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1.

Description of Research

The presentation, of the research carried out since June 1976 is

divided into 7 sections in this report. In the majority of

instances the results of research have been published in recog-

nised Scientific Journals and reprints of these articles are

enclosed with the report.

A. Introduction to the relevance of this work.

B. The development of a radioimmunoassay for somatostatin.

C. The measurement of somatostatin immunoreactivity in tissues

of the rat and alterations of tissue levels in physiological

and pathological states.

D. The measurement and characteristics of somatostatin in human

and rat blood.

E. The measurement and characterisation of somatostatin in

other biological fluids.

F. Elaboration of a physiological role in the central nervous

system with the use of in vitro rat brain preparations.

G. Other studies related to somatostatin.

A. Introduction

Somatostatin (initially termed growth hormone release-inhibiting

hormone) is a 14 amino acid peptide which was originally isolated

from ovine hypothalamus (Brazeau, Vale, Burgus, Ling, Butcher,

Rivier and Guillemin, 1973) and has the following structure:

H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH

I I

The peptide was shown to inhibit rat and human growth hormone

release but following the development of a synthetic replicate,

a wide variety of extrapituitary effects were described. These

effects include an inhibitory effect on growth hormone (GH) released

in response to every known stimulus, as well as the inhibition of

GH secretion in acromegaly, liver disease, renal disease and

protein energy malnutrition. The peptide inhibits the release

of other pituitay hormones such as thyroid-stimulating hormone

(TSH) and adrenocorticotrophic hormone (ACTH), pancreatic endocrine
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and exocrine secretion, gut hormone release and bowel motility.

Furthermore somatostatin has been shown to have direct depressant

effects on central neuronal function and behaviour in the rat.

(Pirns tone, Berelowitz and Kronheim, 1976; Pirns tone and Berelowitz,

1978). Further elucidation of a possible physiological role for

somatostatin in relationship to the central nervous system,

anterior pituitary or function as a gut or pancreatic hormone

was dependent on the development of techniques to measure the

peptide in tissues and biological fluids.

B. Development of a radioimmunoassay for somatostatin

(Kronheim, Berelowitz and Pirns tone, 1976; Kronheim, 1977)

The full details of the immunoassay have now been published and

formed the basis of a Ph.D. thesis submitted by Dr. S. Kronheim

and awarded in 1977 by the university of Cape Town; thus only

a brief description of the assay will follow:

Methods

(i) Antiserum production

Antisera were produced in rabbits to cyclic somatostatin conju-

gated by carbodiimide condensation to whelk haemocyanin. The

antiserum used in the assay (Sj6) was obtained 30 days after

the first booster dose and was used in the immunoassay at a

final dilution of 1:125,000.

(ii) Radioiodination

Tyrosine'-somatostatin was labelled with ""'I by the Greenwood-

Hunter-Glover technique (Greenwood, Hunter and Glover, 1963)

using 0.5M phosphate buffer, pH 7.6,

125,

125
0.5 mCi I and 2.5

tyrosine'-somatostatin, with 10 ug chloramine T as oxidant and

terminating the reaction after 5 seconds with 60 yg sodium meta-

bisulphite.

A label with high specific activity was obtained using ion

exchange chromatography (Whatman CM52 cellulose column) eluting

the reaction mixture initially with 2mH ammonium acetate buffer

and then with 0.5M ammonium acetate buffer.

(iii) Unlabelled antigen

Reference standard of synthetic cyclic somatostatin (AY24910,

kindly donated by Ayerst Laboratories, South Africa) was used to
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generate a standard dose response curve.

(iv) Assay procedure

Immunoassay buffer comprised phosphate buffered saline (PBS)

pH 7.8, containing 0.5% weight/volume bovine serum albumin

(BSA) and 5OmM disodium ethylenediamine-tetra-acetic acid (EDTA).

100 \il antiserum (final dilution 1:125,000), 100 yl reference

standard in serial dilution, or sample, and 100 yl (4000-6000

cpm) I-Tyr -somatostatin were incubated with 200 yl buffer

in plastic disposable tubes at 4 C for 2Oh. Separation of

antibody bound from unbound label was achieved using 500 yl

0.1% charcoal (NORIT 'A1) coated with 0.01% Dextran in PBS in

the presence of 100 yl inactivated horse serum incubated for 40

min at 40C. The tubes were centrifuged at 250Og for 20 min at

40C and the radioactivity in the charcoal (due to adsorbed free
1 2 5 1

I-Tyr -somatostatin) counted in an autogamma spectrometer.

Antibody free tubes were included as controls for each sample

assayed.

Results

125 1
The antiserum used in the assay gave 38% binding to I-Tyr -

somatostatin with steep displacement by synthetic somatostatin.

