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BSTRACT

Somatostatin (8814) is a tetradecapeptide which is widely distributed throughout 
the brain and peripheral tissues of mammals. A number of published studies have 

demonstrated that somatostatin is a member of a family of related peptides and 
that its many pharmacological effects may be mediated by different receptor 

subtypes. This thesis describes a series of experiments which sought to further 
examine the evidence for receptor heterogeneity in the tissues of the laboratory 

rat.

The specific binding of the broad spectrum radiolabelled agonist, [^25|]jyfii-ssi4, 
to membranes of rat cerebral cortex was displaced by unlabelled endogenous 
somatostatin peptides with high affinity (Ki -  1nM). 8everal short-chain synthetic 
analogues of somatostatin, seglitide, octreotide and L-363,301, also displaced 
ligand binding but in a biphasic manner consisting of both high and low affinity 
components. A fourth analogue, somatuline, had only low affinity for cortical 
membranes. These results suggested the existence of receptor subtypes with 
differential affinities for the short-chain, conformationally-constrained analogues.

Autoradiographic studies were undertaken in order to map the distribution of 
analogue-sensitive and -resistant somatostatin binding sites in rat brain. In the LC , v

<'c

and pituitary, comparisons of binding-displacement curves suggested a single 
class of non-interacting sites for which the endogenous peptides and short-chain 
analogues had similar affinity. In the hippocampus, displacement curves to the 
analogues were biphasic, suggesting a mixed population of binding sites.

8omatuline bound to hippocampal and cortical regions with very low affinity and 
was approximately 1000-fold selective for the LC/pituitary binding sites.

Electrophysiological experiments were performed on several brain regions in vitro 

and on cells in tissue culture in an attempt to identify functional correlates of the 
different binding sites. Responses to somatostatin were qualitatively similar 

regardless of the tissue and consisted of a membrane hyperpolarization which 
appeared to be the consequence of an increased conductance to potassium ions.



The effects of somatostatin peptides were aiso characterised on the 
anococcygeus muscle in order to compare central and peripheral receptors.

These experiments provided further evidence in support of multiple somatostatin 
receptor subtypes. Differences in the relative affinities of somatostatin analogues 
for binding sites in higher brain centres, pituitary and LC suggested that binding 
site heterogeneity may be more extensive than previously thought.
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ACM anterior olfactory nu, medial 1C inferior colliculus
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AOV anterior olfactory nu, ventral IMG amygdaloid intramedullary

part gray
APit anterior lobe of the pituitary InG intermediate gray layer of
Aq aqueduct the superior colliculus
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AVPO anteroventral preoptic nu subnu.
BM basolateral amygdaloid nu IPDL interpeduncular nu.
CA1 field CA1 of Ammon's horn dorsolateral subnu.
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tract
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monocular part 
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lateral
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mediolateral Rt
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mediomedial SI
Gp optic nerve layer of the sm

superior colliculus 
ox optic chiasm SN
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hypothalamic nu StHy
PaMP paraventricular Str17

hypothalamic nu, medial Str18
parvocellular part Str18a

PaPo paraventricular Sub
hypothalamic nu, posterior SuG
part

Par1 parietal cortex, area 1 TC
Par2 parietal cortex, area 2 Te1
PaS parasubiculum Te3
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POg posterior cingulate cortex IS
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nu VMH
Pe periventricular

hypothalamic nu VMHDM
PH posterior hypothalamic

area VMHVL
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posteromedial cortical 
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primary olfactory (piriform) 
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posterior lobe of pituitary 
perirhinal cortex 
presubiculum 
paratenial thalamic nu 
paraventricular thalamic 
nu, anterior part 
paraventricular thalamic 
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retrochiasmatic area 
reuniens thalamic nu 
retrosplenial agranular 
cortex
retrosplenial granular 
cortex
retrosplenial cortex 
reticular thalamic nu 
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substantia innominata 
stria medularis of the 
thalamus 
substantia nigra 
supraoptic decussation 
striohypothalamic nu 
striate cortex, area 17 
striate cortex, area 18 
striate cortex, area 18a 
subiculum
superficial grey layer of 
superior colliculus 
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temporal cortex, area 1 
temporal cortex, area 3 
temporal cortex, auditory 
area
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ventral endopiriform nu 
ventromedial hypothalamic 
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ventromedial hypothalamic 
nu, dorsomedial part 
ventromedial hypothalamic 
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VLO ventrolateral orbital cortex
VP ventral pallidum
VTA ventral tegmental area
zo zona incerta

PHARMACOLOGICAL
ABBREVIATIONS

5-HT 5-hydroxytryptamine
6-OHDA 6 -hyd roxydopami ne
ACh acetylcholine
ACTH adrenocorticotrophic

hormone
ADP adenosine-5'-di phosphate
ATP adenosine-5'"triphosphate
BSA bovine serum albumin
cAMP adenosine 3':5'-cyciic

monophosphate 
CCK cholecystokinin
cGMP guanosine 3':5'-cyclic

monophosphate 
CGRP calcitonin gene-reiated

peptide
CRF corticotropin-releasing

factor
DADLE D-Ala -̂D-Leu®

enkephalin 
DAMGO D-Ala2, Me-Phe^, Giy-oi®

enkephalin 
DYN dynorphin
EGTA ethyienegiycol-b/s-(p-

aminoethyl)-N,N,N',N'- 
tetraacetic acid 

ENK Ala2-Leu®-enkephalin
FSH foilicie stimulating

hormone 
GABA 7-amino butyric acid
GAD glutamic acid

decarboxylase 
GDP guanosine-5'-diphosphate
GH growth hormone
GppNHP 5'-guanylylimdo-

diphosphate 
GRF-IR growth hormone-releasing

factor-iike 
immunoreactivity 

GRF growth hormone-releasing
factor

GTP7S

Hepes

IBMX
LH
LHRH

NO
NT
PKC
PRL
PTX
RIA
SP
SS-IR

8814
8828

8828
TEA
TRH

Tris

TSH

TTX
VIP

(1-12)

Guanosine-5'-0-{3-
thiotriphosphate)
N-2-hydroxyethyl-
piperazine-N'-2-ethane-
sulphonic acid
isobutylmethylxanthene
ieutinising hormone
leutinising hormone-
releasing hormone
nitric oxide
neurotensin
protein kinase C
prolactin
pertussis toxin
radioimmunoassay
substance P
somatostatin-like
immunoreactivity
somatostatin-14
C-terminal fragment of
somatostatin-28
somatostatin-28
tetraethylammonium
thyrotropin-releasing
hormone
fr/s-(hydroxymethyl)- 
ami nomethane 
thyroid stimulating 
hormone 
tetrodotoxin
vasointestinal polypeptide

MI8CELLANE0U8

dpm disintegrations per
minute

rpm revolutions per minute
s.d. standard deviation of the

mean
s.e. mean standard error of the

mean
ROD relative optical density
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1. GENERAL INTRODUCTION

1.1. HISTORY.

Attempts to Identify and isolate factors involved in the control of pituitary hormone 
secretion, over two decades ago, led to the discovery of a number of growth 
hormone (GH) inhibitory factors present in hypothalamic extracts (Krulich et a/., 
1968). Quite separately, Heilman and Lernmark (1969) identified an inhibitory 
factor in pigeon pancreatic islets which suppressed the release of insulin from 
mouse islet cells in vitro. Several years later, Guilleman's Laboratory revived 
interest in this field when they published the chemical composition of an inhibitory 
factor from hypothalamic extracts, which they named somatostatin (Brazeau et 
a/., 1973) and which was responsible for both of these effects. The term 
somatostatin was derived from somatotrophin release-inhibiting factor (SRIF). 
With hindsight this may be considered to be an unfortunate choice since the 
originally identified somatostatin referred to a single, cyclic tetradecapeptide, but it 
is now known that this is only one of several related peptides (Figure 1.2). 
Furthermore, these peptides are almost ubiquitously distributed throughout 
mammalian tissues and their actions extend far beyond the inhibition of GH 
secretion.

