivity 
/ 

greatly but modifications to the central portion of the rno1ecu'le corres-

ponding to the sequence of amino acids 4-10 ~educed its :lm1nunoreactiv1ty 
." 

substantially. / 

l , The minimum detectable concentration of the R)IA, defined as the con-

centration of somatostatm which resulted in bindin~ o~ [125I _Tyr1 j 

s~tostatin to ântiserum which was two standard deviations below the 

m~n binding achieved in the absence of somatostatin was" 14.3 pg/tube 

(mean of 16 ~ssays). The within-assay coefficients of variation for samp1es .' . 
,containing means of 91· and 304 pg/tube somatostatin were ,respective1y 11.0 

L • 

(seven det~rminations) ~d 1~.3 (nine ~eterminations). The between assay 
" -

coefficients of 'variation of samp1es containing means of 284,144 and 75 
j \ ' 

pg/tubé somatostatin were 11.5, 13.2 and 13.7 respeet~vely (16 assays) • 

RIA data in most cases were analysed with a programable desk top ca1-

~ulator' (Texas Instrumen,ts TI .. 59) and a program developed by Dr. Keith 

Hoyte t~t uses a logit/nat,ura! logaritbm standard curve ca1culated by 

linear regression analysis. 
, 1 

l'l, 

*Cross reactivity:studies shawn:ln Fig. 7 and Tables' 9 and 10 were done , 
'in collaboration with Drs. J. ·Epelba~ and P. Brazeau. 

'- , l" 1:1 

, 
i 
1 

~ 

'/ 

l, 

1 , ~ 

1 
1 
! 

! 
• ï. 



( 

c' 

() 

\ 

1. 

,,1 \ 
T 

12 

0.9 

0.8 

0.7 

0.8 

!I.. 0.5 

~ 
0.4 

0.3 

0.2 

O •• 

0 
0 IS 12 14 ilS 18 

B mol,s//il,r x 10ff 

Figure '6. Scatchard ·p1ot Qf binding of somatostatin to antfserum. 
, 

The experimenta1 conditions were. sin}:f.1ar to those of the RIA, 

except that the antiserum wa, pres~nt at a 1:10; 000 dilution. B/F, 

Ratio of 'bound to free r12SI_Tyi] somatostatin. B on the horizontal 
1 " 

axis is' the total concentration, of [Tyr ] somatost a,tin and somato-

statin bound' to antiserum. 

• f~ 

. , 



( 

" 

100 

80 

60 
B/Bo 
% 

40 

20 

Il , " 0 1 
i 

'0 

-69-

"" 

~--------~----------~--l~r------~} 

SOMA TdsTA TIN 

SHEEP B ,1:25,000 
BoIT =33.3±6.7% 
13 ASSAYS MEAN~:!:SD 

1 

i i 

2 102, 10 103 

TEST SUBSTANCE pg/!ube " 

SUBSTANCE P 
OLUCAGON 

INSUUN 
GA8TRIN 

,SECRETIN 
NEUROPHYSIN 

OXYTOCIN 
VASOPRESSIN 

GIP 
tGH 
rLH 

rPRL 
r"TSH 

MlF 
TRH 

" LHR 

/1 
/1 

, , 

1 
l 

,1 

, , " 
, ' 

, 
'1 
'Î 
,{ 

.. ' 1 
7 Bind f [1251 T' 1] . ,/ i i fi!" Figure. ing 0 ' 0 - yr somatostat n to ant serum as a unct on . 

h "" /' f [125 ~ of somatostatin,or ot er peptide concentrations. B Bo, Ratio, 0 1- 5 
Tyr1]somatostatin bound in the presence bf somatO$tatin or other peptide i 
to that bound in the absence of synthetic somatostatin. "1 Sheep B refer~ 

, 
to the animal whose antiserum was used for these studies. T, Total cpm 

added to the aasay. Bach point i9 the mean'pf 13 separate assAYs. _ The 

vertical linea uid1cate the standard deviat1.on (SD). GIP t' Gastri~- inll1b

itory polypep~ide; 'reM, rat GR; rLHI, rat ut; rPRL, rat PRL; rTSH,-.rat 

TSB; MIF, melanocyte stimulating hormone releas.~ inhibiting factor. 
1 
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Table 9. 

/ 

= 

Immunoreactivity-of alanine-substituted analogs of 
somatostatin: 

~r-----------------------------------'I 

Ala-Gly-Cys-Lys-Asn-Phe-Phe-Ttp-Lys-Thr-Phe-Thr-Ser-Cys 
1 2, 3 4 5 0 6 7 8 9 10 Il, 12 13 14 

Analog 
EDoo somatostatinl 

ED50 analog (%) 

Somatostatin 
[ AIa2]Somatostatin 
[Ala 4]Somatostatin 
[ Al,a5 ]Somatostatin 
[AIa 6]8Qmatbstatin 
[AIa 7]Somatostatin 
[Ala8]Somatostatin '. 
[Ala9]Somatostatin . 

[Ala lO]Somatostatin 
(Ala 1 J]Somatostatin 
[AIa 12]Somatostati~ / 

ED;Jo, Concentration causing 50% displacement 
[Tyr']somatostatin from antise'rum. 

~ _ .......... T~ ___ .... "'-"-..... _ .............. ~ , ..... 

100 ' 
175 
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Il 
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21 
18 
66 
61 
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Table 10. 

Immunoreaetivity of analogs of somatoatatin 

Arialog 

Somafostatin 
[Tyr']Somatostatin ' 
Gly-Gly-Gly-Somat08tatin 
Leu-Gly-Gly-Somat08tatin 

:'Leu-Gly-G1y-des-COOHI4-Somatostatin 
des-NH2l-Somatostatin 

des-COOHI4 -Somatostatin 
des-(NH:z1, COOHl4)Somatostatin 
des-(AJa l, Gly:', NH2·I)Somatostatin 
des-(AJa l , Gly, NHz•J, COOW4)Somat08tatin 
des-(Ala', Gly)N3-Ac-Somatostatin 
des-Lys·.oSomatostatin 
des-(Lys4, Lyslt)Somatostatin 

"l 
',-

"\ 

~, 

2HC s-s CH:z 
1 1 

2HC-CO-Ser-Thr-Phe-Thr-Lys-Trp-Phe-Phe-Asn-Lys-NH-CH2 
.. 2 3 .. 5 6 7 8 9 10--11 12 

/ 

/ 

Retroenantio isomer of des-(AIa '• GlY. NH:z3. COOHI4)somat08tatin 

H1 s ~ 
:rHC-CO-Ser;;Thr-Phe-Thr-Lys-Trp-Phe-Phe-Aan-Lys-Cys-G1y-NHEt 

. 1 2 3 .. 1) 6 7 8 9 10 11 12 13 14 
Retroenantio iaomer of des-(NH:z1, COOHl4)somatostatin 

/ 
/' 

.,--., 

A Analogl~ 8Omatostatin (%) 

100 
105 
101 

SB 
101 

93 
75 
97 
96 

108 
78 
34 
18 

25 

<1 

'> 

à. Displacement of 'l5I_labeled (Tyrl]somatostatin from antÎ8erum by somatostatin or an analog of aomatostatin, derived from: â - B,u -
Blllu •• t/T, where Bill and BUII.I.II are the eounts per min of U!'I-Iabeled [Tyrl)iomatOitatin bound to antiserum'in the presence, respectively, of 10 
and 100,000 PI somatostatin or analog. T is the total eounts per min. 
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b. Extraction of IRS from rat tissues. Extraction of rat hypothala

mus and cerebral cortex with either 2 mollI acetic acid or 0.1 mollI HCl 

gave siÎnilar concentrations of IRS, however extraction of rat pancreas and 
( 

stomach with 2 mollI acetic aéld yielded sign~ficantly higher leve1s of 

1RS than extraction with 0.1 mollI HCl (Table 1l). The concentration of 0 

1 
1RS in 0.1 mollI Hel ~tfacts of rat hypothalamus and cerebral cortex de-

i 1 

clined considerably with prolonged storage at _20oe compared ta the IRS 
. ~ , 

concentration in extracts of the same regions stot'ed in 2 mollI acetic acid 

(Table ll). Acetic acid extraction was used for the majority of subsequent 
'. . 

experiments. preliminary experiments using ,a previously described RIA (73) 

based on a rabbit antiserum raised in our laboratory dem~nstrated that 2 ~r 

0.2 mollI acetic acid extracted a greater amount of IRS per mg wet weight 

from rat hypothalamus, amygdala and cerebral' cortex compared to acetone, 

metlumol, or ~ solution of ethanol-chloroform-H20-glacial acetic acid (810: 

100:90:5). in addition, extraction of, rat <'hypothalamus, amygdala and cere-
, 0 

braI cot;tex by heating the fragments to 100 C for 5 min in 2 mollI acetic 
1 l , 

acid did not result in a signficantly higher concentration, of IRS than 

extraction of fragments of the same tissues without heating. 

Acetic acid (i mollI) extracts of rat 'hypothalamus, amygdala, cere

bral cortex, pancreas, whole stomach, duodenum, jejunum, and colon displaced 
125 1 : 

[ I-Tyr] somatostatin from antiserum in a fashion parallel to syntheUc 
1 

somatostatin (Figures 8 and 9). Tre data on the duodenum, jejunum and colon 

are not shown. The displacement lines were calculated by a nonweighted 
1 ' \ 

linear regression analysis using a 10git1/natural logarithm transformation 

of the data (453). The 95% confidence limits of ~he slopes of the displace
\ . 

ment Hnes were d~termined (454). In aIl cases the slopes of the displace

ment lines of the tissue extracts did" nct differ signific.antly from the 

slopes of the displacement lines of synthetic somatostatin when compared by 

at-test (p<O.l). '* This suggests immunological s1milarity between somato

statin and the t,iss~e extracts. 