The sensitivity (taken as the least amount of somatostatin causing
125 1

a significant displacement of I-Tyr -somatostatin) was approxi-

mately 6 pg/tube. Intra-assay variation of 12% and interassay

variation of 18% was obtained at 0.4 ng/ml. Specificity of the

antiserum was reflected by lack of displacement of labelled

somatostatin from antibody by the following compounds (added in

molar concentrations more than 100 times those of somatostatin):

thyrotrophin releasing hormone, gonadotrophin releasing hormone,

growth hormone, thyroid stimulating hormone, oxytocin, lysine

vasopressin, adrenocorticotrophic hormone, triiodothyronine,

insulin, glucagon, secretin, gastrin, pentagastrin, purified

cholecystokinin-pancreozymin, calcitonin, substance P,

neurotensin and met - and leu -enkephalin.

A sensitive and specific radioimmunoassay for somatostatin has

therefore been developed which appears capable of measuring the

peptide in picomolar concentrations.
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C. Measurement of somatostatin immune-reactivity in tissues of

the rat (Kronheim, Berelowitz and Pirns tone. 1976).

Methods

Adult male Long-Evans rats fed and housed under standard condi-

tions were sacrificed by exsanguination and organs removed. The

brain was divided into olfactory bulbs, cerebral cortex,

striatum, septum and preoptic area, thalamus, hypothalamus,

brain stem and cerebellum by a previously described technique

(Brownstein, Arimura, Sato, Schally and Kizer, 1975) and the

spinal cord dissected out. Pancreas, gastric antrum and

distal colon were dissected free of omental fat and removed.

All tissues were placed in capped vials, snap frozen in liquid

nitrogen and placed in a container of solid C02, after which

they were wiped free of ice and weighed. The frozen tissues

were then thoroughly homogenized in 2N acetic acid, boiled,

sampled for protein estimation, centrifuged and the supernatant

lyophilised prior to measurement of somatostatin.

Tissue extracts diluted in assay buffer were assayed for immuno-

reactive somatostatin content by the previously described radio-

immunoassay. Protein was measured on sodium deoxycholate

solubilised tissue samples by the method of Lowry, Rosebrough,

Farr and Randall (1951). Label breakdown by extracts was
125 1

assessed by paper chromatoelectrophoresis of recovered I-Tyr -

somatostatin added to various tissues at the onset of extraction.

Efficiency of extraction was assessed by measuring the recovery

of known amounts of synthetic somatostatin added to tissue at

the onset of the procedure.

Results

In the central nervous system high concentrations of somatostatin

were present, not only in the hypothalamus, but also in the

septum and preoptic areas, thalamus and spinal cord, and lower

concentrations were found in all other areas. High levels were

also observed in pancreas, gastric antrum and distal colon

(Kronheim. Berelowitz and Pirns tone. 1976). Paper Chromatographie

assessment of the recovered radioactivity following tissue extrac-

tion revealed no change in the integrity of label during the
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extraction procedure, or following lyophilisation and storage

at -20 C, nor was there an increase in breakdown during incu-

bation of label with extracts for the period of a normal assay.

Using added unlabelled somatostatin, a recovery of 44 _+ 82

(mean +_ SEM) was obtained from the tissue examined.

All the extracts examined containing somatostatin immunoreac-

tivity showed parallelism in serial dilution with standard,

all extracts being assayed in dilution on the unequivocally

linear area of the curve.

Conclusions

The previously reported high concentration of somatostatin in

the hypothalamus (Brownstein, Arimura, Sato, Schally and Kizer,

1975) was confirmed and the extrahypothalamic central nervous

system distribution extended with very high concentrations

demonstrated in thalamus, basal ganglia and spinal cord. A

feature of interest and importance was the presence of high

levels of somatostatin in pancreas and gut especially gastric

antrum and distal colon. Previous histochemical studies have

demonstrated immunoreactivity to reside in D-cells of the gut

(Folak, Fearse, Grimelius, Bloom and Arimura, 1975) and

pancreatic islets (Hokfelt, Efendic, Hellerstr'öm, Johansson,

Luft and Arimura, 1975). A previous study using immunoassay of

tissue extracts (Arimura, Sato, Dupont, Nishi and Schally, 1975)

showed essentially the same distribution although colon was not

studied.

Physiological and pathological states

(i) Tissue and serum somatostatin-like immunoreactivity in fed,

15-h fasted and 72-h fasted rats (Shapiro, Berelowitz,

Pirnstone. Kronheim and Sheppard, 1979).

Somatostatin-like immunoreactivity was measured in extracts of

gastric antrum, colon, pancreas and central nervous system,

as well as in unextracted portal and inferior vena caval serum

from fed, 15h fasted, and 72h fasted rats. (A full description

of the methodology related to measurement of somatostatin-like

immunoreactivity in blood will be described under section D).
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No differences were found in somatostatin in the central nervous

system of the 3 groups. The content of somatostatin in antrum,

colon and pancreas was significantly elevated after feeding and

after a 72h fast as compared to levels in rats following a 15h

fast. Portal serum levels were highest after feeding but

lowest in 72h fasted rats in spite of high intestinal and pan-

creatic somatostatin-like immunoreactivity content in both.