1.2. BIOSYNTHESIS AND AMINO ACID SEQUENCES OF SOMATOSTATIN
PEPTIDES.

There are at least five somatostatin-related peptides, some of which are released 
from nerve terminals in a calcium-dependent manner (Benoit et al., 1985) but not 
all of which have been shown, as yet, to exert biological effects. It is clear, 
however, that all of these peptides are generated from a single 
preprosomatostatin peptide consisting of 116 amino acids, including a 24 amino 
acid signal sequence. In mammals, this prepro-peptide is encoded by a single 
gene. The loss of the signal sequence gives rise to a 10.3 kDa prosomatostatin 
(Figure 1.1). For convenience, the sequences of all other derived peptides will be 
quoted with reference to this 1 -92 amino acid pro-peptide which corresponds to 

preprosomatostatin(25-i 16)-
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1 ___
N-Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg-Gln-Phe-Leu-GlnLys- Ser-Leu-Ala-Ala-Ala-Thr-
Gly-Lys-Gln-Glu-Leu-Ala-Lys-Tyr-Phe-Leu-Ala-GIu-Leu-Leu-Ser-Glu-Pro-Asn-Gln- 
Thr-Glu-Asn-Asp-Ala-Leu-Glu-Pro-Glu-Asp-Leu-Pro-Gln-Ala-Ala-Glu-Gln-Asp-Glu- 
Met-Arg-Leu-Glu-Leu-GIn Arg- Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala~Pro-Arg-Glu-
Arg-Lys Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phei-Thr-Ser-Cys-OH

92

Figure 1.1. Amino acid sequence of rat prosomatostatin, shown without the 
signal peptide. Cleavage sites considered to be those most likely for 
posttransiationai processing are the basic amino acids shown in boxes. Taken 
from Benoit et a i (1990) with permission.

It has become increasingly apparent, largely through the work of Benoit et a i 
(1985 and 1990), that the processing of prosOmatostatin is tissue-specific. This 
single polypeptide contains the individual sequences of:

SSI 4 - somatostatin-14

SS28 - which is an N-terminally extended form of SS14 originally isolated 
from pig duodenum (Pradayrol et ai, 1980).

SS28(i -i 2) - a C-terminal fragment of SS28 which is generated, along with 
SSI4, by hydrolysis of the bond between a pair of basic amino acids within 
the SS28 sequence.

Prosomatostatin(i.76) - which has the SS28(M2) sequence at its 
C-terminus.

Prosomatostatin(i^3) - formed after the release of the SS28 sequence.

Antrin (prosOmatostatin(i_io)) - a fragment of unknown function which is 
found in significant quantities in the antral region of the stomach.

The relationship of these peptides to one another and the putative post
transiationai processing is shown in Figure 1.2.
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-24

Preprosomatostatin

92

g

1 10
Antrin

Lys
12 92

12
z j  Arg
63 65 SS28

Prosomatostatin

□ Arg-Lys
76 79 92

S S I 4

Arg
63 65 76

SS28
(1-12)

Arg

«3 SS28

c = i Arg-Lys E 
65 76 79 92  

S S I 4

65 76
SS28

(1-12)

Arg-Lys Lys
1 10 12 63

Antrin Central sequence

1

Antrin

□ Lys d  
10 12 63

Central sequence

Figure 1.2. Possible pathways for the posttransiationai processing of preprosomatostatin. The peptide sequences are drawn 
approximately to scale, relative to each other. Amino acids are numbered with reference to prosomatostatin. The basic residues 
which are presumed to signal cleavage sites are shown between peptide sequences. The dashed lines illustrate processing routes 
which are, as yet, speculative inasmuch as the existence of the central peptide sequence (amino acids^^ - ssj remains to be 
demonstrated. Modified from Benoit et al. (1990), with permission.



Evidence in favour of tissue-specific processing of prosomatostatin comes from 
the demonstration of apparently inverse relationships between various fragments. 
For example, SS28(M2) is the predominant peptide found in neuronal processes 
and terminals in rat cerebral cortex, prosomatostatin(i.76) is only a minor 
component. This situation is reversed in the human brain, prosomatostatin(i-76) is 
the major peptide found in cortex and bed nucleus of the stria terminails and 
SS28(i-i2) occurs as a minor component (Benoit etal., 1990). There is also recent 
evidence to suggest that there is differential processing of prosomatostatin 
peptides in subsets of gerbil hypothalamic neurones and that this is dependent 
upon their projection fields (Larsen etaL, 1992). The relative proportions of antrin 
and prosomatostatin(i^3) also varies inversely in various parts of the stomach and 
the gastrointestinal system as a whole, these findings have led Benoit et al. 
(1990) to suggest that these two peptides represent a precursor-product 
relationship.

Within the nervous system, various molecular forms of somatostatin appear to be 
localised in secretory vesicles and transported rapidly to terminal regions from 
which they are secreted (see review by Reichiin, 1983b). SSI4, specifically, is 
releasable by any means resulting in depolarization. Thus, excitatory amino acids 
(Robbins and Landon, 1983; Tapia-Arancibia and Astier, 1988; Pares-Herbute et 
a/., 1988; Tapia-Arancibia and Astier, 1990), KOI (Iversen et a!., 1978; Bennett et 
a/., 1979; Sheppard etal., 1979) and electrical field-stimulation (Bonanno et al., 
1988) have all been shown to increase the release of immunoassayable 
somatostatin and, at least in the cases of KOI and electrical stimulation, the 
release process has been shown to be calcium-dependent (Iversen et al., 1978; 
Bennett etal., 1979; Sheppard et al., 1979; Bonanno etal., 1988). In addition, 
calcitonin gene-related peptide [CGRP] (Dunning and Taborsky, 1987; Koop et 
al., 1987), vasoactive intestinal polypeptide [VIP] (Robbins and Landon, 1985), 
gastrin and cholecystokinin [CCK] (Chiba et al., 1987) also appear to stimulate 
somatostatin release. By contrast, the inhibitory transmitter, GABA, has been 
shown to inhibit the release of somatostatin from cortical (Robbins et al., 1982), 
hypothalamic (Gamse et al., 1980) and enteric (Koop and Arnold, 1986) 
neurones.

Once released into the extracellular space, somatostatin can exert a number of 
effects dependent upon its location.
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1.3. BIOLOGICAL EFFECTS OF SOMATOSTATIN PEPTIDES.

As mentioned previously and commensurate with somatostatin's widespread 
distribution, the effects of the peptide are not restricted to the inhibition of GH but 
may be broadly divided into three categories:

Somatostatin peptides

Endocrine effects Exocrine and paracrine effects Neuromoduiator effects

1.3.1. Endocrine effects: control of pituitary function.

Somatostatin influences the secretion of several pituitary hormones including, 
thyroid stimulating hormone (TSH), GH, prolactin (PRL) and adrenocorticotrophic 
hormone (ACTH). The secretion of GH represents a complex neuroendocrine 
process in which somatostatin plays a key role. In males, the release of GH is 
extremely pulsatile in nature. The secretory pattern appears to be regulated 
primarily by an ultradian rhythm which is entrained to, but not completely 
dependent upon, the light-dark cycle and is unaffected by changes in blood 
glucose or insulin levels (Tannenbaum, 1985). The constancy of the timing 
suggested a fundamentally neural basis to the mechanism, temporal control 
involves an interaction between the stimulatory effects of GH-releasing factor 
(GRF) and the inhibitory effects of somatostatin, each arranged so as to be 180° 
out of phase. The stimulatory and feedback components appear to have their 
anatomical substrates in at least three hypothalamic nuclei. Somatostatin is 
released from anterior hypothalamic neurones, specifically those of the 
periventricular nucleus [PVN] (Pelletier et al., 1977; Kawano and Daikoku, 1988), 
which have their terminals in the median eminence (Epeibaum et a/., 1981; 
Critchlow etal., 1981; Praputpittaya etal., 1987; Ishikawa et al., 1987; Kawano 
and Daikoku, 1988). This projection forms part of the tuberoinfundibular tract, the 
release of somatostatin into the hypophyseal portal blood exerts a potent 
inhibitory effect on the release of both GH and TSH from cells of the anterior 
pituitary. The stimulatory component is provided by the release of GRF, in which 
the ventromedial (VMH) and arcuate (ARC) hypothalamic nuclei appear to be 
predominantly involved (Bernadis and Frohman, 1971; Martin, 1972). The release 
of GRF appears to be controlled, at least in part, by somatostatin. Thus,
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somatostatin-containing axons have been shown immunohistochemicaliy within 
the ARC and VMH (Palkovits etal., 1976; Kawano et a!., 1982) and to terminate 
on GRF-containing somata in the ARC (LIposits et a!., 1988). Furthermore, 
electrical stimulation of the VMH suppresses GH responsiveness to GRF (Kato et 
a!., 1985).

These neural processes are under extensive feedback control. A so-called short- 
loop feedback system has been proposed (Tannenbaum, 1980) in which GH 
controls its own secretion by an inhibitory effect on the VMH and ARC to reduce 
GRF secretion. Long-loop feedback mechanisms have also been demonstrated 
in which somatomedins negatively modulate GH release by an action within the 
central nervous system [CNS] (Abe et a!., 1983; Tannenbaum et al., 1983) and 
directly stimulate the release of somatostatin from pituicytes (Berelowitz et al., 
1981). The existence of an ultra-short feedback loop has been suggested in 
which the excitability of the somatostatin tuberoinfundibular neurones may be 
regulated either directly, or indirectly via GABAergic intemeurones (Willoughby et 
al., 1987), through recurrent inhibition mediated by axon collaterals impinging 
back onto their own cell bodies in the PVN (Lumpkin et a/.,1981; Alonso et al., 
1985; Epeibaum etal., 1986).