In order to validate the extraction proèedure for somatostatin and to 
, 1 

determine whether the presence of a tissue extract would Interfere, with 

the RIA of somatostatin, recovery studies were done on synthetic somato

statin added ta either tissue homogenates or ext~acts using 2 mollI ac~tic 

*See appenlhx for details of t test. 
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Tab1e 11. Comparison of extraction of lRS with 2 mollI acet1c ac1d and 
0.1 mollI hydrochloric acid 

~ 

2 mollI acetic acid 0.1 mollI hydroch~otic acid 
Tissue 

Hypothalamus 

Cerebral cortex 

Pancreas 

Stomach 

wet weight 
mg 

24.05± 1.89 

41.42'+ 1. 98 

326.1- + 21.5 

341.4 + 48.5 

IRS 
pg/mg wet wt 

1800 + 190 

519 + 44 

309 + 40 

803 + 105 

Data are expressed as mean ± standard error of the mean (SEM), 
ap <0.01. two tai1ed t-test. comparing methôds of extraction. 

------,.-... - ... -.. _-~-- .. - -

wet weight 
mg 

26.03 ± 1.56 

38.12 + 3.45 

341.2 .:!: 22.7 

347.8 ± 39.8 

n - 8. 

-

IRS 
pg/mg wet wt 

1820 + 200' 

526 + 36 

139+ 16a 

, 
46a 351 + 

, 
'-J w , 

~ ... _ .... ~-- .. _~ ~ -~~ ... _-..... ,-,,-~u 



-, 

/ 
Jo" 

'r 

r 

"-

?,:. 1.7&"""""-._. -- - .---

Table 12. 

---'0 

Effect of duration of storage on tissue lRS concentration 

Days of 
o storage at -20 C Extraction Solvent 

'-1 

". 
"~i't-: 

Tissue Acetic Acid (2 mOII/l) Hydrochloric Acid (0.1 mollI) 

Hypothalamus 

'" 
Cerebral cortex 

6 
460 

2 
324 

1800 + 190 
1330 + 420 

519 + 44 
398 + 34b 

1820 + 200 
458 + 240élo-

526 + 36 
181 + ,24a 

Data are expressed as the mean + SEM (n-8) 
ap<O.OOl. p<0.05. t~o tai1ed t-test, comparing ~hort term storage to long term storage. 
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SOMATOSTATIN 
t 1 

1 1 

3 5 7 

Inpg 

Figure 8. Binding of r25I_Tyrl ]somatostatin to antiserum as a function of 
, l ' , 

dilutions of rat brain extracts and pg lof synthetfc ~omatostatin. B/Bo 1s 

defined in Figure 7. 'ln, natural logarithme Each point 1a the mean of dup

licate determinations. The lines were determined by a nonweighted l~st 

squares linear regression analysis. 

slope Est -SE of 95% conf. 
slope alope 

soma tostat in -0.977 1 0 • 031 +0.086 

hypot halamus (HYP) -0.971 0.059 :tO.186 

amygda,la (AMG) -0.946 0.076 ,:tà.n5 
cortex (eX) -0.995 0.017 

Est, SE slope, est:1mated standard error of the slope 

95% conf. slope, 95% confidence limits of the slope 

~ int, Y interc:ept of linear regression Une 

r, correlat ion coe~ficient 

y int. 

4.13 

-2.23 

-3.31 

-2.67 

r 

0.9981 

0.9968 

0.9935 

0.9997 

; 
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125 1 r ' 
Figure 9. Binding of rI-Tyr] somatostatin to antiserum as a fu'nction 

of dilutions of tissue extracts and pg of synthetic somatostatin. B/Bo , 
1 1s defined in Figure 7. The lines were analysed as in Figure 8. 

n 

slopJ Est SE of 
slope 

somatostatin -1.150 0'.03& 

pancreas \ -1.112 0.034 

stomach '-1.122 0.028 

95% Conf. 
slope 

" +0.107 

+0.094 

+0.079 

il 

y !nt. 

5,.63 

-4.21 

. -5.96 

r 

0.9963 

0.9982 

0.9983 
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acid as extraction so1ve~t (Table 13). In each case the amount of synthet

ie, somatostatin added was approximately the same as the amount of endogen

ous IRS, expected to' be present in the aliquot of homogenate or extract. 

The near complete recoveries for each tissue indicete tha.t s~matostatin , 

is not lost or degraded before or during the RIA procedure • 

. The concentrations of !RS in se1eeted rat brain and gastrointestinàl 

, regions are given in Tables Il and -14. The highest concentrations of 'IRS 

w~re present in the hypothalamus, anter~or hyp,othalamic-preoptic area 

and gastrie antrum. and the lawest levels were in the c~ebellum and olfac

tory bulb. IRS was not detectable in liver extracts. 

B. BIOASSAY FOR SOMATOSTATIN 

1. Materials and Methods 

la. Materials. The sources of the materials are as follows: incubation 
, - - \ 

dishes (3SxIOmm) , Corning Glass Works; Spinner Flask, 'Bellco; DMEM 1885 

culture medium, fetai caÎf serum, penici~?~ G, ahd streptomycin,' Gibco; 

collagenase (CLS IV), Worthington; deoxyribonuclease (DNAse), BSA (Cahn 

fraction V), and HEPES (4-(2-hydroxyethyl) -l'-piperazine-et~ne'SUlfonic acid) , 

Sigma Chemical Co; RIA kit for rat GR, National Institute for Arthritis,' 
'" • 1 Metabolism and Digestive Diseases, U.S .A.; Normal; monkey serUlÎl 4nd goat' 

antiserum against monkey gamma globulin, Al\ltibodies Incorporated. 

b. Metbod of bioassaz. _ The biaassay of GH release inhibiting acti:r

ity essentially uses the dispersed anterior pituitary cell culture methad 

developed by Vale and colleagues (89). Male Charles River CD rats weighing 

175-200 g were decapitated, 'and the anterior pituitary gland was removed 

iIltact and placed in 0.025 mal/1 HEPES buffer pH 7.2 containing BSA (CohIl 

fraction V) 0.5%1 (wt/vol), DNAse 10 llg/ml, NaCl 137I1DIlol/l, KCl 5 nun~l/l, 

Na2H;P04 0.7 mmol/i, glucose 11 IIDIlol/l, penicillin 0.3 ,mg/ml ,and st~epto-
mycin 0.1 mg/ml. i 

nie tissue was minced manually using scapel blades and ~shea with 

HEPES ~uffer to remove residual bload. The pituitary cells were dispersed 

at 37°C in a spinner flask in the above HEPES b'uffer containing cohagenase 

0.4% (wt/vol). Manual 'trituration was perfarmed with a sterile pa8~eur 
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Table 13. 'Recovery of synth~tic somatostatin added to homogenates or ' 

extracts of rat Tissues 

aomatostatin recovered 
Tissue fragment ,wet weight 

Hypothalamus 

Amygda1a 

'-Cerebral cortex 
Pancreas 

Stomach (antrum) 
Duodenum. 

Jejunum 

Colon 

mg 

12.62' + -
23.60 + 

29.96 + 
464.5 + 
196.6 + 
355.2 + 
267.3 + 
254.1 + 

Data are expressed as Hean ± SEM, , 

0.50 

1.13 

1.56 --, 
13.4 

9.0 
13.2 

8.6 

17.4_ 

ratio 1 

8omatostatin added 

Homogenate ' Extract 

T.Ol + 0.11 0.92 + 0.07 -
0.87 + 0.09 0.96 + 0.12 

1.00 + 0.07 0.90 + 0.08 
0.?4 :+- 0.06 

." 1.01 ± 0.04 
/ 0.96 + 0.07 

0.95 + 0.08 

1.02 + 0.07 

n-10, except hypotbalamu8 extract (n-7). and colon extract (n-8) 

t'":'~ 

In aIl cases the tissue fragments had been heated to 1000e for Live min in 2 mollI aeetie aeid 

prior ta homogenization. 
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- Table 14. IRSconcentration's in brain and gastrointèstipa1 tissues of the rat. 

Ant~ior hypothalamic-
preoptic area_ 

AIilyg.dala 

Cerebral cortex: 
Olfactory bulb 

Brainstem 
Cervical spinal cord 

Cerebellum 

Pancreas 
Stomach (antrum) 

Duodenum (prox~l) 
Jejunum 

Colon 
Liver 

Data are expressed as me~n ± SEM. 
n-8 except for 11ver where n-2. 

Fragment 
wet wt 

"mg 

17,.79 + 0.68 

56.21 + 2.06 
114.38 .± 2.16 

58.51 + 
'-

1.62 

183.6 + 5.37 
137.0 + 3.96 

261.1 + 4.10 
362.4 .± 18.0 

331.9 + 13.7 --
376.1 ± 17.9 
284.7, + 9.6 

294.8 + 8 .. 2 
155.1 + 8.9 

The concentration of IRS 1s not corrected for recovery. 

tRS 
-ng/mg wet 

wt 

... 

1.32 + Q.04 

O. 978 + 0.028 
0.491 .± 0.039 

0.071 + 0.006 

0.311 + 0.013 
0.401 .± 0.013 

0.047 + 0.003 
(1.332 ± 0.036 

0.869- + 0.058' 

0.096 ± 0.013 
0.096 + 0.17 

0 .. 130 + 0.022 
<0.01 

..-.., 

118 
ng/mg 

p-rote1n 

24.7 + 1.0 

19.6 ± 0.8 
10.3 + 0.3 

1'.12+ 0.17 
9.26+ 0.48 

13.2 + 0.4 

1.11+ 0.09 

~ ..... ,.,.... ........... ,~ .. 