These tissue and serum differences have been interpreted as

suggesting a physiological role for somatostatin in nutrient

homeostasis, not only at the level of the tissues but also

possibly as a local hormone within the portal system.

(ii) Somatostatin-like immunoreactivity in experimental hypo-

thyroidism and hyperpituitarism (Berelowitz, Pimstone,

Shapiro, ftpnheim and de Wit. 1978).

Hypothyroidism in rats, produced by the intraperitoneal admini-
131stration of 1 mCi of I, was associated with an increase in

immunoreactive somatostatin in brain, pancreas and gut. The

association of elevated brain somatostatin with a disorder known

to impair growth hormone release (Brauman and Corvilain, 1968)

suggests a cause-effect link while the well known sluggish men-

tation might also in part be related to the presence of high

brain somatostatin which has cerebral depressant effects experi-

mentally. The increased gut content of somatostatin. coupled

with the known inhibitory effect of somatostatin on bowel moti-

lity may have relevance to the marked constipation, even ileus,

characteristic of the condition.

Hypophysectomy resulted in a depletion of immunoreactive somato-

statin in the septum and preoptic area of the brain and gastric

antrum but an increase in pancreatic, content. Following hypo-

physectomy the amount of somatostatin in the median eminence has

been reported to be diminished greatly (Hoffman and Baker, 1977)

whereas treatment with growth hormone immediately following

hypophysectomy partially prevented this depletion, and treatment

initiated after a prolonged interval partially restored somato-

statin content (Hoffman and Baker, 1977). It has therefore

been postulated that the concentration of circulating growth

hormone may exert a "short loop" feedback control over the
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accumulation of somatostatin in the median eminence. The

elevation of somatostatin content in the pancreas may relate

to the low insulin and glucagon concentrations reported

following hypophysectomy (Williams and Porte, 1974).

(iii) Somatostatin-like immunoreactivity in pancreas and gut

in streptozotocin diabetes in the rat and response to

insulin administration (Berelowitz, Shapiro, Pimstone

and Kronheim. 1979).

In streptozotocin diabetes in the rat, somatostatin-like immuno-

reactivity content of pancreas, gastric antrurn and colon was

significantly increased. Insulin therapy lowered the increased

pancreatic somatostatin content but did not affect that of the

gastric antrum and colon at the dosage of insulin used. This

study confirmed the previously reported elevation of somato-

statin levels in the pancreas of animals with streptozotocin-

induced diabetes (Patel and Weir, 1976) but in addition demon-

strated that insulin replacement caused a significant reduction

in pancreatic somatostatin levels. The significance of these

abnormalities under the circumstances studied are not clear but

they undoubtedly suggest some relationship between somatostatin

physiology and diabetes mellitus.

D. The measurement and characterization of somatostatin-like

immunoreactivity in serum

(i) The characterization of somatostatin-like immunoreactivity

in human serum (Kronheim. Berelowitz and Pimstone, 1978)

Blood samples were obtained from 22 men and 26 women ranging in

age from 21-55 years. Samples were collected into tubes

containing Aprotinin (Trasylol, Bayer) 500 KIU/ml and immediately

placed on ice. Somatostatin was measured on the serum obtained
125 1following centrifugation. Degradation by serum of I-Tyr -

somatostatin in the assay, as assessed by chromatoelectrophoresis

and immunoprecipitation, was overcome by the use of EDTA in the

assay buffer and T/asylol in the blood samples. Serum samples

thus obtained from 48 normal subjects revealed a bimodal distri-

bution of somatostatin-like immunoreactivity; 92Z had a mean
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level of 0.274 _+ 0.009 ng/ml. The serum somatostatin-like

immunoreactivity showed identity to synthetic somatostatin on

serial dilutions, Sephadex G25 chromatography and thin layer

chromatography and it was shown to be truly immunoreactive by

an antibody-sepharose affinity system.

While final identification of the measured somatostatin-like

immunoreactivity must depend on the demonstration of somato-

statin bioactivity and perhaps amino acid sequencing, the

study suggested that there is a great deal of similarity between

human serum somatostatin-like immunoreactivity and synthetic

somatostatin.

(ii) Evidence for a somatostatin-binding protein in serum

(Kronheim, Sheppard, Shapiro and Pimstone, 1979)

Chromatography experiments at neutral pH have suggested that

endogenous somatostatin circulates in plasms, bound to large

molecules (Harris, Conlon, Srikant, McCorkle, Schusdziarra,

Ipp and Unger, 1978). Using a technique of high speed centri-

fugation of serum and the validated immunoassay for serum

somatostatin-like immunoreactivity we have demonstrated that

somatostatin, unlike other peptide hormones, appears to sedi-

ment with large molecular weight proteins. When increasing

concentrations of synthetic somatostatin were incubated with

serum prior to ultracentrifugation, a linear plot of concen-

tration of somatostatin added against concentration sedimenting

(or apparently bound to protein) revealed an association curve.