Somatostatin and thyrotropin-releasing hormone (TRH) act together to control the 
release of TSH from the pituitary and, thereby, control the levels of circulating 
thyroid hormones T3 and T4. Somatostatin was shown to inhibit the release of 
thyrotropin from isolated pituicytes shortiy after its own discovery (Vale et al., 
1975b). Immunoneutralisation of somatostatin has also been shown to reduce 
basal levels of thyrotropin In vivo (Chihara et al., 1978). These effects of 
somatostatin have been extensively reviewed (Morley, 1981).

1.3.2. Exocrine and paracrine effects.

These two modes of action occur throughout the viscera. Pancreatic D cells, for 
example, are known to secrete somatostatin which then exerts localised inhibitory 
effects on glucagon and insulin release from juxtaposed islet a- and p-cells. It 
should be noted, however, that this local control mechanism is in addition to a true 
endocrine control of secretion exerted via circulating somatostatin. Examples of 
endocrine, exocrine, paracrine and neural control, all involving somatostatin, can 
be found in the stomach and intestine. Somatostatin is released from gut 
epithelial D cells (Chiba and Yamada, 1990) directly into the lumen and into the
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interstitial spaces from which It exerts a powerful Inhibitory control of gastrin, 
glucagon, secretin and cholecystokinin (CCK) secretions (Makhlouf and Schubert, 
1990; also, reviews by Arlmura and FIshback, 1981 and Relchlln, 1983b).

1.3.3. Neuromodulatory effects.

Of all of the effects of somatostatin mentioned thus far, the neuromodulatory role 
Is the most relevant to the present research. Somatostatin Is distributed 
extensively throughout both the peripheral and central nervous systems. It Is not 
surprising that commensurate with such a widespread distribution, a great many 
diverse actions have been Identified, so many. In fact, that the possibility of the 
peptide exerting any selective effects seemed at one time to be remote. 
Coverage of all of these neural effects would be beyond the scope of this thesis 
and the discussion has, therefore, been restricted largely to the distribution and 
effects of somatostatin In the CNS.

1.4. CNS DISTRIBUTION: IMMUNOHISTOCHEMICAL STUDIES.

1.4.1. Telencephalon.

Many different laboratories have reported on the distribution of somatostatin- 
containing cell bodies within the brain. The most abundant somatostatln-llke 
Immunoreactivity (SS-IR) Is found In the cerebral cortices, this applies whether 
antibodies to SSI4, SS28 or SS28(M2) are used. There is a distinct pattern to the 
distribution within the cortex, SS-IR In cell bodies and fibres shows a laminar 
distribution In rat (Finley etal., 1981; Morrison etal., 1983; Melnecke and Peters, 
1986; Lin et al., 1986; MIzukawa et al., 1987; Jeffery and Parnavelas, 1987), 
monkey (Lewis et al., 1986a) and human (Sorensen, 1982; Braak et al., 1985; 
Chan-Palay, 1987) cortex. SS-IR In perlkarya Is not restricted to any one cortical 
layer but appears to be more common In layers I I/I 11 and V/VI (Bennett-Clarke et 
al., 1980; Finley et al., 1981) and, furthermore, the precise laminar arrangement 
appears to vary between different cortical areas (MIzukawa et al., 1987). 
Interestingly, SS28(M2) Immunoreactivity appears to be preferentially located in 
processes and terminals as opposed to cell bodies (Lewis et al., 1986a). The 
somatostatlnlnergic system in the cortex appears to be entirely Intrinsic (Morrison 
et al. 1983; Benoit et al., 1985; Lewis et al., 1986a) suggesting that these 
neurones constitute an Interneuronal population (Finley etal., 1981). This Idea Is 
further supported by the lack of effect on cortical SS-IR of surgical lesions
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designed to isolate the cortices (Palkovits et al., 1980). Strikingly, 80-95% of 88- 
IR positive ceils also show coincident staining for glutamic add decarboxylase 
[GAD] (Jones and Hendry, 1986; Lin et a!., 1986) and 80% co-stain for 
neuropeptide-Y [NPY] (Jones and Hendry, 1986) which strongly implies that 
somatostatin, NPY and GABA coexist in cortical neurones.

The hippocampus is another cortical structure which has received considerable 
attention and there is general agreement that most 88-1R in cell bodies is to be 
found in areas CA1 (particularly in strata oriens and pyramidale), CA3 and the 
hilar region of the dentate gyrus (Bakst et a!., 1986; 8loviter and Nilaver, 1987; 
Obata-Tsuto, 1987; Leranth and Frotscher, 1987; Amaral et a!., 1988; Kosaka et 
a/., 1988). Fibres immunoreactive to somatostatin antisera have been shown to 
predominate in the outer molecular layer of the dentate gyrus and to have their 
origins in the polymorphic layer (Bakst et a/., 1986). This intrinsic system may 
exert control over the terminals of perforant path fibres which also occupy the 
same outer molecular zone. 8uch an assodation places somatostatin- 
immunoreactive intemeurones in a strategically powerful position from which to 
influence the excitability of the main cell populations that propagate activity within 
the hippocampus and as such they have been found to play a crudal role in 
certain pathophysiological situations (Bloviter and Nilaver, 1987; Johansen et a!., 
1987). A combined immunohistochemicai and electron microscopic study has 
also revealed 88-IR in varicosities distributed in the CA1 pyramidal cell layer. 
8ome of the synaptic contacts between somatostatin-positive terminals and 
perikaiya or dendritic shafts of the pyramidal cells were found to be of the 
symmetrical, inhibitory type (Obata-Tsuto, 1987). As with the cortex, the 
hippocampal somatostatin neurones appear to show a high degree of coincidence 
with GAD, suggesting coexistence with GABA (Johansen et ah, 1987; Kosaka et 
a/., 1988).

There are several other telencephalic structures showing 88-IR. Immunoreactive 
material has been demonstrated, for example, in perikaiya of the 
enteropeduncular nucleus. These neurones project to the lateral habenula where 
there is a dense network of 88-IR in terminals and fibres (Vincent and Brown, 
1986). However, this finding is somewhat paradoxical since somatostatin 
receptors are found exclusively in the medial habenula (see Chapter 4).

A subpopulation of intrinsic intemeurones in the caudate nucleus and ventral 
striatum (Cooper et a/., 1981; Crowley and Terry, 1980; Palkovits et a/., 1980),
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including the nucleus accumbens (Bennett-Clarke et ai, 1980; Finley et ai, 1981; 
Chesselet and Graybiel, 1986), have been found to contain SS-IR. Chesselet and 
Graybiel, (1986) found striatal somatostatin-positive cell bodies to predominate in 
the extrastriosomal matrix but found no evidence to suggest that these perikarya 
were associated with dense SS-iR in terminals and fibres of the substantia nigra 
pars lateralis, as may have been reasonably expected from the established 
putaminal projection to that nucleus. Somatostatin-containing cells in the striatum 
have also been found to be unaffected by 6 -hydroxydopamine (6-OHDA) lesions 
of the nigrostriatal tract (Salin et ai, 1990). This suggests that, unlike the 
situation with neurotensin [NT] (see review by Kasckow and Nemeroff, 1991), 
somatostatinergic cells in the striatum are not under dopaminergic control.

SS-IR has also been found in perikarya in all of the amygdaloid nuclei (Hokfelt et 
ai, 1974; Krisch, 1979; Palkovits et ai, 1980; Crowley and Terry, 1980; Bennett- 
Clarke et ai, 1980; Finley et ai, 1981) where it is extensively and apparently 
specifically, co-localised with NPY (McDonald, 1989). SS-IR in the amygdala was 
not affected by selective brain lesions, nor did isolation of the amygdaloid 
somatostatinergic system appear to effect other somatostatin-containing nuclei, 
suggesting that the somatostatin network within the amygdala represents an 
intrinsic interneuronal system (Epelbaum et ai, 1977; Palkovits et ai, 1980).