.!., 
'f 

. 0 ~e extraction so~vent ~as 2 mollI acetic acid and the tissue fragments were heated to 100' C for five 

1 
,'-

minutes befor~ homogenization. 
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pipettethat ,had had its opening reduced to <1 IIIDI by a Bun.sen humer. The 

dispersion process yie1ded a opalescent: suspension after apPX:0Ximate1y 1 ,ho 0 

The cells were next centrifuged for 5-1.0 min at 800 'x g and wa8he~ once 

with incubation medium conslsting of DMRM 1885, witb added feta1 ~~1.f serqm 
o D 

10% (vol/vol), glucose 11. mmo1/1, HEPES 15 1IID01./l, penicUlin G 0.3 mg/ml, 
1 

and streptomycin 0.1 mg/ml. the cells were portioned out in 2 ml fractions 
5 containing approximately 2 x 10 ceUs to 35 x 10'lllll culture dishes. , 

Aftel; preincubation for 3 daya at ~?oC in 9~% air-S% CO
2 

and 100% hum1di~y 
,tbe medium. 1l8.s 'Î:emoved and the cells, which bad et~cbed to the bott01ll' of 

the dish, vere wasbed once with incubaotion medium compqsed as above e:z:cept 
, , 

that the fetal calf serum ws replaced wi.th BSA (RIA grade) 0.1;, (wt/vol) 
~ l ~ -,~ "-

to avoid the presence of plasma peptidases that could degrade SQl\18.tostatin~ - " \ 6, , 

The actual bioa!3say consisted of addi~g 800 Ul of fresh culture 
J tlo. • 

medium,' BSA 0.1% (wtNop per di~h followed by 200 Ul o~ elther: (1),.8 

standard solution of 20-1280 pg synthetic somatoatatin dUuted in incuba-, 
<> 'l,sl' ... 

tion medium. B~A (RIA grade) 0.1%, (wt/voi) 'or\, (11) .11eut~al1z~ experimen-

tal .samples diluted simUarly as synthetic S01IU1tostat1n.' After incubation 
o . 

for 3 h') the c~ture medi!JDl. was aspirated and stored at -20 .c-.for subse-

quent RIA for rat GR. 

c. RIA of rat GU. RIA of rat GR ~s C4uied out using tbe materials 

and instructions included in the kit' provided b! the Nat~on~ ,Institutes 

of Arthritis, Metabo liè and' Digest ive Diseases, USA. ' . 

The standard: rat GR preparation ws GU-RP-l. The stadda~d dose res-
, ~ (J .. c 

ponse cUl1Te,ranged fram 0.156 to 20 ng rat GR per tube. The betweeb.~assay, 

" coef·fident of variation ~s 11.3% for a sample co~taining 1.8'7 ng of r~t 
1 \ ' 0 125 . , 

GR (n-20). Separation of bouM and free I-labelled rat CH vas achieved 
\ . 

by a double oiUltibody teClmtqu.e, using n~rma11llOnkey serum and gQat anti-

serum raised a8ams!: ,monkey 881111L1l globuline "The tncubation m~(I1.a' from the' 
, ' . 
b~assay,s '~re dUuted, in 'rat ,GR' RIA buffer and assa~~ Jin dup1icate~ 0 

,2. Results 

A standard dose 'response curve of the inhibition of rat GR releâse 
" 

trom. anterior pituitary cella br iDcreasing concentrat:lons of synthetic . 

sdmatostatfu la shawn in Figure 10. Â 50% maximUm inhi.bition 6f rat CH-. ' -

, . 
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Figure la. Re1ease of GH from cu1tured rat anterior .p'ituitary cells 
1 

as a function of somatostatin concentration in the incubation medium. 

The vertical axis shows the ratio of GH re1eased in the presence of 
"-

somatostatin to that released in the absence of somatostatin (buffer 

alone) expressed as a percentage. Thè incubation conditions are 

given in materials and methods. Each po~~ is the mean of eight 

bioassays and the vertical lines indicate the SEM. 
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'release occurred at a somatostatin concentration of 6.5 x,IO-ll mol/~. , , 
The maximum inJtibition of rat GH release acbieved ws to 38% of basal re

lease. 

,1 
C. AFF:çNITY CHROMATOGRAPHY OF SOMATqSTATIN 

1. Materials and Methods 

The sources of the following are: cyanogen bromide-activated Sepharose 

4B, PhartlUj.cia Fine Chemicals; porc i.ne SME fragments, Oscar Mayer Co • 

An immunoglobulin fraction of the SS-AS was prepared by dropwise addi

tionof a saturated solution of (NH4)2S04' adjusted to pH 6.8 with MaOH, 
\ 0 

ta the antiserum at 4 C to yield, a final concentration of 40% (vol/vol) 

saturated (:tffi4) 2S04' The precipitate was. col1~cted by centrifugation at 
"" ° ÎI j -

12,000 x g at 4 C for 20 min~ / dialyzed for 2 days against a thrice re-

plenished 0.01 mollI sodium phosphate bu~êr (pH 7.4), 0.15 mollI NaCl, and 

stored at _ZOOC in the above buffer. 

A volume of 0.5 ml SS-AS or nan4mmune serum or, 'alternatively, the 

(NH4)ZS04-precipitated immunoglobulins prepared from these sera were incu

bated wit~ 4g. of cyanogen bromide-activated Sepharose 4B for 2 h at ,roam , 

temperature (2.loC) ill a .1 mo111 NaHC0
3 

buffer (pH 8.0), 0.5 molll NaCI 

'" with continuous ~nd ve- '-end mixihg. After the gel was washed on a Buchner 

funnel with the N C03 buffer, it was incubated with l m~l/l ethanolamine 

dissolved in the NaRC0
3 

buffer, pH 8.0, similarly as abov:e. The reacted 
. . li 

gel ws washed with three cycles of 0.1 mol/l sod,ium acetate buffer ,(pH 

4.0), 1.0 mol/l NaCl followed by 0.1 mol/1 sodium borate buffer (pH 8.0), 

1.0 mo1/1 NaCl. Finally, the gel was washed with 2 moll1 acetic acid or 

0.1 mo1/1 HC1 to remove any somatostatin bound ta the coupled immunog1obttlin, 

rewashed with 0.1 mol/1 sodium phosphate buffer (pH 7.4), and stored in' 
~ 0 

the sodium phosphate buffer containing 0.01% sodium azide at 4 C. 
o ' 

Affinity chromatography was performed at 4 C ~y first washing ,a calumn, 

of the prepared gel with 0.1 or 0.01 mollI sodium phosphate Ibuffer, pH 7.4, 

then app1ying an extract which had been, neutralized to pH 7.4 with NaOH. 

Following the extract, thè ~olumn was rewashed with the sodium phosphate 

buffer. The bound IRS was e1ut~d with either 2 mol/1 aèetic acid or 0.1 

mollI HCl. After rewashing with 'buffer, columns hav'e been reused up ta 

1 
1 
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~ 

Dur:ing preliminary experiments it became evident that when SS-AS was 

coupled to Sepharose it' carried along a sma1l quantitw of somatostatin 

;tloncovalently attached to itself. This somatostatin could be eluted from /' 

the affinity columns by acid (Figure Il, Blank 1). It i5 important to note 

that the affinity gel used in Fj.gure Il had not been previously washed with 

0.1 mollI Hel or 2 mollI acetic ad~c during its preparation. Washing the 

column a second Ume with neutral buffer and acid (Figure Il, Blank.. 2) 

showed that virtually aIl the somabostatin had been removed by the pr~vio~s 

acid wash. ,For aIl subsequent affinity experiments an acid Wash was in

cluded in tl1e preparative ~teps 'as described in materials and methods. 

The third elution profile of the same column in Figure 11 shows the 

recovery of 1RS from rat plasma by atfinity ,chromatograp,hy. Previous stud-
, 125 

ies by Drs. Brazea1,lO and Epélbaum had demonstrated that incubation of [ I-
l \ 

Tyr ]somatos~atin' with unextracted rat plasma resulted in inhibition of 
125 1 . 

binding of [ I-Tyr] somatostatin to antiserum, but that acetic acid ex-

tr'action/~f d.t plasma prevented the inhibitio~ of binding (455). There

fore, for the experiment shown in Figure 11, 9 ml of pooled hepatic venous 

plasma was obtained' from pentobarbital-anesthetized rats and extracted with 
, /. 

an equal volume of 2 mollI acetic acid. ,After centrifugation of the ex-

tract at 2000 x g for 30 min at 40 C the supernatant was neutral4ed with , . 
NaOH to pH 7.4 and applied to the immunoaffinity column. With acid appli-

cation to the column a peak of lBS eluted. The recovered ~responded 
to a concentration of 360 pg IRS/ml plasma. 

To -assess whether sufficient SS-AS to interfere with re RIA became 

uncoupled from the affinity gel u~der chromatographie conditions, .,6 ml 

0.01 moi/l. sodium phosphate buffer, pH 7.4, were washed 'over '1.75 h through 

a column of 1 ml gel which had been coup1ed with 0.067 ml SS-AS. The eluate 

was lyophilized, resuspended in 1.5 ml distilled H
2
0, and tes~ed for its 

125 1 
ability to bind [ 1-T~r] somatostat in "under the conditions of th~ RIA. 

No binding activity was detected in: the redissolved eluate. The binding 

cap~city of the affinity gel was estimated by elutin~ a solution of syn~iC 

somatostatin (100 ng/ml) dissolved il\ 0.01 molll sodium phosphate buffer, 

. 
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F'igure 11.. Affinity chromatography experiments done as described in materials 

and methods except that th~ affinity gel had not previous1.y received an ac1d 

wash. A 6 x 0.7 cm co1.umn ws used with a flow rate or 7 ml/hr. The pH 

and concentrations of radioimmunoassayable somatostatin (ng/ml) are plot.ted 

against the elution volume of three .experiments. The position of acid elu

tion in each profile 1s indicated by the drop of pH. B1ank 1: No experimental 

extract was applied. On elut10n with 2 mollI acet1c aeid a peak of IRS 1s . " 

evident. B1ank 2: A second acetic ac1.d wash shows tha): virtually aIL the 

IRS had been remcived. Plasma: Application of a neutralized extract of rat 

plasma. / 
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pH 7.4, through a co1umn or gel and measuring the amount of IRS in the 

eluate fràctions. 8omatostatin was campletely adsorbed to a column origin~ 

ally coupled with 0.1 ml SS-AS until a total of 1.2 Vg of somatostatin were 

applied. Application of larger amounts of somatostatin to the column resulted 
1 

in leakage of somatostatin loto the e1uate. The recovery of IRS after 

acid elution was 82.4.± 2.5%, (mean.± SEM) of synthetic somatostatin (10 ng)-
, ,1 1 ' 

allplied to six affinity co1umns eac·h contalo'ing 300 VI gel. 