Our previous demonstration of Chromatographie identity of

somatostatin-like immunoreactivity with synthetic somatostatin

on Sephadex G25 in IM acetic acid (Kronheim. Berelowitz and

Pimstone, 1978) does not exclude the possibility of a serum

binding protein for somatostatin, since protein bo^nd material

in serum may dissociate under the acid conditions of the chromato-

graphy system. Unger's group (Harris, Conlon, Srikant, McCorkle,

Schusdziarra, Ipp and Unger, 1978) have demonstrated that under

neutral conditions on a biogel P-IO column, endogenous somato-

statin-like immunoreactivity in dog plasma eluted in the void

volume; however, after isolation and subsequent acid elution
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from an antibody affinity system, the eluted somatostatin-

like immunoreactivity showed close identity to synthetic

somatostatin on the biogel column. We have therefore confirmed

the observations relating to a binding protein in serum using a

different system and have also demonstrated an association

curve when synthetic somatostatin is added to serum.

(iii) Metabolic clearance and plasma half-disappearance time

of exogenous somatostatin in man (Sheppard, Shapiro,

Pirns tone, Kronheim, Berelpwitz and Gregory, 1979)

The metabolic clearance rate and half-disappearance time of

exogenously administered somatostatin was measured during and

after a constant infusion. Studies were performed on normal

volunteers and patients with chronic liver disease and chronic

renal failure. Immunoreactive somatostatin was measured as

described. Normal subjects had a mean metabolic clearance

rate of 1949 +_ 250 ml/min (mean +̂  SEM) similar to values found

in 5 patients with chronic liver disease. However, patients

with chronic renal failure showed highly significant (p < 0.001)

lowering of the MCR (501 +_ 32.7 ml/min). In normal subjects,

the TI varied from 1.1 to 3.0 min, in patients with liver disease

it varied from 1.2 to 4.8 min and in patients with chronic renal

failure it varied from 2.6 to 4.9 min.

It would thus appear that exogenously administered somatostatin

is rapidly cleared in normal subjects and patients with chronic

liver disease, but the MCR in end-stage chronic renal failure

is markedly lowered. The kidney therefore may have a role in

the metabolic clearance of exogenously administered somatostatin,

or uraemia may impair catabolism non specifically.

(iv) Somatostatin-like immunoreactivity in rat blood (Berelowitz,

Kronheim, Pirns tone and Shapiro, 1978)

Somatostatin-like immunoreactivity has been demonstrated by radio-

immunoassay in rat serum using a similar technique to that

described for the measurement of somatostatin in human serum.

The somatostatin-like immunoreactivity diluted in parallel with

synthetic somatostatin standard in the radioimmunoassay and showed

characteristics similar to synthetic somatostatin on Sephadex G25
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gel chromatography. Significant regional differences in serum

somatostatin-like immunoreactivity were found to be present.

A positive gradient was found in paired samples from aorta

(0.304 _+ 0.024 ng/ml, mean _+ SEM) and portal vein (0.495 +

0.047 ng/ml), consistent with the known presence of somato-

statin in gut and pancreas, and a negative gradient was noted

between paired samples from portal vein (0.523 ̂  0.076 ng/ml)

and hepatic vein (0.290 +_ 0.048 ng/ml) indicating hepatic

clearance.

(v) Responses of somatostatin-like immunoreactivity in rat

blood to oral and intravenous glucose (Berelowitz, Kronheim,

Pimstone and Shapiro, 1978)

After intragastric glucose a significant and marked elevation of

portal somatostatin-like immunoreactivity was observed, maximal

at 5 min (0.416 +_ 0.137 vs 1.55 +_ 0.30 ng/ml at 5 min). A

significant elevation of portal somatostatin also occurred after

intravenous glucose. After both routes of glucose administration

the patterns of portal somatostatin-like immunoreactivity followed

closely those of portal glucose and insulin. By contrast, IVC

somatostatin failed to reflect these changes.

Thus somatostatin-like immunoreactivity in the rat shows Chromato-

graphie similarity with synthetic somatostatin. Regional

differences in serum levels are marked; the highest concentra-

tion being found in the portal venous effluent of pancreas and

gut. Furthermore glucose causes elevation of portal somatostatin

without concomitant elevation in inferior vena cava. This

differential elevation of somatostatin after glucose could be

consistent with a hormonal action within the portal.system.