1.4.2. Diencephalon.

The distribution of SS-IR within the hypothalamic nuclei of the diencephalon has 
been extensively studied, largely in an attempt to define the possible anatomical 
substrates underlying the controi of GH secretion. SS-IR, either aione or in 
combination with SS28(M2)-like immunoreactivity, was initially demonstrated in 
hypothalamic tissue using the technique of radioimmunoassay [RIA] (Rorstad et 
ai, 1979; Benoit et ai, 1982). Dense accumulations of somatostatin positive 
fibres, perikarya and synaptic terminals have been found in the suprachiasmatic 
nucleus [SCN] (Krisch, 1979; Crowley and Terry, 1980; Bennett-Clarke et ai, 
1980; Van Den Pol et a i, 1986). Somatostatin mRNA has also been 
demonstrated in the SCN, using in situ hybridisation (Card et ai, 1988). Taken 
together, the available evidence suggests that this probably represents another 
example of an intrinsic somatostatinergic system.

The association of SS-IR with GRF-like immunoreactivity (GRF-IR) has attracted 
particular attention. Somatostatin immunopositive terminals have been found to
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synapse onto dendrites and perikarya containing GRF-iR within the arcuate 
nucleus [ARC] (Horvath et al., 1989). The same authors also found that 
somatostatin-containing neuronal elements in the periventricular nucleus [PVN] 
and ARC showed a reciprocal interaction with GRF-containing terminals. 
Furthermore, autoradiographic studies have shown somatostatin binding sites in 
ARC cell bodies to be in close association with GRF immunopositive elements 
throughout the rostro-caudal extent of the nucleus (Epelbaum et a!., 1989). 
These results are compelling evidence in support of a functional interaction in the 
ARC between the stimulatory effects of GRF and the inhibitory effects of 
somatostatin to influence the release of pituitary GH, although evidence already 
discussed suggests that the complete control of GH secretion is considerably 
more intricate and complex.

Other diencephalic structures which have been shown to contain SS-IR include 
virtually all of the remaining hypothalamic nuclei: the anterior preoptic, perifornicai, 
anterior hypothalamic, lateral hypothalamic, peri and paraventricular and 
ventromedial nuclei have ail been found to contain varying amounts of SS-IR 
(Hokfelt eta!., 1974; Krisch, 1979; Bennett-Clarke eta!., 1980; Crowley and Terry, 
1980; Palkovits eta!., 1980; Finley eta!., 1981). SS-IR has also been found to be 
associated with a collection of dopaminergic neurones designated A13c (Meister 
eta!., 1987).

1.4.3. Mesencephalon.

Reasonably high levels of SS-IR in ceil bodies has been reported for the inferior 
coiiicuius (Eide et a/., 1985) particularly the superficial and intermediate gray 
layers (Spangler and Moriey, 1987), the interpeduncular nucleus (Crowley and 
Terry, 1980; Cooper et a/., 1981; Spangler and Moriey, 1987) and the dorsal 
aspect of the periaqueductal gray matter (Finley et a/., 1981; Spangler and 
Moriey, 1987). Relatively sparse SS-IR has been found in ceil bodies in the locus 
coeruleus [LC] (Cooper et a!., 1981; Finley et a!., 1981) and medial parabrachial 
nucleus (Finley et a!., 1981; Elde et a/., 1985; Spangler and Moriey, 1987). 
Immunoreactive fibres have been identified in the periaqueductal gray and 
midbrain tegmentum with particularly dense labelling in an area dorsal to the 
substantia nigra (Spangler and Moriey, 1987).
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1.4.4. Metencephalon.

Neuronal processes with SS-IR have been found in both the medial and lateral 
pontine nuclei, throughout the deep nuclei of the cerebellum - particularly in the 
fastigial nucleus and in the granular layers of the vermis, in which they appeared 
to follow the path of the purkinje cell dendrites into the molecular layer of the 
cerebellar cortex (Finley et ai, 1981). In situ hybridisation (Naus, 1990) and 
autoradiographic (Leroux et a/., 1991) studies have demonstrated striking 
developmental changes in cerebellar somatostatin expression and receptor 
topography, immunohistochemicai data should be interpreted accordingly.

1.4.5. Myelencephalon.

SS-IR in both perikarya and neuronal fibres has been found in many of the brain 
stem nuclei and neuropil of the myelencephalon (Finley et a/., 1981; Elde et a!., 
1985).

1.4.6. Spinal cord.

Numerous fibres with SS-IR have been found in the substantia gelatinosa, fewer 
occur in laminae III and IV of the dorsal horn (Finley et a/., 1981; Forssmann et 
a!., 1979). Immunoreactive cell bodies have also been found in the spinal cord 
proper (Finley et a!., 1981; Kmkoff et a!., 1986) and SS-IR has been reported in 
small diameter primary afferent neurones (Hokfelt et a!., 1976). Tessler et al. 
(1986) found that approximately 40% of dorsal horn SS-IR originated within these 
afferent inputs. The remaining immunoreactive material is likely to be due to 
intemeurones together with a possible contribution from descending projections 
originating in the hypothalamic paraventricular nucleus (Palkovits and Zaborszki,
1979), from pontine nuclei such as the LC (see Amaral and Sinnamon, 1977) and 
raphe (Bowker and Abbott, 1988).

All of the above immunohistochemicai mapping has recently been complemented 
and, in the case of some brain areas, extended by the identification of 
somatostatin gene expression using the technique of In situ hybridisation (Kiyama 
and Emson, 1990).
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1.5. DO SS14 AND SS28 FUNCTION AS DISTINCT HORMONES AND
NEUROMODULATORS?

It remains a matter of contention as to whether the endogenously 
occurring tetradecapeptide and octacosapeptide forms of somatostatin function as 
separate and independent hormones and neuromodulators, whether they are 
essentially interchangeable, or whether SS28 is merely a precursor for SSI4. 
Radioligand binding experiments have provided tenuous evidence to suggest that 
they may function independently (see Chapter 3). SSI 4 and SS28 appear to 
interact differentially with various endocrine and exocrine target cells, again the 
evidence is not compelling but SS28 appears slightly more efficacious in inhibiting 
hypothalamic CRF, pituitary GH and TSH, insulin and pancreatic exocrine 
secretions, whereas SSI4 appears more potent on cerebral cortical neurones and 
on the inhibition of gastric acid secretion (Srikant and Patel, 1987). More 
convincing evidence for a distinct action in cerebral cortex has been provided by 
Wang et al. (1989), these authors have found SSI 4 and SS28 to elicit opposite 
effects on mouse cultured cerebral cortex neurones. Finally, as Patel et al. (1991) 
have previously suggested there is also evidence for a differential ability of SSI 4 
and SS28 to induce homologous receptor desensitisation in different cell types 
(Smith eta!., 1984; Presky and Schonbrunn, 1988b; Thermos and Reisine, 1988). 
However, this premise is based on the classification of somatostatin receptors as 
SSI 4- or SS28-preferring and, given the minor differences in relative affinities 
shown by SSI 4 or 8828 radioligands, is, at best, tenuous. In summary, available 
evidence favours the view that SSI 4 and SS28 function independently, but 
whether this involves an action through distinct receptor subtypes is debatable. 
The situation may only be resolved by the purification of receptors purported to be 
selective for these two forms of somatostatin, or by the cloning and independent 
expression of different receptor proteins.

1.6. SOMATOSTATIN AGONISTS AND RECEPTORS.

1.6.1. Receptor distribution.

The anatomical distribution of somatostatin receptors has been studied using both 
homogenate binding and autoradiographic techniques, both of which are covered 
in detail in Chapters 3 and 4, respectively.
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1.6.2. Preliminary studies on the structure activity relationship (SAR): 
evidence for receptor heterogeneity.

Published SAR studies on 8814 examined the relevance of the Ala^-Gly^ side- 

chain and the requirement for an intact disulphide bridge linking Cys® to Cys^ .̂ A 
working hypothesis proposed that the role of the latter was to Stabilise the tertiary 
stmcture of the peptide unless this was already achieved by strong ionic, 
hydrophobic or dipolar interactions. This hypothesis was put to the test by the 
synthesis of two analogues; Ala^'i^-8814 (Sarantakis et al., 1973) and 8-Me- 
Cys®'̂ ^-8814 (Rivier eta!., 1975b). Both of these analogues were found to retain 
only a fraction of the activity of the parent peptide. It appeared from these 
preliminary observations that the Cys-Cys bridge was required for optimal activity, 
it is now known that this is not necessarily the case although some form of 
cyclising bond is required for optimal activity (see further discussion below). By 
contrast, the Ala^-Gly  ̂extension does not appear to be an absolute requirement 
for either the endocrine or gastric add effects, des-Ala^-Gly^ analogues were 
found to retain about 60% GH-inhibitory activity (8arantakis et ai., 1973; Rivier et 
al., 1975b; Vale et al., 1978; Reed et al., 1978). Furthermore, extensive 
modifications of the N-terminus, such as N-Tyr-8814, Tyr^-8814 and N-Tyr-Gly- 
Tyr-8814 were shown not to affect activity (Vale etal., 1978).