The applicability of affinity chrom~tography for" the separation of IRS 

from brain tis!JUe extracts was assessed using a 0.2 molLI acetic acid ex

tract of 10 porcine SME fragments (Figure 12). The applied IRS which 

bound toi the affinity column was eluted after acid addition with a. recov

ery of 87%. A control chromatography using non:immune sheep serum c~upled 

to Sepharose resulted in the elution of 5%'of,the applied IRS after the 

ad~ition of acid. 
: 1 

Subtraction of IRS, from extracts of porcine SME by affinity chromatog

raphy a1so reduced the GR release-inhibiting activity of the residual ex

tract. An extract of porcine SME was chromatographed using 'columns of 

immobilized S8-AS and nonimmune sheep serum, as shawn in Figure 12. The 

first large protET,in p,eak eluted from the control nonimmune serum column con

tained 49.8 ng IRSlsRE equivalènt. This material gave a dose-relateq inhib

ition of GR release (Table 15, group IV) comparable to that of sYnthetic 

somatostatin (group II). The materia1 in the large protein peak eluted 

from the SS-AS-coupled column contained no detectable IRS aIl;d did not cause 
'" , 

a dose-related inhibition of GH release (group III). Although this resid-

ual IRS-free extra
1
c1= producéd a small m~an decrease of GH release compared 

-2 
to the buifer control (group 1) ~ only one point (1.6 x la SME fragments) 

reached stat:1.stical significance (p<0.05~ by two-tailed t test). Higher , 
concentrations of ~the IRS-free extract did not significantly inhibit the 

release of GR. / 

D. RETINAL SOMATOSTATIN-LlKE MATERIAL 

1. Màterials a,n'd Methods 

a. Collection and extraction of rat retinas. Male Charles River CD 

L 
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Figure 12. Affinity ,{:hromatography of a 0.2 molll acetic acid extract 

of lÔ ,porcine SME fragments done as described in macer'ials and methods. 
, 

The colttmn dimensions were 6 x 0.7 cm -and the flov ra te vas 9 ml{hr. 

The large protein peak corresponds ta the posi'tion of applicat;ion of 
, 1 

the extract. The volumes of elution with sodi~ phosphate 0.01 molll 

buffer, pH 7.4, and 2 moll1 acetic acid are indicated. 
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Table 15. , 
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_ <i 

.t. # • 

.' ., 

,-
.. 

~ 

Effect on 'OH rele~ of an extract of porcine-SME fr0ll'l whrch IRS'Îad ~en subtracted by immunoaffinity chromatogœphy , '\ 

G!ouPS 
~ 

': 
1. Buffer control (no somatostatin) 

II. Synthetic somatostatin (ng/dish) 
0.03 0 

0.1 
0.3 
1.0 
3.0 

III. Extract eluted through immobilized antiserum 

IV.' Extract eluted through immobili~ nonimmune 
serum 

SME fr~ent equiva
lentsjdish 

JI 

• 
Î 

'6.4 'X IO-J 

1?6'>{:10-2 

4.0 X lO- l 

1.0 X 10-· 

6.4 X 10- 1 

1.6 X 10-2 

4.0 X 10-2 

1.0 X 10-,· 

IRS in extract (ng/ 
dish) 

NDf 

ND 
ND 
ND 

~ 

0.3' 
. 9.8 ' . . ~ 

2.(1 
5.0 

rGH released (ng/ml) 

96~± 18 

,883·± 20" 
86s-± 39 
805 ± 25h 

671 ± 34h 

• 373 ± 5" 

1000 ± 104 
8ô8± 15" 
867 ± 65 
880 ± 42 

933 ± 134 
730 ± 28b 

568 ± 66b 

292 ± 25b 

Data are expresse4 as the mean ±,SE (n - 5 incubation dishes f~r buffer control and syntiletic:somatostatin samples; n" 3 for porcine SMÈ extraéts). . '_ ~, '.. ; . \ .. P <:\0.05 vs. buffer control (by two-tailed t test). 
It p < o.oi vs. buffer control (by two-tailed t test). 
f Nondetectable. 
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rats were ma intained as desc~ibed above with 1·1ghts on from .Q600 t.o 1800 h 

.. Rats thàt were used for the quantitative determinations of lrul cont..ent pe 

1-ndi.vidual retfual fragment ranged in weight from 200 to 250 g and were ,r -f 
• r e • '/ 

kilfed' by deca(>itation or ether inhalation between 0930 and 1130 h. ~ theY 

~-------pools of retinql, tissuè used for the chromatographie studies of IRS _~r 

obtained' predommantly from rats weighing 200-250 g, but alsoAnéÎuded 
1" "-

retinas from rats weighing up "l~o 600 g, and were cQll-ected at various imes 
. ~. 

(betwee~ 0830 and 1600 h. The eyes were removêd after death" the inta t 
\, --------- ! retinas were dissected free unJ~;- viSualization with a dissecting micro-

scape, ~nd each retinal. __ fragment was placed ,in 0.5 ml of 0.1 mol!.,l ~C1. 
Dissection of ,the-intact retina' resulted in a tissue fragment. t'bat included 

~ superficial portion of the ciliary body adherent to the retina. 'Micro

scopic study of hematoxyl1rl/eosin-stained cross sections of the retinal 

, tissues indicated that t11.e / plane of dissection extended bétween the photo- / 
, , c:"/ 

receptor cel1 and the choroid layers. This confirmed that all cellular lay-
r ", 

èrs of the: retina were included in the tissue fr~gmeht. The fragments 
1 

were' homo~enized, centr.ifuged and stored as described above. The protein 

conterlt of .retinal extracts was determined by the fluorometric method as 

described above. 

Hydrochloric acid was used as the extraction solvent for the retinal 

experiments in order t"O avoid the re1atively large amount of salt which 

forms on neutralization of the more concentrated acetic acid extractant. 

Studies using particular rat retinal extract~ were éompleted within four 

weeks to minimize the reduction of IRS concentration that occurs with 

prolonged storage in HCI. 

The recovery of synthetic somatostatin added to eight'separate retinal 

jextracts ~as 105 + 10% (mean.:!:: SEM), ind:lcating that no loss of immunolog

Ica! activity of somatostatin occurred before or during the RIA. 

b. Gel filtration chromat.ography •. Sephade~ G-25 'fine (Pharmacia Fine 
J 

Chemicals) was swo~len overnight in 0.2 mol!l acetic acid containing 

0.1% HSA (Cahn fraction V). Chromatography was performed on a 1.1 x 50 cm 

co~umn 'at 4°C with an eluent of ~O.2 moi/1 acetic acid, 0.1% HSA (Cohn frac-

tion V), ,a flow rate of 10 ml!h, and a fraction size of 1.0 ml. 

of each fraction was neutralized with NaOH and assayed for IRS • 
.J 

< • 

A portion 

Synthe~ic 

"". 

" 

\ 
1 
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(200 ng) was chromatograph~d under simi1ar conditions with a 
-

recovery of 51%. The ineomplete recovery 1s probab1y due to binding of 

the peptide to the gel or to 10ss of immunolog ica1 activity. 

c. Experimental mode1s of retinal degeneration. In order to obtain , 

dues to the .cellu1ar 10calization of IRS in the rat retina we, ,in collab

oration with Dr. M. Brownste1n~ Laboratory of C~1nical Science,,_National 

----Institutes of Mental Health, D.S .A., studied the retin~l-concentratiQn in 

rats with experimental retinal degeneratio~.' IRS was measured in adult 

(250, g) PETR (pink-eyed, tan-hooded) rats and in albino (Osborne-Mendel) .' -

contraIs. PETR rats have inherited ret1nal dystrophy whieh begins to·mani

fest itse1f in thj! third postnatal week (456,457). The adu1t animaIs have 

few if any rods and gradually lose MOst of. their canes as weIl. l'hus, if 

( 

IRS were conffned to photorece~tor elements in the retina, PETR rat retfnas J 

should have little of this material. 

In addition to studying PETR rats, we also examined the retinas of 

rats that had been subjected to intracranial bllatera1 optie nerve trans

ections. Rats (250 g) were placed in a Kopf stereotaxi.e devi.ee (50, nase . 
down~ and a 3-mm knife with its b1ade in the coronal plane was centered 

over the midline and inserted into t'he brain 10-11 mm rostral to the inter-, 

auricular 1ine. The knife ,'was lowered unt,il it reaehed the base of the 

brain and pressed into the bone so that it eut both optic nerves. The 

animaIs were killed one year a~ter the operation. After this time aIl of 

~he ganglion cells had degenerated (458) and 1llJe optic nerves and tracts 

had completely atrophied. The retinas of the surgica11y prepared rats 

wou1d be expected to have no IRS if it were localized exelusively in the 

ganglion cells. 

d. Collection and extraction of human retinas. Ruman retinas were ob

tained 'by Dr. M. Senterman, Dept. of Pathology, Montreal General Hospital 

and Drs. K. Hoyte and A. Hakim, Dept. of Neuropathology, Montreal Neurolog

ical Institute. l?ertinent descriptive data: on the .patients is included in 

Tables 1;7 and 19. The posterior globe was exposed by an intraeranial ap

proach during autopsy and a portion of the retin~,was dissected free of the 

uvea and sc1era. The retipa was plaeed in 1-2 ml. of 0.1 mQl/l Hel and, stored' 

frozen before extraction as described for the rat retina. In the case of 

~--:;.};"~_,, \ .!~i~~.·l'l'f ... \i<--~ ....... rr .... \" 1.A,.t.,;'_~:.y; "'"i'.,; .. ~.;~: .. ~~. 1~~',,,>,, ~~:-'I..dt.~.,."4l~4,.l'J.r..I~~""4 ...... ,,.,;;)tjl't'~~~/'lIJI,)~~:t·"l!V:M.{t~1.a... ..... l~~~{.,. .. ,..-l ~ r14itollL~ ... -:~~.~.' __ ~~~'\.';\ t T~-, 
-~~--
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~he retinai extracts obtained from patients listed in Table 17, the pro-
~ , 

tein concentration ,was det,ermined according to the method of Lowry et: al 

(459) because the fluorometric method was not avaUable at ~hat time. BSA ' 

. (RIA grade) was, the reference standard as before. The hypothalami weret' 

dissected from patien~s 13 and 14 (Table 19) by Drs. K. Hoyte and A. Hakim, 

Dept. of Neuropat;hology, Montrea! Neurologieal lnstitute,' and were ex

tracted as for the retinas in 0.1 mol/! HCl (tissue to acid ratio<O.! 

wt/vol) with heating to 1000C for 5 min. 