(vi) Transrenal gradient of serum somatostatin-like immuno-

reactivity in the rat (Shapiro. Sheppard, KronT ein and

Pimstone, 1978)

The presence of somatostatin-like immunoreactivity in human urine

(Kronheim, Berelowitz and Fimstone, 1977b) and the markedly

lowered metabolic clearance rate in patients with end-stage

chronic renal failure has raised the possibility of a physiological

role for the kidney in the metabolic clearance of somatostatin.

To investigate this further, serum levels of somatostatin-like
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immunoreactivity were measured in blood samples obtained simul-

taneously from the renal vein and abdominal aorta of rats.

The mean somatostatin level of abdominal aortic blood was 0.243

+_ 0.02 ng/ml (mean ̂  SEM) as compared to a mean level of renal

venous blood of 0.161 _+ 0.009 ng/ml thus demonstrating a sig-

nificant (p < 0.001) transrenal gradient. The significant

difference between levels in aortic and renal venous blood

again highlights the importance and value of regional blood

sampling and provides further evidence for the physiological

role for the kidney in the metabolism of somatostatin.

E. Measurement and characterization of somatostatin in other

biological fluids

(i) Cerebrospinal fluid (Kronheim, Berelowitz and Pimstone,

1977a)

Immunoreactive somatostatin was shown to be present in normal

human cerebrospinal fluid (CSF) at a level of 55 + 28 pg/ml

(mean j£ SEM) confirming the previously reported presence of

immunoreactive somatostatin in CSF in health and disease (Patel,

Rao and Reichlin, 1975). In addition serial dilutions of CSF

somatostatin immunoreactivity were parallel to dilutions of

synthetic standard and using gel chromatography (Sephadex G-15

and G-25) mobility identical with synthetic standard was demon-

strated. The Rf value of synthetic somatostatin on thin layer

chromatography was identical to the immunoreactive peak obtained

from Sephadex chromatography of CSF, and using a Sepharose

affinity chromatography system the measured somatostatin was

shown to be truly immunoreactive, excluding non-specific assay

interference.

(ii) Urine (Kronheim. Berelowitz and Pimstone, 1977b)

The presence of somatostatin-like immunoreactivity has been

demonstrated in normal human urine. The somatostatin-like

immunoreactivity was characterised by the demonstration of

mobility identical to synthetic somatostatin standard on 2

Sephadex gel Chromatographie systems and parallelism of dilutions

of the Sephadex fractions with synthetic somatostatin. Further-

more 74% of the Sephadex fraction bound to antibody conjugated
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to Sepharose and could be eluted only with IM acetic acid.

This immuno-specific eluate showed identity with synthetic

somatostatin on both ion exchange and thin layer chromatography.

It is therefore suggested that somatostatin-like immunoreactivity

is normally present in cerebrospinal fluid and urine and that

the material shows similarity to synthetic somatostatin.

F. Evidence for a physiological role in the central nervous

system

(i) Subcellular localisation of somatostatin in rat brain

(Berelowitz, Hudson, Pimstone, Kronheim and Bennett. 1978)

As has been discussed, somatostatin has been shown to be present

in high concentration in the hypothalai&us and also to have a wide

extrahypothalamic distribution in the central nervous system

(Brownstein, Arimura, Sato, Schally and Kizer, 1975; Kronheim,

Berelowitz and Pirnstone, 1976). The technique of subcellular

fractionation of central nervous system homogenates and consequent

purification of nerve endings (synaptosomes) has been used as a

sensitive means of studying localisation in various areas of rat

brain.

Continuous sucrose density gradient ultracentrifugation of

homogenates of rat brain hypothalamus, thalamus, striatum

and cerebral cortex, revealed a peak of somatostatin immunore-

activity coinciding with peaks of specific C choline and|_ Hj

noradrenalin uptake. The purified synaptosomal (nerve ending)

fraction obtained following differential centrifugation and

ultracentrifugation on a discontinuous sucrose gradient,

contained +_ 60% of the somatostatin immunoreactivity recovered

in all areas studied. This immunoreactivity coincided with

the major concentration of occluded lactic dehydrogenase activity

(an enzyme marker for intact synaptosomes), gradient protein

as well as mitochondrial marker enzyme (succinic cytochroae C

reductase) activity. Electron microscopy performed on gluteralde-

hyde fixed samples of all fractions confirmed the major concen-

tration of intact synaptosomes to coincide with somatostatin

immunoreactivity.
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The localisation of somatostatin in nerve endings (synaptosomes)

in extrahypothalamic central nervous system suggests a neuro-

transmitter or neuromodulator role for the peptide whilst its

presence in synaptosomes of the median eminence is consistent

with a hypophysiotrophic role on growth hormone secretion.

(ii) Release of somatostatin from rat brain synaptosomes

(Bennett, Edwardson. Marcano de Cotte, Berelowitz, Pimstone

and Kronheim. 1979)

This study showed that nerve endings (synaptosomes) prepared

from cerebral cortex and hypothalamus released immunoreactive

somatostatin into a physiological medium in response to depola-

rising levels of potassium and veratrine alkaloids. Also,

both excitatory and inhibitory responses were obtained with

monoamine neurotransmitters and there was a regional difference

in this respect.