Vale etal. (1978) were first to determine, extensively, the role of each amino acid 
in the somatostatin peptide backbone. Thus, removal of any single residue within 
the 12-membered amino acid ring resulted in substantial (~ 95%) loss of activity 
against GH secretion. The role of each individual amino add enclosed by the 
cystine bridge was evaluated by sequential Ala replacement. Thus, Phe®, Phe ,̂ 
Trp®, Lys® and Phê  ̂ were essential for activity but Gly^, Lys ,̂ Asn®, Thr̂ ®* Thr^  ̂
and 8er^3 could each be replaced by Ala without significant loss of potency. A 
similar correlation between Ala substitution and affinity at the rat cerebrocortical 
binding site was subsequently observed by Epelbaum et al. (1982). Based on 
their observations, Vale et al. (1978) suggested that the hydrophobic residues, 
amino acids®-̂ -®-̂  ̂ and Lys®, were involved in the processes of receptor binding 
and activation. This suggestion was subsequently substantiated four years later 
by radioligand binding experiments, a highly significant correlation existed 
between receptor affinity for Ala-substituted analogues and their potency in 
inhibiting GH secretion (Enjalbert et al., 1982). Vale et al. (1978) proposed that 
Thr̂ ® acted as a spacer and Cys®'̂ "̂ , together with an hydrophobic interaction 
between Phe® and Phe^\ were involved in stabilising the structure such that the
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side chains of Lyŝ * Trp® and Lys® were directed outwards to interact with the 
receptor site.

The role of Trp®, in particular, has received much attention, partly because of its 
susceptibility to replacement but also because D-Trp®-SS14 was found to be 6 to 
8-foid more potent than SS14 against glucagon, insulin and GH release (Rivier et 
al. 1975a) whilst remaining essentially equipotent with SSI4 as an inhibitor of 
gastric (Brown etal. 1978) and pancreatic exocrine secretions (Brown etal. 1978; 
Roze et al., 1978). These findings prompted Meyers et al. (1978) to evaluate 
further the effect of Trp^ modification on the inhibition of GH secretion, they found 
that certain haiogenated analogues of Trp®, particularly D-5F-Trp® and D-5Br-Trp®, 
showed 25 to 30-foid increases in potency compared to SSI 4. However, Hirst et 
al. (1980) found these same haiogenated analogues to be only marginally more 
potent than SSI4 against the inhibition of gastric acid secretion and Meyers et al. 
(1981) reported a similar situation regarding the inhibition of evoked contractions 
in the rat vas deferens. Two possible roles were suggested for Trp®, a critical 
involvement in the binding process via the formation of charge transfer complexes 
was suggested from the results obtained with the haiogenated derivatives and a 
possible conformational role involving the formation of hydrogen bonds with Lys  ̂
was suggested from the proximity of their respective indole groups (Hirst et al.,
1980). The latter interaction has recently been unequivocally confirmed (Van 
Binst and Tourwe, 1992).

Substitutions at positions other than the central core were also shown to be 
capable of changing the overall pharmacological profile of somatostatin but the 
effects were often more subtle. For example, both Sarantakis et al. (1973) and 
Vale et al. (1978) demonstrated that des-Asn® analogues retained inhibitory 
potency against insulin release but were much less potent than somatostatin itself 
in blocking the release of glucagon and GH. Vale et al. (1978) also demonstrated 
that des-Asn®-D-Trp®-D-Ser̂ ®-SS14 retained only 13 and 1% of the activity of 
SSI 4 in inhibiting GH and glucagon secretion, respectively, but was 17-foid more 
potent than SSI 4 against insulin release. Interestingly, | D-Trps-D-Cys^^-SS 14 
showed a different profile, being approximately equipotent against insulin and GH 
but 10-foid more potent than SSI4 against glucagon. Thus, Asn^-deficient 
analogues appeared insulin selective whereas D-Cys^  ̂analogues were glucagon 
selective.
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Clearly these studies suggested that different receptor subtypes were involved in 
the mediation of the many and varied effects of somatostatin. The inhibitory 
effects of the peptide on insulin and gastric acid secretion appeared to be more 
susceptible to amino acid substitutions distal to the central sequence than did the 
effects on GH and giucagon secretion.

1.6.3. The development of short-chain analogues.

The development of short-chain, conformationally constrained analogues of 
somatostatin was conceived as a means to develop stable and potent 
somatostatin analogues with which to explore the clinical potential of somatostatin 
replacement therapy in various endocrinological deficiencies. However, such 
analogues have played a pivotal role in the identification of possible receptor 
subtypes in brain and, with this in mind, they have been used extensively during 
the current studies.

Vale et al. (1978) were the first to demonstrate that various oligo-somatostatin 
analogues ranging from hepta to decapeptides retained selectivity and potency 
against GH release, indicating that there were certain short-chain conformations 
in which the critical residues (amino acids^*^°) were oriented in a manner 
conducive to sustained activity. At about the same time Veber et ai. (1979) were 
designing somatostatin analogues In which the non-essential amino acids were 
eliminated, these were defined as amino acids®'®-̂ -̂̂ ^̂  only residues 7 to 10 were 
found to be vital for activity (i.e. two shorter than Vale etal. (1978) had suggested 
previously). In this initial publication, Veber and colleagues described the 
synthesis and biological activity of three conformationally-constrained bicyciic 
analogues, the best of which was analogue III (below, where Aha is 
aminoheptanoic acid) and in so doing were abie to make severai assertions 
regarding the intramolecular structure of the somatostatin peptide.

cycio (Aha-Cys-Phe-D-Trp-Lys-Thr-Cys) analogue III

They confirmed Vale's suggestion that the role of the disulphide bridge was to 
stabilise the molecule, but also suggested that Phe®^^  ̂were capable of achieving 
the same result by the formation of a hydrophobic bond, one or other of these 
stabilising influences were required for activity. The pharmacological profile of 
analogue III demonstrated that the constrained presentation of amino acids in 
the appropriate conformation, was all that was required for the full expression of
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somatostatin's inhibitory effects on insulin, glucagon and GH release. In two 
subsequent publications, Veber and colleagues described a process of evolution 
from analogue III, which itself possessed no improvement in potency over SS14, 
to two highly active hexapeptide analogues. The first of these was code-named 
L-363,301.

cycle (Pro-Phe-D-T rp-Lys-Thr-Phe) L-363,301

In this hexapeptide the Pro residue stabilised the conformation by forming a cis 
peptide bond and this single residue effectively replaced 9 of the 14 amino acids 
of SSI4, the only additional requirement for binding affinity, other than the 'core' 
amino acids '̂̂ °, was found to be that of a hydrophobic binding element and this 
was provided by Phe^̂  (Veber etal. 1981). The replacement of Pro® by N-Me-Ala 
was subsequently shown to retain the conformational properties and at the same 
time increase potency. A further increase in potency was attained by a single p- 
OH substitution on the aromatic ring of Phe^ the resulting Tyr^ was suggested to 
increase receptor affinity by the formation of a hydrogen bond between the 
phenolic OH group and the pharmacophore (Veber et al. 1984). The final 
breakthrough was realised after the hydroxyl group of Thr̂ ® was replaced by 
methyl, resulting in VaP°. Neither the Tyr^ nor VaP® substitutions by themselves 
resulted in substantial increases in potency. The potency increase achieved with 
Tyr^ was compromised by a concomitant reduction in hydrophobidty, however, 
the combination with VaP® counteracted this effect and the two substitutions 
together resulted in a greatly enhanced biological activity, the resulting peptide 
was code-named L-363,586 (Veber etal. 1984):

cycle (N-Me-Ala-Tyr-D-Trp-Lys-Val-Phe) Seglitide

L-363,586 was eventually renamed MK-678 and given the generic name 
'seglitide'. This hexapeptide was shown to be 50-fold more potent than SSI 4 and 
30-fold more potent than L-363,301 in inhibiting GH release (Veber etal. 1984).

Merck, Sharp and Dohme were not the only pharmaceutical company to realise 
the potential therapeutic benefits of a stable somatostatin agonist, Sandoz had 
also committed a significant medicinal chemistry effort towards synthesising a GH 
selective analogue. Bauer et al. (1982) described the synthesis of octreotide 
(code-named SMS 201-995) which was to become a lead compound for the 
Sandoz company and which is still receiving extensive clinical evaluation today.
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Bauer and colleagues used as their starting material a hexapeptide (below) in 
which the essential amino acids '̂̂ ° remained constrained by the Cys-Cys 
disulphide bond. The effects of various residues attached to either the amino (A) 
or carboxy terminae (B) were assessed for their GH vs. insulin release-inhibiting 
profile.