2. Results 

a. Concentration of IRS in rat retina. 'lile concentrations Çlf lRS 

were 6!2.± 43 (mean ± SEM) pg per retina or 0.621 + 0.044 pg/llg of pro

tein for a total of 16 retinas obtained from 10 rats kil,led by decapita-
, ' 

and 601 + 22 pg per retina or 0',577 ± 0.022 pg/Ug of protein for 19 

retinas obtained from 10 rats killed by ether inhalation. The differences 
'. 

between the two groups were not statistically significant (p<O.l, two-

tailed t test). 

.. 

b. Partial characterization of rat 'retinaL somatostatin-like activit • 
\ 

Figure 13 represents the ~affinity chr tography of a pool of retinal 

extracts containing a. totaÏD of 37.9 ng of IRS. The concentrat ion of lRS 

in the flution fractions corresponding to the application of the sample 

was below the~RIA 1imit of detection (200 pg/ml). However, 52% of the 

app1ied. IRS elut:ed ~hen the column was washed with HCl. The affinity-
125 1 

puri1~ed retinal IRS pl1'0duced a displacement eurve of [ I-Tyr] somato-

stat~ from SS-AS that was similar t9 thpse of synthetic. somatostatin and 

rat hyPothalamus extracted in HCl by the same method as used for retinas 
1 

(Figure 14). The displacement line~ o~ cruèe retinal extracts were 

also parallel to that of synthetic somatostatin (data not shown). 

Figure 15 indieates the dose-response curves in the somatostatin 

bioassay as determined by inhibition of rat GR released into the incubation 

medi~ compared to varying quantities of somatostatin, crude retinal 

extract, and the affinity-purified IRS obtained from the chromatography 
.. 1 • 

described in Figure 13. ' AlI threé samples produced a dose-related inhib-

ition of release of rat GR. The ratios of somatostatin-like activity 
(, , 

.. 

,t , 
1 
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Figure 13., Af f inity 

and concentration of 

'Î 1 
chromatography of ra,t retina1 IRS. The pH 

IRS (ng/ml) in each 2 ml elution 'fraction 

are plott'ed against the cumulative e1ution volume. A total of 

37.9 'O.g of IRS was applie,d in a volume of 55 ml to a 6.4 x 0.7 

cm column run at 12.5 ml/br. 
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HYPOTHAL~MUS ( 
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ln dilution 

• 
SOMATOSTATIN 

3 5 

ln pg 

,J 

7 

Figure 14. Binding of [12~I_Tyrl] somatostatin to antiserum as a function 

of dilutions of rat hypothfLlamic extract, affinity-toncentrated rat retina1 

IRS, and pg of synthetic somatostatin. BIBo 1s defined :in Figure 7. The 

lines were ana1ysed as in Figure 8. 

! 
slope Est SE of 95% Conf. y Int. r 

slope slope 

somatostatin -1.063 û.053 +0.129 4.99 0.9927 

rat retina -1.019 0.064 +0.170 ... 0.22 0.9927" 

rat hypothalamus 
" 

-1.101 0.102 +0.435 -3.64 '0.9927 , 
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Figure 15. Curves relat:Î.ng the concell-trat1on of rat GR (l!'GH) released' 

from cultured rat anterior pituitary' cells into_ their culture media and pg 
1 

of synthetic" somatostatin or dilutions 'of a erude retina! extract and 

affi,n:l.ty-purified IRs added ta the incubatio~~édia. Each p'oint represents 
, . ' 

the mean of rat GR release in six incubation dishes for the synthetic. 

somatostatin curve and the puffer control (0) and three dishes for the 
1 

retinal samples. The vertical linesrepresent the S~. 
" 
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J 
'determined by b~oassay to that determined by RIA were 0.84 and 0.79 for 

/' 

/ two separate affinity exper~en~s and bioassays. The bioassay/RlA'ratios 

r-" ' ,of' somatosFati~-like ac~ivity assayed in two separate crude retinsl extracts 

were 1.53 and 2.09. 

\ 

Figure'16 shows the chromatographie behavior on gel filtration of the 

IRS purified, by affinity chromatogr~phy. A tptal of 45% of the lRS that 

eluted,fro~ the, affinity column was recoverèd after lyophilization and gel 

filtration chromatography. Approx1mat~ly 96% of the: recovered lRS eluted 

~: in a peak.at a volume coinciding'with that of,synthetic somatostatin. 
'.... 1 

c. Effect .of' retinal degenerations on- lRS- eonc'ent'ration. As shoWn in 

Table 16, tàe concentration of, retinal- lRS,._ expressed as pg per Ug of pro

tein, was ·significantly, increased in PETR rats with hereditary degeneration , , 

of photorecep~or eells and' in. rats S~di:êd one year after transecti-;'n ·of 

the'optie nerves. A d~crease in the retinal protein concentration of the 

, experimental groups accounted fbr the increase in ret'tnal IRS concèntration. 

d. IRS in the human re~ina. The concentrations of l~ in retinal 

extracts from Il subjects are given in Table 17. AlI extracts were studied 

in the same RIA. The concentration of lRS was compared' by linear regres

sion analysis to the age of the patient- at death, th.!a time int~rval be

tween~death and the collection of ~he retina, and the time inte?val be

tween the collection of the retina and RIA for somatpstatin (Figure 17). 

The significance of the difference between the slop~s of the regression 

~ines ~nd zero was determined by a two-tailed t test using the esttmated 

standard error of the slopes (454). ~e .. slope of the line relating retinal 

lRS concentration and the time interval"between collection of the retina 
1 •• 1 

and RIA,was significantly different "from zero (p<.Ol) i~dica~ing an inverse 

'!re1ationship between retinsl lRS concentration and Ume of storage iD. 0.1, 

mol/l HCl~ No statistieally significant relationship could be demonstra~ed 
between retinal IRS concentration and age at death or the time ,interval 

between death and collection of the tissue (Table 18). 

Crude extracts of human retines and hypothalami produced RIA dis-
l , 

placement lines that were parallel to that of synthetic somatostatin 
"r 

(Figure 18"). Portions of the ~etinal extract~ from the' 11 pat~ients cfescribed 
, . 

in !able 17 were pooled, lyophi1ized, and resuspended in 0.1 mol/l sodium 
1 
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table 16. Effe~t_oi retinal degeneration on IRS concentration .. 
Rats 

Cn - 6} 

Control 

Hereditary 
, photoreceptor 

degeneration 

Optic nerve 
transection 

" 

" 

Prote1n 

llg/extract 

921 + 20 

454 +' 2S
a 

474 + 26
a 

-:-/ 

Data are expressed as mean + SEM. 

ap<O.OOl. 

'-

b p<O.OI, compared to control (two-tailed t test) 

r_ ,1 

rRS 

pg/extract 

87-9 + SO 

725 + 39 

1158 +'168 

'~ 

- J 

lRS 

pg/llg protein 

0.96 + 0.09 

• b 
1.46 + 0.l:6 

2.40 .± 0.27 
a 

l 

.' 

\ 
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Patient 
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3 
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10 

11 

Mean 

SEM 

/ 

Retina1 lRS 
(pg/mg 
protein) 

'-: 

~ 
763 

492 

537 

600 

572 

727 

1090 

531 

1480 

\ 1200 -

966 

.. 
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Table 17-. Q lBS Concentratipn in Human ~etina 

Sex Age at Time fram Time from 
Death death to collecti.on -

co.llection / of retina ta 
of retina RIA of 

(h) extract 
(days) 

'" M 75 7.5 .118 

M 74 4.25 118 

M 71 17 111 

M 64 28.25 111 

M 93 13.25 ~01 

M 84 3.5 89 

F 59 11 77 

M 70 4.67 77 

M 54 10.83 50 

F 64 8.S .< 
49. 

0 

M 26 1(}';75 43 

--.--
66.7 -1.0.9 85.8 

'5.3 - vl- 8.6 

0*' 

p 
~' 

..t'"." .... _ll,_-w> ...... N .... !~w~ /' 

" 
...-. 

/ 

/ 

., 
Cause of Death 

"" Bronchopneumonia 

r 

.--

Chronic Mye10cytic Leukemia 

Myocardial Infarction 

Myocardial lnfarction 

Bronchopneumonia 

Bronchopneumonia 

Myocardial Infarction 

Myocardial Infarction 

Myocardial In~arction 
/ 

Acute Lymphob1astic Leukemia 

Ma1ignant Melanoma 
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~igure 17. Concentration of IRS in human retinal extracts as al 

function of days of storage of the retina in D.l'mol)l HCl at _30oe. 
Each point represents a retina from a different individual. The 

line 18 determined by least ,squares linear regression analysis. 
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Table 18. Analysis of the Relationship Betweèn Human Retinsl lRS Concentration snd Characteristics 
of the Retines Shown in Table 17. 