The wide central nervous system distribution of somatostatin,

together with its effects on nerve activity and behaviour, place

it in the same category as other neuropeptides with similar

properties. Many of these peptides including thyrotrophin

releasing hormone and luteinising hormone-releasing hormone

(Bennett, Edwardson, Holland, Jeffcoate and White, 1975), sub-

stance P (Duffy, Mulhall and Powell, 1975), neurotensin (UhI and

Snyder, 1976) and vasoactive intestinal polypeptide (Giachetti,

Said, Reynolds and Koniges, 1977) have been shown to be concen-

trated in nerve endings and have been postulated to comprise a

new group of peptidergic neurotransmitters. The results pre-

sented by our laboratory are consistent with a neuroregulatory

role of somatostatin at synaptic level, and thus the peptide

presumably is a member of the new group of peptidergic neuro-

transmitters. In addition there may be functional connections

between somatostatin-containing neurones and monoaminergic

pathways in brain.

(iii) Calcium dependent release of somatostatin from rat hypo-

thalamus in response to depolarising stimuli (Berelowitz,

kronheim. Pimstone and Sheppard, 1978)

As discussed, somatostatin is present in the median eminence of

the hypothalamus in high concentration and has been found to be
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concentrated in the synaptosome fraction of hypothalamic homo-

genates, suggesting a true neurosecretory or hypophysiotrophic

role. To further elucidate any physiological role of somato-

statin in this regard we have studied the release of immunore-

active somatostatin from the incubated rat hypothalamus. Hale

Long-Evans rats were killed by decapitation, the skull cut

open and the brain removed. The hypothalamic block (1 mm deep

and bounded by the optic chiasm, lateral grooves and mammillary

bodies) was removed within l min. These blocks were preincubated

for a period of 60 min in Krebs Ringer bicarbonate medium at 37°C

in an atmosphere of 95% oxygen and 5% C(̂ . Hypothalami were

then transferred to individual glass vials and incubated for

30 min in normal medium or medium containing test substances.

Hypothalamic viability was confirmed by the demonstration of linear

oxygen consumption over 2 hours and linear protein synthesis for

a similar period (as assessed by the incorporation of \_ Hj amino

acids into the perchloric acid-precipitable fraction of hypo-

thalamic tissue). The release of immunoreactive somatostatin

from the incubated hypothalami was significantly increased in

the presence of 6OmM KCl and 75 yM veratrine (an agent which

rapidly reverses the Na and K content in rat brain synaptosomes

by opening Na channels). The potassium evoked release of

somatostatin was inhibited by verapamil (a substance which blocks

calcium channels) and by incubation in a calcium-free medium.

The calcium ionophore A23187 significantly stimulated the release

of somatostatin.

Immunoreactive somatostatin therefore is released under basal

conditions from hypothalami in vitro. Stimulation of basal

release occurs on increasing potassium in the medium from 6 to

6OmM. The calcium dependence of this process is demonstrated by

release induced by the calcium ionophore A23187 and the inhibition

of potassium-stimulated release by verapamil or incubation in a

calcium-free medium. These observations suggest a neurosecretory

role for the peptide.

(iv) Effect of growth hormone and somatomedin A on somatostatin

release from the rat hypothalamus in vitro (Sheppard,

Kronheim and Pirns tone, 1978)

A variety of pharmacological, neurotransmitter and hormonal sub-
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stances are known to influence GH secretion but the role of GH

itself in this regard is at present speculative. Experimental

studies in animals have led to the suggestion that the concen-

tration of circulating growth hormone may exert a "short loop"

feedback control over the: accumulation of somatostatin in the

median eminence or the release of somatostatin from this site.

This hypothesis was investigated by studying the effects of GH

on somatostatin release from the rat hypothalamus. Using an

identical technique described in the previous section the

release of somatostatin was shown to be again significantly

increased in the presence of 2 depolarising stimuli, 6OmH

potassium and 75 pM veratrine. There was no change in immuno-

reactive somatostatin release from hypothalami incubated in the

presence of rat TSH, rat LH, rat FSH and rat prolactin, but

in the presence of rat growth hormone (GH) a dose-dependent

increase in rate of release of somatostatin was observed. There

was a significant correlation between amount of immunoreactive

somatostatin released and concentration of rGH (r « 0.4499,

p < 0.01) in the incubation medium. Our findings suggest that

GH may well be involved in a "short loop" feedback controlling

its own secretion via the inhibitory mechanism of hypothalamic

somatostatin release.