A-Cys-Phe- d -T rp-Lys-Thr-Cys-B

A significant increase in potency was obtained by the addition of D-Phe in 
position A. This N-terminal extension appeared capable of occupying the same 
conformational space as Phe  ̂ in the native peptide and also served to stabilise 
the disulphide bridge rendering it more resistant to enzymatic attack. Several C- 
terminal additions were evaluated, the most effective of which was Thr. Changing 
the amide moiety of Thr to an alcohol further increased potency. The resulting 
octapeptide, octreotide (below) was 3-fold more potent than 8814 against GH 
release in vitro and 7-fold more potent in vivo.

H-d -Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-(ol) Octreotide

Perhaps more importantly, however, this peptide was 22-fold more selective for 
the inhibition of GH than insulin when compared to 8814 and was significantly 
longer acting following peripheral administration.

Several laboratories have used seglitide and octreotide, together with the valuable 
SAR data obtained during their development, as starting material with which to 
explore the effects of other modifications. Cai and colleagues replaced the Phe ,̂ 
Thr® of octreotide with the Tyr®, Val® combination of seglitide, the beneficial effects 
of these substitutions were found to be increased further by manipulations of both 
N and C terminal amino acids by virtue of the stabilising effects of the latter on 13- 
sheet integrity, which was attributed to the formation of intramolecular hydrogen 
bonds (Cai et ai. 1986). The resulting peptides, code-named RC-121 and RC- 
160, were more potent and more selective for the in vivo inhibition of GH and 
glucagon release than octreotide and were significantly longer lasting than 8814. 
The increased potency of these analogues is not due to an increased metabolic 
stability alone, since RC-121 was shown to be over 1000-fold more potent than 
8814 and -150-fold more potent than octreotide against the inhibition of GH 
release in vitro (Murphy et ai. 1985).
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D - Phe-Cys-Tyr-o -Trp-Lys-Val-Cys-Thr-N H RC-121

D - Phe-Cys-Tyr-D -Trp-Lys-Val-Cys-Trp-NHg RC-160

RC-160 has recently been shown to produce an extremely long-lasting 
antinociceptive effect in rodents (Eschalier etal., 1991).

Coy and colleagues (Heiman etal., 1987; Sasaki et al., 1987) have continued to 
further examine modifications to the amidated octapeptides, RC-121 and RC-160. 
The most promising of these later analogues contain p-naphthylalanine, these 
compounds are particularly interesting because they exhibit a greatly reduced 
affinity at brain somatostatin receptors. The first to be characterised was DG13- 
116 or somatuline (Heiman etal., 1987), this octapeptide differs from RC-121 only 
in the single substitution of the N-terminal D-Phe by D-Nal, it retained affinity at 
pituitary receptors but was ~1000-fold weaker than somatostatin at rat cerebral 
cortex receptors.

3-(2naphthyl)o-Ala-Cys-Tyr-D-Trp-Lys-Val-Cys-Trp-NHg Somatuline

Somatuline has also been shown to possess a novel endocrine and exocrine 
profile in the rat, in vivo (Moreau etal., 1991).

Several of the above short-chain somatostatin analogues have featured strongly 
in the present research programme. The pivotal role which they have played in 
identifying and characterising what appear to be heterogeneous forms of 
somatostatin receptor, particularly with respect to the CMS, is discussed in greater 
detail in Chapters 3 and 4.

The final two compounds to be considered represent a major change in 
somatostatin chemistry towards the synthesis of non-peptide analogues. Both of 
the reported analogues are based on sugars, Nicolaou et al. (1989) have 
described preliminary results obtained with a glucose mimic which inhibited 
radiolabelled somatostatin binding to AtT-20 cells (IC50 = 1.3 pM), whereas 
Papageorgiou et al (1992) have synthesised a substituted xylofuranose which 
displaced 25|]Tyi^-octreotide binding from rat cortex with an IC50 = 23 pM. 
Although the lack of conformational stability in these sugar molecules render them 
unlikely candidates for high affinity somatostatin-receptor ligands (Papageorgiou 
et al., 1992), a non-peptide approach to future synthetic efforts seems both
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desirable and likely in view of successful precedents resulting from such an 
approach with other peptides, e.g. substance P [SP] (see review by Watling, 
1992) and CCK (Chang etal., 1985).

It only remains to mention one further property which is shared by many short- 
chain somatostatin analogues, namely their affinity for p-opioid receptors. This 
property has not been investigated in the present research and, therefore, is not 
discussed in detail. However, the high affinity for p-receptors of certain 
somatostatin analogues has attracted significant interest (Maurer et a/., 1982; 
Pelton etal., 1985 and 1986; Walker etal., 1987; Shook etal., 1987a and 1987b). 
Many of the analogues which have been developed to exploit this property 
represent the most selective peptide opioid p-receptor antagonists known being of 
similar affinity but much more selective than the prototypic antagonist, naloxone 
(Mulder et al., 1988 and 1991). As such, this is a potential side effect of 
somatostatin which cannot be ignored and must be borne in mind whenever these 
compounds are used to mimic the effects of the endogenous somatostatin 
peptides.

Despite the extensive synthetic chemistry undertaken by the many laboratories 
mentioned above, the development of a potent and selective somatostatin 
antagonist has remained elusive, although it may be assumed, implicitly, that such 
a target represented a specific goal of many of the groups in the field.

1.6.4. Solubilisation and purification of somatostatin receptors.

Many laboratories have solubilised and purified the somatostatin receptor. 
Following a disappointing period when receptors with a wide range of molecular 
masses were being reported, probably as a result of different conditions and 
ligands, it now appears as though most workers in the field agree on the 
existence of a major receptor with a molecular weight of ~ 60 - 70 kDa. Patel et 
al. (1991), however, claim the existence of multiple receptor species, the main 
component in most tissues being a 58 kDa glycoprotein, this compares favourably 
with other reports of 60 kDa receptor in rat striatum and anterior pituitary 
(Thermos etal., 1989) and in the clonal pituitary AtT-20 cell line (He etal., 1989). 
Putative receptors of higher molecular mass include an 88 kDa isolated from rat 
pituitary (Lewis and Williams, 1987), a 72 kDa from rat cortex (Sakamoto et al., 
1988a) and tissue specific expression of proteins ranging from 72 - 82 kDa 
(Brown et al., 1990). In addition to their major 58 kDa component, Patel et al.

36



(1991) also find two other minor proteins with lower masses of 32 and 27 kDa and 
suggest that these may represent giycovariants of the 58 kDa receptor. However, 
and as the authors point out, although all these receptors bind somatostatin in a 
G protein-sensitive manner, the 32 and 27 kDa proteins are unusually small 
compared to other G protein-coupled receptors hitherto identified. More recent 
work from Patel's laboratory has suggested that the distribution of the various 
molecular forms of the somatostatin receptor may be tissue specific. Thus, the 58 
kDa protein appears to represent the main somatostatin receptor in the rat 
pituitary, adrenal gland and exocrine pancreas, whereas the 27 kDa protein 
represents the principal form in the brain and the 32 kDa protein appears 
uniquely, but as a minor component, in brain (Srikant etal., 1992).

Several laboratories are currently attempting to identify specifically which G 
proteins are coupled to the various solubilised somatostatin receptor proteins. 
Thus, He et al. (1990) isolated an active somatostatin receptor from rat brain by 
photoaffinity crosslinking the conformationally constrained hexapeptide 
somatostatin analogue, seglitide. When the protein was solubilised using 
particularly mild detergent conditions, a component with a mass of 400 kDa was 
extracted. This was suggested to represent the receptor and an associated 
complex of other proteins and molecules, one of which was found to be the G 
protein subunit G|«. The G protein a subunit is known to exist in a number of 
closely related molecular forms each of which show significant sequence 
homology (see review by Giiman, 1987). In order to address which of the 
particular isoforms is associated with the somatostatin receptor, Reisine et al. 
(1991) have examined immunoprécipitation of soiubiiized and purified receptor 
protein by antisera directed against either Giai or Giot2- Based on the results of 
these experiments, the authors conciuded that the receptor was most likely to be 
coupled with G|ai, although the possibility of an invoivement with Gias was not 
addressed and cannot be ruled out. In an impressive series of experiments, 
Kleuss et al. (1991) have recently demonstrated that the effects of somatostatin 
on calcium channel activity in clonai GHg cells is mediated specifically by G02. 
whereas the same effect elicited by the muscarinic agonist, carbachoi, is 
mediated by G01. Collectively, these experiments demonstrate that not only do 
receptors for different agonists couple to different G proteins but that the various 
cellular effects of a single agonist, in this case somatostatin, may also be 
mediated by different G proteins. It remains to be determined whether this 
represents muitiple coupling of different G proteins to the same receptor protein or
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that of single G proteins specifically to different subclasses of receptor expressed 
by the cell.