" 
Linear Resression Analysis Retinal lBS 

(pg/mg protein) 
"- correlation a t b compared to: slope y intercept coefficient Est (SE)s1ope n-2 p ~ 

'à. 

Age of patient 
-at death (years) -9.88 1474 -0.527 5.684 - 1.738 >0.05 

Time interval between 
death and collection 

-of ret ina (h) _ -4.44 8-62 -0.096 -

1 Time interva1 between \(l) 
- \(l' collection of l, 

D retina and RIA (days) -8.87 1575 -0.779 2.400 3.693 <0.01 ,. 

- ~sè1mated standard error of the slope. 
bTwo-tailed t test with ~-2 degrees of fr~edoa for the dlfference of the alope from zero. 
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Figure 18. Binding of [125r _Tyrl] somatostatin to ~ntiserum as a 'function 

of d:1.lutions -of human retina and hypothalamus and pg of synthetic somato":' 

stat:1.n. B/Bd 1s def:LD.ed in Figure 7. 'The 1ines were analysed as in Figure 8. 

somatostatin 

human _retina 

Slope 

-1.106 

-1.126 

human hypothalamus -1.114 

Est SE 
of slope 

0.059 
1 

0.037 

0.017 

95% cath. 
slope 

+0'.143 

+0.160 

+0.055 

y 1ot. 
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phosphate buffer, pH 7.4. The pH was checked to be 7.4 by a pH meter. 

,TIte sùspension was centrifuged at '2000 x g for 10, min at 4P C ~o remove 

__ retinal proteins that precipitated at neutral pH. The supernatant, con-
, \ 

taining 29.5 ng lBS, was 'IIpplied to an affinity column resu1ting in a re-

,covery ~f/61% of appli~d lRS after e1ution with 0.1 moll1 HCl (Figure 19). 

No IBS was detécted'in the eluate fractions before appIication of acid. 
-

e. Bioassay of human retinal somatostatin. Extracts of retinas ob-

tained fram e~e 'pa~ients "listed in, Taole -19 were· pooled, lyophilized, re-
l • 

,suspended in 0.01 mol Il sodium. phosphate buffer (pH 7.4)-, 0.1 mollI NaCl '. .. 
and 0.1% (wt/vol) HSI\. (Colm. fraction V) and neutra1ized' with NaOU using 

phenol red as.a pH tndicator. The neutra1.suspension was centrifuged at 
o --.. .. , ~ 

2000 x g for 10 min ~t 4 C ta remove a small amount of precipitate. This 

extract inhibited rat CH release in' the btOasSaY in ~ dose related manner 
, ' 

similarly as did synthetic sOmatOstatin and à HCl extract of human hypothal-

ami (Figure 20). The ratio of somatostatinrlike activit~ determined by 

bioassay to_that determined by ~ of the pooled human ret~ 'extract 

was 0.88. 

E. COMPA.lUSQN OF CHROMATOGRAPHIC AND BIOLOGICAL P.ROPERTlES, OF IRS IN 

~O~C AND EXI'RAK!POTHALAMIC'BRAIN REGlONS ... 

Methods and Results 

\ 

Fragments o~ the ME, anterior hypotbalamic-preoptia area, amygdala 

/ 

and parietal cortex were obtained from 50 male Charles ,River CD rats simi

,lar%y as descd.bed above. They were extract,ed in 2 mol/l'acetic acid 

'" wi.thout heating. Pools of the region8J. extracts were neutralized with 

\ 

o 

"NoOU and subj ected to affinity chromatography (Figure 21). The IRS .fr~ 
. , 

al1 eour ~issue regions adsorbed'complete1y to thè affinity co1umns ~ 

was el~ted by 2 mol Il acetic acid. The peak of IRS from each reglon was 

.. 1yophUi.zed, redisso1ved in 0.5 'ml: 0.2 mollI acetic acid containing 001% 

(wtJ,,~l) -~A (Colm fraction V) " and chromatographed on a Sephadex G-25 
, " 

column (Figure 22). The affinity-purified IRS fram each brain region elu-
~ . 
ted in four peaks, with ·t;he ratio of elution volume, to void volume ranging 

from:peak I, 1.0 - 1.2; peak II, 1.3 - 1~5; peak II~, 1.9 - 2.1; and 

peak IV, 2.2 - ~.4. The largest peak (III) e1uted in a position similâr , , 

/ 

., 
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'! 

" 

! 
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Figure 19. Affinity chromatography of human retinal US. A 

total of 29.2,ng of IRS was applied ta a.10 x 0.7 cm co1umn 

run at 10, ml/hr. Thé fraction size was 1.06 ml. 
'lil 
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Table 19. 

Patient 

" 
12 

13 

14 

15 

16 

'-

'\ 

l • 

~ 
l 
L' 

---
~ 

Details of Patients Providing Retinas fo): BioJlss~y of l;omatostatin '-

Sex Age at Time from Cause of' 
death death to p-eath -

collection 
of retinas 

(hrs) . 

M 68 18.75 Myocardial Infarction 

F 67 8.0 Chronic Mye10cytic Leukemia 

K 62 24.0 Kyocardia1 Infarction 

M 72 61.4 Cardiac Arrhythmia 
M 71 12.0 Carcinoma Lung 
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Figure 20. Curv'es relating the ~oncentration of rat GR (rGR) rel.eased 

from cul.tu~ed rat anterior pituitary cells into their cu~ture media 

and pg of synthetic somatostatin or dilutions of 1mman retinaI. and " 
" hypothalamic extrac;s. Each point represents the Mean of rat GR re-

l.ease in four incubation dishes for the synthetic somatostatin curve 

and thé buffer cont"rol (0) and three dishes for the tissue extrac~,s. 

The vertical l1nes indicate the SEM. \ 
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Fi~ure 2+_ Affinity chromatography of 2~ol/l acetic acid extrgcts of 

rat ~rain regions done as described in materials and methods. The column 

size was 15 x LO. 7 cm. The ~op in pH cotresponds to the elution with 

\.2 mol/l acetic acid. ME Cledian eminence~ AH Canterior hypothalamic

preoptic ares). AMG (amygdala). ex (parietal 'COt;tex) .' 
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~igure 22. Gel fi1tra~ion chromatography of affinity-purified 

IRS from rat brain. The' co1umn si.z~ was 1.1 x 50 cm, the e1uent 

ws 0.2 M acetic aci.d containing 0.1% HSA (Cohn fraction V), 
o 

-the flo.., rate ws 12 ml/h, the temperature ws 4 C and the 

~fracti.on' size ws 1..45 ml. The voi.d volume (Vo: detêrmi.ned 

by blue dextran and 1.25t_laéelled rGH) and the elution position 

of synthetic somatostatin are indi.cated. 
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An. aequal al.1quck of the jour peaks to that of synthet~c somatostatin. 
1 

from each brain region vas neutrali.zed vith one __ ~.~ghth the volume of NaOH 

and tested/f~r itoS'--'abUity to inh~bit the re1ease ~f -:at GR.; Th~ffse of 

lBS from each peak waa not standardized but was proportiQtUÜ. to the quan-. .' 

tity of, lBS' sbown in ea~h peak in Figur&! 22°. , The IRS from all gel filtra-

tion peak$ ,of the four brain. regiqns' signUiaant:ly (p<O.02, by two-taUed 

t test) inhibited the re1ease .Qf rat GR fr4m d:Lspersed anterior pituitary 
• j40 , ... 

C;ells compared to controls (n8u~es 23 A and 1) , 
. . l , 
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Figures 23 A and B'. Rel,ease'lof rat GH from cultured rat anterior pituit

. ary -cella in the presence of IRS peaks (I,II, III ,IV) separated on gel 

filtration chromatography as shawn :ln Fig. 22. 'Samples tested were 
, 0 

s~lected from the elution fractions of each peak which cont~ined the 

maximum concentration of IRS. The two panels refer ta different bio

assays. Levels ot' significance are determ:fned by a t~aUed t-test. 

The number of incubation dishes used ta determine the mean re.J.ease of 

rat GR are indicated. 
( 

. 
The vert1:cal lines represent the SEM. 
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DISCUSSION, 

This -thesis essentially describes the use of a SS-AS for RIA and , 

affinity chromatography techniques and their applicatj,.ons to the study 
\ . ~ 

of .' somatostatin in the nervoùs system. The SS-AS was raised 15y immuniz-

ing sheep with synthetic somatostatin mixed with methylated B;SA. The use 
"-of this method that does not require covalent coupling of the peptide to 

a larger molecuie confirms ·the similar previous success of Epelbaum et al 
. ";;; 

(73) using rabbits. A number of RIAs using SS-ASs raised by immunization 

with somatostatin covalently coupled to a larger innnunogen have a lower 

minimum detectable concentration (Table 2) than the RIAs deseribed herem 

and by Epelbaum et: al (73). However, the éxperience with our method of 

immunization has not included a sufficiently large number of animaIs to 

cone,lude that it' generally tends to produce a SS-AS of lesser sensitivity 

than the other methods listed in Table 2. 

Because somatostatin contains no amino acid suitable for radioio

dination we chose to use the analog (Tyrl]somatostatin for this purpose. 
,. . 125 1 

Stud:i.es of the stability of [ I-Tyr] somatostatin revealed ,that s~eep 

serum or, to a le'sser extent, par,tially purified protein preparations 
/ I .. ~ , 

reduced the binding of the labe1led analog ta SS-AS presumab~y by enzyma-
, 1 

tic degradation of the'label (Tables 7 and 8). A similar result had Pfe-

viously been obtained by Pat'el and Reichlin (450). Use of a more highly 

purified protein, BSA (RIA grade), or addition of ED'rA inhibited the in

activation of the label. It was advisable to store the label at _30°C , 

because storage of the label alone at 40 C resutted in a more rapid decline 

of binding capaçity. 