The possibility of an inhibitory control mechanism mediated by

the GH-dependent factor somatomedin has been suggested (Chochinov

and Daughaday, 1976) with high levels of the peptide inhibiting

and, conversely, low levels increasing the GH secretion. The

somatomedins are a group of structurally and biologically

similar peptides under GH control with both growth promoting

effects and insulin-like effects on their target tissues, the

liver being postulated as a major site of their production.

There are a number of clinical situations in man in which high

levels of serum GH are paradoxically associated with low somato-

medin bioactivity. These include Laron dwarfism, children on

steroid therapy, severely protein malnourished children and

patients with cirrhosis of the liver (Chochinov and Daughaday,

1976). It has therefore been suggested that a negative feedback

exists, coupling GH secretion and serum somatomedin activity.

In the presence of human somatomedin A (generous gift of Dr. L.
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Fryklund, AB Kabi, Stockholm, Sweden) in the incubation

medium, a dose-dependent increase in the release of immuno-

reactive somatostatin from hypothalami was observed. This

in vitro evidence therefore suggests that somatomedin may exert

its postulated negative inhibitory effect on GH secretion in

the rat at hypotlialamic level, in part via somatostatin secretion,

The use of human somatomedin in this system is not considered

inappropriate, since in vitro and in vivo activity of human

somatomedin has been demonstrated in rodents.

There are obvious limitations relating to an in vitro experimental

model such as this and evidence in the intact animal would be

needed to confirm the hypothesis but the in vitro results, in

association with the clinical and animal experimental data,

suggest that the control of GH secretion may involve both GH

itself and somatomedin and that one facet of the undoubtedly

complex feedback control mechanism is related to the stimulation

of hypothalamic somatostatin release.

(v) Effect of Substance P, neurotensin and the enkephalins

on somatostatin release from the rat hypothalamus in vitro

(Sheppard. Kronheim and Pirns tone, 1979)

Substance P and neurotensin, peptides with a wide central nervous

system distribution and postulated neurotransmitter or neuro-

modulator roles, have been reported to elevate serum GH levels

in the rat when administered systemically (Kato, Chihara, Ohgo,

Iwasaki, Abe and Imura, 1976; Rivier, Brown and Vale, 1977),

but to suppress GH levels when given intraventricularly (Chihara,

Arimura, Coy and Schally, 1978; Maeda and Frohman, 1978). The

intraventricular route would perhaps more closely reflect true

hypothalamic or hypophysiotrophic effects since changes in GH

secretion following an intravenous injection of either peptide

could be the result of a number of indirect pharmacological

events. Of particular interest was the observation of Chihara,

Arimura, Coy and Schally (1978) that the suppression of serum GH

levels in the rat by substance F administered intraventricularly

was abolished in animals pretreated with rabbit antiserum to

somatostatin, thus suggesting that the central administration of

substance F may stimulate hypothalamic somatostatin release into

the hypophyseal portal vessels, thereby decreasing GH secretion.
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We have demonstrated a dose-dependent stimulation of immunore-

active somatostatin release from the rat hypothalamus in vitro

in response to substance P and neurotensin, supporting the

hypothesis that the central GH inhibitory effects of these

two neuropeptides may be mediated via hypothalamic somatostatin

release. Opiates and the opiate-like peptides have been

reported to stimulate GH release in the rat in vivo but we were

not able to demonstrate in vitro effects of met - enkephalin or

leu - enkephalin on the basal or K -stimulated release of somato-

statin from incubated rat hypothalamus. It would suggest that

the opiates and opiate-like peptides have no roll in regulating

hypothalamic somatostatin release in vitro.

(vi) Somatostatin release from isolated rat spinal cord in vitro

(Sheppard, Kronheim, Adams and Pirns tone, 1979, submitted

for publication)

The distribution of somatostatin in the central nervous system of

the rat includes the spinal cord. The demonstration by immuno-

histochemical techniques of somatostatin in neuronal cell bodies

in spinal ganglia and substantia gelatinosa of the spinal cord

has led to the suggestion that the peptide may play a role as an

inhibitory transmitter substance released from primary afferent

nerve terminals in mammalian spinal cord (Hökfelt, Eide, Johansson,

Luft and Arimura, 1975). We have investigated the release of

immunoreactive somatostatin from incubated rat spinal cord in

response to depolarising stimuli and the calcium dependence of

this release. Unsexed Long-Evans rats weighing 40-6Og, housed

under constant conditions and fed ad libitum, were killed by

decapitation. Spinal cords from thoracic level to caudal end

were removed and individually preincubated for 60 min at 370C in

an atmosphere of 95% 02 and 5% CC>2 in a Krebs Ringer bicarbonate

medium. After preincubation, cords were transferred to capped

vials containing 2 ml normal or test medium and after 30 min

incubation at 370C the medium was decanted, boiled, snap frozen

and stored at -20°C until assayed. Immunoreactive somatostatin

was measured by radioimmunoassay as previously described. In the

presence of 2 depolarising stimuli (56mM KCl and 75 yM veratrine)
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release of immunoreactive somatostatin was significantly increased

over basal. The K -stimulated release was inhibited however in

the absence of CaCl2 and in the presence of 20 yM verapamil. The

calcium ionophore A23187 significantly stimulated release.