1.7. CELLULAR EFFECTS OF SOMATOSTATIN.

Research over the last decade or so has identified at least four mechanisms by 
which somatostatin can modify cellular activity (see review by Rens-Domiano and 
Reisine, 1992). These transmembrane signalling mechanisms may not apply 
equally to all cells, it is clear that most, but perhaps not all, are mediated by G 
proteins.

1.7.1. Regulation of adenylate cyclase.

Somatostatin has been shown to reduce intracellular cyclic adenosine 
monophosphate (cAMP) levels in several tissues. Thus, somatostatin has been 
shown to inhibit the stimulatory effect of secretagogues on cAMP levels in 
pituicytes (Epelbaum etal., 1987), clonal cell lines (Koch and Schonbrunn, 1984; 
Reisine, 1985; Yajima et a!., 1986), pancreatic acinar cells (Sakamoto et a/., 
1988b; Sussman etal., 1987; Malm etal., 1991), rat diencephalic (Pares-Herbute 
et al., 1989) cortical (Chneiweiss et al., 1985; Schettini et al., 1989; Colas et al., 
1990) and glomerulosa cells (Hausdorff et al., 1989), and canine enteric cells 
(Barber et al., 1987). These effects are considered to be the direct result of 
receptor-mediated G protein-coupled inhibition of the membrane-bound enzyme, 
adenylate cyclase (Koch and Schonbrunn, 1984), which catalyses the formation 
of cAMP from adenosine triphosphate (ATP). More precisely, the interaction of 
somatostatin with its receptor elicits a conformational change in the inhibitory 
trimeric G protein, G| and/or Go- This results in the dissociation of the a, from py 
subunits and the subsequent interaction of a, with the catalytic subunit of the 
adenylate cyclase enzyme complex inhibits the formation of cAMP (Godina et al., 
1984). Somatostatin is capable of inhibiting the stimulation of adenylate cyclase 
by the terpene, forskolin, but not that induced by NaF (Moser and Cramer, 1990) 
which acts directly on the G protein to cause dissociation of the a from py subunits 
(Godina et al., 1984) and, hence, acts 'downstream' to receptor activation to 
inhibit enzyme activity.

The fact that adenylate cyclase appears sensitive to activated G proteins, 
regardless of the receptor responsible for their activation, renders the enzyme 
responsive to multifactorial control. The complex physiological consequences of
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this, at the synaptic level, are beginning to emerge and appear not to be restricted 
to mutual, functional antagonism between transmitters which stimulate cAMP 
formation via Gg and those, such as somatostatin, which inhibit via G|. Thus, it 
has been reported that the inhibition of adenylate cyclase in hippocampal 
membranes by the muscarinic agonist, oxotremorine, is itself inhibited by 
somatostatin in a non-additive manner, suggesting a functional interaction 
between specific muscarinic and somatostatin receptors which is convergent on 
adenylate cyclase (Eva and Costa, 1987). This implies that the inhibitory efficacy 
of either of these agonists can be reduced by the other. This hypothesis is 
supported by the finding that somatostatin can convert high affinity hippocampal 
binding sites for oxotremorine to a low affinity state (Miyoshi et al., 1986a and b). 
Functional selectivity in such situations need not necessarily be compromised. 
For example, frequency coding may guarantee a differential release of 
transmitters and anatomical selectivity may apply since only certain muscarinic 
receptor subtypes are coupled to adenylate cyclase.

These results suggest that the effects of somatostatin on adenylate cyclase 
activity may turn out to be significantly more complex than initially envisaged. 
They may also be restricted to a particular subtype of somatostatin receptor, as 
has been suggested by Markstein et ai. (1989) or they may be differentially 
coupled to adenylate cyclase in different brain regions as has been suggested by 
Raynor and Reisine, (1992).

1.7.2. Activation of potassium channels.

Numerous laboratories have demonstrated an effect of somatostatin on potassium 
conductance, relevant findings are considered individually in the more appropriate 
context of Chapter 6 . This effect of somatostatin appears to represent an 
example of a receptor-coupled ion channel. The situation is not analogous to that 
of the GABA^- or NMDA-gated ionophores, in which the receptor and ion channel 
are intimately related in the form of a single oligomeric protein complex. But, 
rather, of the type where ion channel and receptor exist as distinct and separate 
proteins coupled by a variety of intracellular transducing elements which include G 
proteins and/or cytoplasmic messengers. That such a system applied in the case 
of somatostatin was demonstrated unequivocally in a series of impressive 
experiments by Yatani et ai. (1987). These authors showed that in pituitary- 
derived GH3 cells both somatostatin and acetylcholine (ACh) opened a 55 pS 
potassium channel in a manner which was dependent upon GTP, could be
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abolished by pertussis toxin-mediated ADP-ribosylation and which could then be 
reconstituted by the addition of unribosyiated, Mg^+ZOTRyS-activated erythrocyte 
G protein. Yatani and co-workers named the G protein Gk and, in the same 
pubiication, demonstrated that the q  subunit responsible for the action of Gk was 
different from that involved in mediating the effects of Gs on adenylate cyclase.

It is now known that G proteins are considerably more heterogeneous than 
originally envisaged. The Gk identified by Yatani et al (1987) is also apparently 
activated by ACh in cardiac tissue, where it has been found that this specifically 
involves Gias (Breitwieser, 1991). It is possible, therefore, that the effects of 
somatostatin on the heart, and for that matter pituitary also, may be mediated by 

G|o3-

1.7.3. Inhibition of voitage-gated caicium channeis.

This topic is also considered more fully in Chapter 5. Briefly, several lines of 
evidence suggest that somatostatin can attenuate the influx of extracellular Ca^+ 
into the cell that occurs via voitage-gated calcium channels. This would, of 
course, also be an inevitable consequence of the membrane hyperpolarization 
resulting from the potentiation of an outward potassium conductance. Support for 
a direct effect on inward calcium current is provided by experiments in which 
potassium conductances have been eliminated by the complete replacement of 
potassium ions by potassium channel blockers such as caesium, barium and 
tetraethy lam mo ni u m. Using this approach, Lewis etal. (1986b) and Rosenthai et 
al. (1988) demonstrated the G protein-mediated inhibition of calcium currents (Ica) 

by somatostatin in the pituitary derived ceil lines AtT-20/D16-16 and GH3, 

respectively. Although somatostatin also inhibits adenylate cyclase activity in 
these cells, the effects on Ica. under the defined experimental conditions, were 
completeiy independent of cAMP ievels. This is not to say that these two 
mechanisms operate as such in normaliy functioning cells, since calcium channels 
are known to be responsive to phosphorylation and cAMP may exert such an 
influence via the generation of active catalytic subunits of protein kinase A 
[PKAcad (Breitwieser, 1991).

1.7.4. Distal effects on exocytotic secretion.

In certain cells the process of secretion can be elicited by G proteins 
independently of all known intracellular signals, it has been proposed that this is
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due to the ability of a specific class of G proteins (Ge) to interact directly with the 
exocytotic machinery (Gomperts, 1990). The G protein dependent inhibition by 
somatostatin of calcium-stimulated hormone secretion has led to the suggestion 
that somatostatin receptors may modify exocytosis via an effect on G® in pituitary- 
derived AtT-20 cells (Luini and De Matteis, 1990) and In insulin-secreting HIT cells 
(Ullrich et al., 1990). These recent findings add credence to earlier reports 
claiming that somatostatin receptors are biologically active before they are 
inserted into the plasma membrane (Steiner etal., 1986) and that the peptide can 
inhibit the membrane fusion of secretory vesicles in pituicytes (Draznin et al., 
1986).

It must be stressed that none of the proposed mechanisms outlined above are 
likely to operate in isolation but, rather, the overall cellular response to 
somatostatin will be a composite of some or all of them. The precise 'blend' of 
cellular actions may be dependent on cell phenotype. Furthermore, It remains to 
be seen whether such diverse effects on cell function can be attributed to specific 
somatostatin receptor subtypes, specific G proteins, or a combination of both of 
these. Significant efforts are currently being applied towards answering these 
questions.