Studies using so~tostatin analogs determined that our antiserum 

recognizes the central portion of the somatostatin môlecule (Tables 9 and 

10) • Comparison of the immunoreactivity of alanine-substituted analogs 

of somatostatin with the in vitro biological activity of these analogs ' 

~Tab~e 2 of ref 241) reveals considerable overlap of amino acid r~idues 

essential for bath binding to our antiserum and inhibition of GR release. 
~ , 0 

Acetic acid bas proven a satisfactory solvent for the, extraction of 
, '-., \ 

somatostatin from tissue aJ;ld plasma in our studies and otliers reported 

;s 
.' , 
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in the literature: Hydrochlpric acid (0.1 mollI) ws an extraction sol

vent of comparable effectiveness ,ta acetic acid Iproviding that the extracts 

were assayed shortly after extraction (Table Il). During a storage time 

of several weeks the concentration of IRS in 0.1 mol/1 If:Cl extracts de

c1ined considerably, rendering HCl a less suitable ext;ractant than acetic 

acid. ' The recovery of synthetic somatostatin added ta 2 mollI ~cetic acid)... 

homogenat~s or extracts of several rat ,tissues was nearly complete. The 

tissue 'extracts displaced r125I-Tyrl]stllnatostatin from antiserum in a 

parallel manner as did synthe!=ic somatostatin suggesting the presence in 
, 

the extracts of material that ws immunologically similar to s?JDatostatin. 

The concentration of IRS m~asured by RIA of ex~racts 'of several rat 
, 

brain and gastrointestinal regions (Table 14) were comparable to those 

recorded, in the literature (Table: 3 and 5). The hypothalamus, anterior 

hypothalami-pr-eoptic area and amygdala contained the highest IRS conce~

trations of brain regions testeq and the olfactory bulb and cerebellum had 

if. the lowest levels. The cerebral cortex, bra~stem and cervical spinal cord 

contained intermediate IRS concentrations. The pancreas and gastric 

antrum had higher l-e"els of IRS than the intestinaL regions, The 'liver, 

a tissue tbat has not been rE!1?0rted to contain IRE, did not react with 

our RIA. 

The ;tffinity chromatQgraphy method described provided a convenient . , 
technique for concentration and partifl purification of tissue and plasma 

lRS and for the quantitative removal of IRS from tissue extracts. It 

was primarily used l.n these studies because prelimihaty gel filtration 

studies of crude brain extracts had not prod~ced satisfactory elution , , . 
profiles. In addition, it served t'o ~emove non-IRS materials in brain 

extracts whieh cou Id potentially interfere with the assessment of the , . 
biological activity of IRS. IJ? the study of retinal and plasma. lRS the 

concentrating capabUity of affinity chromatography proved of considerable. 

utility. Two observations ~port the conclu,sion that t~e IRS recognized 

by ouI antiserum has 'biologica! activity. First, rat brain lRS separated 

by affinity and gel filtration chromatography inhibited the re1ease of .GR 

from rat anterior pituitary èells (Figu:re 23). Second, subtraction of IRS 

• ~ from an extract of porcine S'ME by affinity. chromatography greatly reduced 
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the GH release-inhibiting activity of the residual extract (Table 15) • 

Whether removal of IRS from' tissue extracts 'by affinity chromatography, wil~ 

be o.f assistance in the investigation of GR releasing factors remains to 

pe determined. 

The rat retina contained a material that exhibited immunologieal, 

b.ip1ogic~1, and chromatographie properties similar, to those of somatostatin. 

The affinity chromatography experiments demonstrated that retinal IRS 

bound reversibly to immobilized antisomatostatin immunoglobuline The IRS 
" 

that had thus been partially purified and concentra~ed retained the cap- , 
12.5-- 1 / 

acity' to eompete w~th [ I-Tyr ]somatostatin for antiserum binding in the 
, ' 

RIA and to inhibit the release of GH from rat anterior pituitnry cells in 

a fashion comparable to that of crude retinal extracts and s~matostatin. 
~ , 

Gel filtl;ation chromatography of the immunoaffinity-purified rat retinal 

IRS resuited in a predominant' peak of IRS that eluted at a simUar volume 
1 

-as did synthetic somatostatin and a smaller pe~k that eluted at thel column 

void volume. The concentration of I~in the retina was le~s than that 

.'// reported for the majority of rat brain regions, including the hypothalamus, 

amygdala, cerebral cortex, brainstem and spinal cord (Table 14) • Rat 
. 

brain areas that conta in levels of IRS comparable to tha t found in 'the 

~ina are: c,erebe~lum an,d olfactory bulb (Table 14), pineal (Table 3) 

and substantia nigra. (90,91). ' 

It was of interest that the ratio of bioassayable somatostatin to 

IRS determined on crude retinal ext~acts was above unity. This taken to

gether with the fact that the bioassay/RIA ratio of somatostatin purified 

by affinity chromatography was less than unitYr sugge'Sts the presence of 

material in the crude rat retinal extract that inhibits the r~lease of 

GR but does not re,act with our SS-AS. Both reports of the ,initial puri

fication of somatostatin from sheep and porcin~ hypothalami ,eontaill' evid

ence of preparative fractions with GR release-inhibiting activity that 

are distinct from the fractions, from which somatostatin was isolated €5, 

57) • Moreover, Va1e et a.l. (72) have studied extrahypothalamic rat brain , 

by bioassay tlnd three different RIAs and have observed bioassay/RIA ratios 
. * of 1.26, 2.16, and 1.86. r 

/ 

*Calcul.ated from data in Table 1 of r'eference 72. 

. _,dt " 
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Our studies did not det:ermine in which cellular elements of the 

retina somatostatin-like material is localizèd. The fact that IRS con-
1 

tent ws preserved in experimental models of photoreceptor and ganglion 

ceU degeneration argues against localization in these cells. The optic 
1 

nerve transection data also inq.icate that the retinal content o~ IRS is 

independent of central connections. This observation is consistent with . 
either local bi~synthesis or uptake of IRS fram blood or vitreous humor. 

Othel=' workers have recently reported the presence of 1RS in the 

retina of rats (460), frogs and goldfish (461) and a tissue piece consist-

. ing of the rat sclera~ choroid ~nd retina (462). Elde et al (463) obser

ved by iInmunohistochemical ethods IRS-positive nerve fibers.,and varicos-

ities the rat re,tina in lamina corresponding to the junction of the 

!nner nuclear and innèr pl iform layers. 1RS-positive amac:dne cells 

were id7ntified, in studies lof t~e goldfish retina (461). The amacrine 

cell has its ,cell body situated in the inner nuclear laye~ of the retina 

and fonns horizontal conn~ctions predominantly in the 4mer plexiform 

layer. Its function is incompletely understood. In addition to 1RS, 

immunoreactive enkephalins have been localized to amaj::ri~e éells of the 

pigeon and chicken retinas (464). Immunoreactive subs~ance P (465), 

TRH (466) ~ and enkephalins (467) have also been identified in extracts of 

the rabbit, rat and chicken1retinas. ConsiàerinBthe likelihood of the 

retina containing severa1 biological active peptides, it may prove a t,lse

fuI model tissue for frtur~ studies of the relationship between peptides 

and neuronal function. ~~ . 

Preliminary studies of human retinai extracts revealed the presence 

of lRS that behaved on affinity chromatography in a similar manner as did 

rat retinaI and brain lRS. lIuman retinaI and hypothalamic extracts showed 

GR release inhibiting activity in the bioassay. All,extracts of retinas 

from 11 humans contaip.ed lRS. \ However, the concentration of IRS appeared 
\ 1 

to faU with storage time in Hel, a result that i8 consistent with 
l " • . 

similar data obtained with rat brain extracts. Therefore, a mean concen-

tration of human retinal IRS bas not been given because the experimental 

samples were stored for different periods hf time./ The concentrations of 

lRS in t~e retinal extracts that were stored for the shortest periods of 
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time approximate the true human retinal IRS concentrations more closely 

than the other samples. 
'> 

Evidence from the literature has been presented above for the exist-

ence of an IRS-containing neuronal projection from cell bodies of the 
l ' ' [ 

anterior hypotbalamic-preoptic area to the ME. The demonstration by 

Gainer and colleagues (468) that neurophysin undergoes modification from 
, . 

a large to a smaller molecular weight species during" axonal transport from 

the supraopt~c nucleus to the neurohypophysis provoked interest in the..!\ 

question of whether a similar mechanism may function in the IRS-containing 
, 

proj ection from the anterior hypothalamus-preoptic area to the ME. Accord-

in~ly; we chose to examine the chromatographie and biological properties 

of -IRS extracted from the rat ME, anterior hypothalamus-preoptic area , 
and extrahypothalamic brai.n regions represented by the amygdala and pari-

etal cortex. 

Extracts of IRS from the rat ME, anterior hypothalamic-preoptic 

area~ amygdala 'and cerebral cortex behaved ',in a qua1itatively simi1ar 

manner on affinity and gel filtration chromatography. In the case of the 

ME and anterior hypothalamic-preoptic area, this observation suggests one 

of the following alternatives: 1) that lRS synthesized in"the anterior 

hypotha18Il\ic-preoptic area 1 ceU bodies' is transported by axons to nerve 

terminaIs in the ME with no structural modificatio~, 2) that' if transport

associated chemical modification pccurs, it could not be detected by the 
1 

methods used, or 3) that transport of IRS does not occur between the ant-

erior hypotbalamic-preoptic area ,and the ME. In the latter case, the 

dependence of the content of IRS in the ME on the integrity of neuronal con

nections from 1:18 anter!or hypothalam;lc-preoptic area would have to be due 

to an as yet undefined mechanism, such as a transsynaptic influence upon 

other IRS-containing neuronal elements in the ME. 