Our results demonstrate therefore that immunoreactive somatostatin

can be released from rat spinal cord in response to 2 depolarising

stimuli and that this release is calcium dependent. These

observations provide further evidence for a neuromodulator role

of somatostatin in mammalian spinal cord and allow the opportunity

of investigating the factors which may modulate its neurosecretory

release.

(vii) Characterisation of released immunoreactivity from hypo-

thai amus , synaptosomes and spinal cord in vitro

(a) Parallelism

Utilising a log-logit transformation of the data, serial

dilutions of immunoreactive somatostatin released from rat hypo-

thalamus, spinal cord and synaptosomes isolated from hypothalamus,

thalamus, striatum and cerebral cortex, showed parallelism with

decreasing amounts of synthetic somatostatin standard.

(b) Sephadex-G25f gel chromatography (94 x 1.6 cm column,

eluted with IM acetic acid, flow rate 30 ml per hour, fraction

volume 5.0 ml) of released immunoreactive material from all pre-

parations revealed close identity between the majority of released

immunoreactive somatostatin and synthetic somatostatin.

Summary

We have thus demonstrated that somatostatin has a wide and uneven

central nervous system distribution including the spinal cord.

The material is localised to the synaptosome fraction of rat brain

homogenate prepared from 4 areas i.e. hypothalamus, thalamus,

striatum and cerebral cortex and immunoreactive somatostatin is

released from synaptosomes isolated from hypothalamus and cerebral

cortex in a calcium dependent manner in response to depolarising

stimuli. In addition somatostatin has been shown to be present

in the median eminence in high concentrations and again to be

localised to nerve terminals. The immunoreactive material is
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released from incubated rat hypothalami in vitro in response to

depolarising stimuli and this release is again calcium dependent.

Hormones and peptides involved in the modulation of growth

hormone secretion have stimulatory effects on hypothalamic somato-

statin release and somatostatin is released from incubated rat

spinal cord in response to depolarising stimuli. The immuno-

reactive material shows some identity with synthetic somato-

statin using two methods of identification.

In conclusion, we would like to suggest that our results

demonstrate considerable evidence for a physiological role of

somatostatin in (1) control of anterior pituitary hormone

secretion and (2) central nervous system modulation or neuro-

transmission (Pirnstone, Sheppard, Shapiro, Kronheim, Hudson,

Hendricks and Waligora. 1979).

G. Other studies

(i) Inhibition by somatostatin of glucagon-induced glucose

release from the isolated perfused rat liver (Sacks,

Waligora. Matthews and Pimstone, 1977)

Using the model of the isolated perfused rat liver it was

demonstrated that somatostatin directly suppressed glucagon-

stimulated glucose release from the rat liver in vitro in a

dose-dependent manner, probably by a mechanism affecting cyclic

AMP action rather than its formation. This study, demonstrating

a direct effect of somatostatin on the liver, provided further

evidence for its putative role as a hormone within the portal

system of the gut.

(ii) Tissue distribution of immunoreactive somatostatin in the

South African Clawed Toad (Shapiro, Sheppard, Kronheim,

and Pimstone, 1979)

A number of biologically active peptides have been isolated from

the mammalian central nervous system and gut and in addition many

of these substances or closely related homologous peptides are

also present in anuran skin (Pearse, 1977). The distribution

of somatostatin in the Clawed Toad closely resembled that in most

vettebrates studied and the peptide was present in brain, antrum,

small bowel, colon and pancreas, but was however absent from skin.
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The peptide may be present in low concentration, below the

limit of sensitivity for the tissue extraction procedure and

assay (< 1.5 ng/g wet tissue), or may be replaced in anuran

skin by an homologous peptide which does not crossreact with

the antibody used.

(iii) The presence of immunoreactive somatostatin in rat retina

(Shapiro, Kronheim and Pimstone, 1979)

The retina, which is an important extension of the central nervous

system, was examined for the presence of somatostatin by radio-

immunoassay. The rat retina contained innnunoreactive somato-

statin (13.24 _+ 2.88 ng/g tissue, mean +_ SEM) and the extracted

immunoreactive somatostatin was found on Sephadex G25 chromato-

graphy to elute with an Rf value similar to that of synthetic

somatostatin. The presence of significant amounts of somato-

statin in this tissue is in keeping with its wide distribution

in the central nervous system and of interest is the fact that

the retina has important anatomical and functional connections

with, and histological similarity to, the pineal, which is

another site of somatostatin localisation (Brownstein, Arimura,

Sato, Schally and Kizer, 1975).

May, 1979
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