The déinonstrationof more than one peak of IRS on 'gel filtration 

of the affinity-concentrated rat brain extracts is co;nsistent with the 

heterogeneity of ,tissue IRS detailed in) the introduction. However, it must 

be emphasized that the gel filtration conditions used in the present study 

do not role out the possibi11ty that the observed heterogeneity of brain 

lRS may be due to noncovalent aggregation of somatostatin, binding to 

1 

/ 

• 1 , , 
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llarger molecules, or the p'resence of dimers, trimers, or larger complexes 

'of somatostatin connect:ed .by interchain disulfide bonds. Therefore, a 

valid estimate of molecular size, cannot be given for the peaks idèntified; 

further study is required for the.ir detennination. Rowever, the peaks 

identified appear common to aU four brain 'regions studied. The fourth 

peak of IRS that eluted in a position after synthetic somatostatin i8 of 

interest be..cause of ,its retardation on sephadex. This May indicate that 

it represents a ,form of IRS that is more hydrophobie than somatostatin. 

Retat'datio'n of hydrophobie molecules on seph8.dex c;hromatography has been 

previously described (469). Others have observed an IRS peak eluting 

later than synthetic somatostatin on gel filtration of extracts of 
• ~ 1 iii 

sheep' hypothalamus (134), rat pancreas (226) and a human somatostatinoma 

(230) • 

At, present 
1 

it is' unclear why gel filtration chromatography of the 

retinal \extract t'esulted in predominantly one peak of IRS. The retinal 

experimehts differed ,somewhat from the others; the retinas were extr!"cted 
, 

in 0.1 mollI hydrochloric acid whereas tne other br~in regions were 
'-" _ "1 

extracted with acetic acid. Further investigation will be required to det-

ermine if the d,ifferent chromatographie profiles o,f the retina and other 

brain regions are due to methodological factors or truely reflect Iower 
, 

concentrations of heterogeneous forms of IRS in the retina. 

Heterogeneity of polypeptide hormones with respect to molecular 
1 

size, biological "activity, -a~~ immunoreactivity is more the rule tItan 

the exception, ineluding in sul. in , parathyro:td 'hormoné, gastrin, ACTH,cal

citonin, glucagon, cholecystokinitl and somatostatin among others (470-

474). Heterogeneity may be due ,to the identification by, RIA of biosyn

thetic preeursors, 'chemically modified forms or prod~ets of proteolytic 

cleavage of the hormone. For instance', prohormone forms have been iden-
1 . 

tified for insulin (475), ~luCagon (476), .cal'citonin (477), parathyroid 

homone (478), neurophys:1f1 (468) and somatostatin (231). Heterogeneous 

foms of a hormone may hàv~ different degrees of biologica~ activity, 

for instance the forms of gastrin (471) and the \arge molecular weight 

foms of glucagon-like polypeptide from the pig colon (479). The trans

formation of one form of a polypeptide hol'll1one to another form with a 
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diff~rent biological potency may reflect a control mechanism that modulates A 

, ( 

the expression of a hormone' s bio1ogical activityo 

Eaeh peak of IRS identified by ~gel filtration chromat~gr4phy of aIl 

rat brain regi.ons in Figure 22 significantly inhibited the_,release of 

GH from cultured rat anterior pituitary cells. Al.tho,ugh peak l caused l~ss 

1 inhib:f,tion of GR re1ease chan the other peaks, this does not necessarily 

imply a lower biological activity of the lRS found in this peak because 
1 

the concentràtion of IRS in peak l was lower than that in the others. 

Bloassayable\ GR release-inhibitttlg aetlv~ty had previous1y been observ~d 

by Krulieh et al (62) in the rat anterior hypothalamus and ME and by Vale 

et al (92), i~ severa1 rat braip regions.. In addition, Spiess e1:' al 

(224) noted that a peak of IRS from rat hypothalamus which èluted earlier 

than' synthetie somatostatin on gel fUtration\chromatography was biolog

eally active. Considering tbat the RIA and bioassay use,d in this study 

both recognize the central region of somatostatin, 'prestnnably the somato

statin-1ike materials in' rat brain must contain a region structurally 

similar or"identical to the interior portion of the somatostatin molecule 

which aceounts for ,the expression of iuununologicà1., and biological activity. 

I~ conclusion, lRS extracted from fou~ ,hypothalamic and extrahypo

thalamic rat bra1.n regions exhibited simUar chromatpgraphic and biologieal 

properties, although the gel filtration behavior of lRS fr01!l each region 

"was complexe These similarities among r~gio:nal IRS render unlike1y the 

possibility that extrahypothalamic somatostatin-like material in the rat 

~rain represents merely an immunologieally cross-reactive _ substanc~ unre

lated to somatostatin. 

) 
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Table 20. Statistical analysis o'f linear 
. 125 1 • 
[ I-Tyr] somatostatin to antiserum as a 

\' 
re,gression lines of binding of 

1 
funct ion of the concentrat ion of 

" somatostatin or t:lssue extract. First the residua1 variances about the 

regression l:lnes were compared by a two-tailed F test as described by Snede

cor and Cochran (480) w:lth a null hypothesis of no d:lfference between the 

residual variances. Second, the slopes of two regression lines were tested 
, "-

for parallelism by a two-tailed 1; tèst described by Dixon and ~ssey (481) 

with a null hypothesis of no difference between the slopes. The res:ldual 
-

var:lan!!es about the regression ;Lines of! the rat tissue extracts and somato-

stat:ln W'eFe not 'different (p>O.OS). The re~14ua} variances fOl;" the human 

hypothalamus and retina lines werè different (p<O.05) from that of the somato

starfu Hne but the sign:lficance of th:ls is uncertain ,because of the small 

sample size. The slopes of the regression Hnes for somatostatin were not 

different (p>O.l) from those of both rat and human tissue extracts 17ested. 

- ---. 
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Table 20. ' 

somatostatin line Residual variance 
compared to: about regression 1ine 

F t . . 

rat hypothalamus 1.15 >0.05 

rat amygdala 1.57 >0.05 

rat cerebral cortex 23 >0.05 

rat pancreas 2.15 >0.05 

rat stomach 2.34 >0.05 l' 

rat duod~num 1.41 >0.05 

fat jejunum 1.21 >0.05 

rat colon 3.70 >0.05 

rat retina 1.72 >0.05 

( human hypothalamus 42.3 <0.05 

human retina 137 SO.05 

CJ' ,-------

<fi 

0 

s10pe 

t \ p 

0.026 >0.1 

0.099 >0.1 

0.036 >0.1 

0.587 >0.1 

0.483 >0,.1 

0.602 >0.1 

0.136 >0.1 

0.667 >0.1 

0.491 >0.1 

0.072 >0.1 

0.133 >0.1 
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STATEMENT OF dRIGINALITY 

The RIÂ/for somatostatin used for these studies is th~ only example of 
1 

a somatostatin RIA using a sheep antisertun induced by the method described 

herein. Drs. Epelbaum,. Brazeau and Benoit collaborated in the development 

~ of portions of this RIA and have used it in subsequent studies of their 

OWIl. \The applicatiçm of affinity chromatography for the d~on~tration 'of 

IRS in plasma is original and the use of affinity chromatography for study 
t , , 

of lRS in brain was-original at the time the studies were done. 

The combination of RlA~ bioassay and affinity chromatography for the 
\ 

study of IRS in brain, including the retina, ia original. Somatostatin-like 

activity in retina had not previously been deseribed. The part:icular exper-
, , 

imental protocol used for the" ~tudy of chromatographie and biologieal prop-

erties of brain IRS bas not been described by others. Dr. M.J. Brownstein 

collaborated in ~he determination ,of lRS content in the presence of retinal 
t 

degeneration. Drs. K. Hoyte and ~ Senterman l eÇlllaborated on the collection 

of human retinas. Dr. J. Epèlbaum eollaborated in the early stage1s of the 

experiments described in Section E., 

The studies described herein have appear~d in the following original 

abstracts and articles. 

1. Brazeàu, P., J. Ep~lbaum, G. Tafinenbaum, O. Rorstad and J.B. Martin, 

Somatostatin: Isolation, characterization, and plasma determination," 

In: Pro gram of the First International Congress of Somatostatin, Sept. 

25-27, 1977, Frieberg, Germany (Abstract) ,. 

2. 

4. 

Rorstad,~'O., J. Epelbaum, P. Brazeau, and J.B. Martin. Partial charac-, ' 

terization" of somatostatin-l=!-ke immunoreaetivity (St!) in hypotha1amic 
- . 

and extrahypothalamic brain regions in the rat. C~in Res 2~: 68~A, 

1977 (Abstract). /\.. . 

Brazeau, P., J~ Epelba,(nn"IG.S. Tannenbaum, O. Rorstad, and J.B. Martin, 

Somatostatin: Isolation, characterization, distribution and b100d 

determination, Metabolism (Suppl 1) 27: 1133, 1978. 

Rorstad, O.P., K.M.' Royte and J.B. Martin, D~onstration of immunoreac

tive and bioassayable somatostatin-like activity in retina1-uvea1 tissue 

of the rat and the human retina, Clin Res 26: 846A, 1978 (Abstract) [This 
1 

, " 
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, 
is the first report of a SOIDo\ltostatin-like materialt. in the retfua and the 

first demonstration çf ;;'ny neuropeptid~ by b:l.oassay in the rat retina]. 

Tannenbaum, GoS.~ O.P. Rorstad, and P. Brazeau, Effects'Q.f pro1onged 

food deprivation on the u1trad:l.an growth hormone rhythm and iromuno:r 
l " 

reaetive somatostatin tissue leveis in the rat, Endocrinology 104: 

1733, 1979. 

"6. Rorstad, O.P., M.J. Brownstein, and J.B. ~rtin, Immunoreactive and 

biologteal1y active somatostatin-like material in the rat retisa, Proe 

Natl Acad Sei [SA 76: 3019, 1979., , 

7. RDrstâd, O.P., J. Epe1baum, P." Brazeau, and J.B. Martin, Chromatographie 

anq biologieal properties of immunoreaetive s01l\8tostatin in hypotha1amic 

and extrahypotlhalamic brain region~ of the rat, Endocrinology 105: 

1083, 1979. '\,' 
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