1.8. AIMS AND OBJECTIVES.

At the time the current research programme was started, in 1986, tangible 
progress had been made towards understanding the endocrine and exocrine 
consequences of somatostatin's action, both at the behavioural and cellular 
levels, but the effects of the peptide on ONS function were less clearly understood 
by comparison. Particularly interesting, however, were the emerging suggestions 
of somatostatin receptor heterogeneity in the ONS. The aims of this research 
were directed towards further evaluating the possibility of receptor subtypes, their 
anatomical distribution within the CMS and how they might relate to different 
cellular effects by identifying functional correlates of the differing subtypes of 
binding site. Although efforts were focused on the CMS, a need to relate findings 
to other tissues was a recognised aim at the outset.

The use of short-chain conformationally constrained somatostatin analogues has 
featured prominently in all of the presented work. Preliminary publications 
suggested that, in the absence of potent and selective somatostatin antagonists.
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a comparison of the pharmacological profiles of these synthetic analogues 
probably represented the best means of identifying receptor heterogeneity.

The experimental strategy involved studying the effects of somatostatin peptides 
on the neurogenicaliy-mediated contractile response of the rat anococcygeus 
muscle to electrical field stimulation, the aim being to provide information on the 
peripheral nervous system effects of these peptides. It was also decided to 
compare and characterise the binding profiles of endogenous SS14, SS28 and 
several short-chain analogues. Although such information existed already in the 
literature, the diversity of experimental conditions and tissues used made valid 
comparisons difficult. Autoradiographic studies were undertaken to identify sites 
within the rat brain with high binding site densities in which to perform 
electrophysiological experiments. Finally, electrophysiological studies were 
performed in which responses to somatostatin and several analogues were 
compared in different brain areas and in the pituitary-derived GH3 clonal cell line 
in order to determine whether specific cellular responses correlated with different 
receptor subtypes. The data from ail of the above experimental approaches were 
compared.
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2. THE EFFECT OF SOMATOSTATIN PEPTIDES ON THE 

RAT ANOCOCCYGEUS MUSCLE IN VITRO

2.1. INTRODUCTION.

One effect of somatostatin Identified shortly after its discovery was the ability to 
inhibit evoked and spontaneous contractions of smooth muscle preparations in 
vitro, including the rat (Cohen etal., 1978; Magnan etal., 1979; Vizi etal., 1984) 
and mouse (Meyers etal., 1981) vas deferens, the guinea-pig ileum (Cohen etal., 
1978; Kromer and Woinoff, 1981; Yau etal., 1983; McIntosh etal., 1986) and the 
rabbit ear artery (Cohen et al., 1978). The In vitro anococcygeus muscle 
represents another well-characterised, classical pharmacological preparation upon 
which the effects of many drugs have been evaluated. However, the effects of 
somatostatin on electrically-evoked responses in the rat anococcygeus muscle 
had not been previously studied and, therefore, represented an opportunity to 
assess the effects of the peptide on a novel preparation and to make a 
quantitative comparison between the effects of the endogenous peptides with 
short-chain, conformationally constrained analogues.

The In vitro anococcygeus muscle preparation has certain advantages over the 
other In vitro smooth muscle preparations. For example, it is known that the 
contractile response to electrical stimulation is exclusively mediated by the 
neurogenic release of noradrenaline (Gillespie, 1980). Furthermore, when 
noradrenergic transmission is blocked and muscle tone raised by guanethidine, 
relaxations are elicited in response to electrical stimulation (Gillespie, 1972). it is 
possible, therefore, to evaluate the effect of drugs on two mutually antagonistic 
responses within the same tissue.

A preliminary account of this work was communicated to the British 
Pharmacoiogicai Society (Priestley and Woodruff, 1986) and the complete study 
was subsequently published in the British Journal of Pharmacology (Priestley and 
Woodruff, 1988) [see Appendix II].
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2.2. METHODS.

Male, Sprague-Dawley rats (300-350 g) were killed by a blow to the head followed 
by exsanguination. Anococcygeus muscles were surgically removed by the 
procedure of Gillespie (1972). Isolated muscle pairs were separated, mounted in 
conventional glass organ baths (volume ~ 3 ml) and arranged for isometric 

recordings under an initial resting tension of 0.5 g. This was achieved by 
calibrating the transducer using a 0.5 g weight prior to its connection to the muscle 

strip and then matching the tension with the tissue attached by raising the 
transducer assembly. Preparations were continuously perfused at a rate of 
1 ml min \  except during drug application when the flow was halted by diversion 

through a three-way stopcock for a period determined by the time taken to obtain 
maximal drug effect. The perfusing salt solution was a continuously gassed (95% 
O2, 5% CO2) modified Krebs-Henseleit solution (composition in mM: NaCI 118, 
KCI 4.74, CaCl2 2.54, KH2PO4 1.19, MgS04  1.20 , glucose 11) and was 
maintained at a constant temperature of 37°C by circulation through a heated 
water jacket. A diagrammatic representation of the experimental apparatus and 
arrangement is shown in Figure 2.1.
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Figure 2.1. Diagrammatic representation of the apparatus and experimental 
arrangement for evaluating the effects of drugs on electrically-evoked contractions 
of the anococcygeus muscle in vitro.
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Transmural field stimulation (80V, 0.5ms) was applied via platinum electrodes at a 

rate of 10 Hz, for 1 s every 10 s for the contractile response and 5 Hz, for I s every 
50 s for the relaxation response. In the latter case preparations were treated with 
either guanethidine (30 pM) alone, or in combination with carbachoi (10 pM) in 
order to increase resting muscle tone and abolish the contractile response. 
Muscle tension was continuously monitored on a Kipp and Zonen chart recorder.

Peptides were prepared as 10 mM stock solutions in distilled water and stored at 
-20^C. Drug solutions were applied to the tissue between stimulation periods and 
in a volume not exceeding 30 pi.

In some experiments the bath fluid was removed and rapidly frozen in liquid 
nitrogen. Frozen samples were lyophilised at 4®C and the resulting powder stored 
under desiccant at -20^0 until required. The lyophilised material was dissolved in 
0.45 ml distilled water immediately before use and stored on ice.

2.2.1. Data analysis and statistics.

Concentration-response curves for somatostatin analogues were generated on a 
VAX computer using an iterative procedure, 'Allfit' (DeLean et al., 1978), which 
enabled the simultaneous statistical analysis of several curves. Variance ratios of 
the slope and maximal inhibition parameters were assessed for statistical 
significance using an F-test. Potency estimations are quoted as mean pICso 
values (defined as: the negative logarithm of that concentration of agonist required 
to produce a 50%-maximum inhibition of the contraction response) ± standard 
error of the mean (s.e. mean). Potency ratios were calculated for each analogue 
compared to SSI 4 and ratios are quoted with their respective standard errors from 
which statistical significance was evaluated using Students t test.

2.3. RESULTS.

2.3.1. Inhibition of electrically-evoked contractions.

SSI 4 (1 pM) produced a marked but transient inhibition of the contractile 
response to electrical stimulation, the degree of inhibition waned even if the 
peptide was left in contact with the tissue (Figure 2.2). When a similar application 
was repeated 20 min after washing out the first, the inhibitory effects of the 
peptide were greatly diminished and, indeed, showed only partial recovery after a
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further 1 h period (Figure 2.2). in subsequent experiments this pronounced 
desensitisation was overcome by washing out somatostatin analogues 
immediately upon obtaining the maximal inhibition at any given concentration and 
by leaving a period of at least 1 h between applications. Using this protocol it was 
possible to obtain reproducible responses over severai hours. Preparations which 
were desensitised to SS14 showed cross-desensitisation to SS28 and the 
hexapeptide analogues, seglitide and L-363,301.

Concentration-response curves were constructed for SSI 4, SS28, L-363,301 and 
seglitide, in each case concentrations of peptides were applied in a 
pseudorandomised order. Preparations were exposed to no more than six 
applications of any one peptide. Best-fit lines were computed from concentration- 
response data for each analogue (Figure 2.3) using the method of DeLean et al. 
(1978); this procedure also enabled the calculation of the pICso values for each 
analogue, as listed in Table 2.1, together with potency ratios compared to SSI 4.

Table 2.1. Effect of somatostatin analogues on the contractile response to
electrical stimulation.

Analogue n

Maximum % 
inhibition 
(mean)

pICso* 
(mean 

± s.e. mean)

Potency ratio* 
mean (-s.e. mean, 

+s.e. mean)

SS14 7 65 7.41 ± 0.04 1
SS28 6 68 7.38 ± 0.05 1.07 (0.92,1.25)
SS28(i -i 2) 4 7
Seglitide 4 75 8.34 ± 0.04 8.45 (7.27, 9.83) ♦
L-363,301 5 74 7.07 ± 0.09 0.45 (0.36, 0.56)

♦ Values from fitted lines.
♦ Calculated with respect to SSI 4.
♦ t = 14.1, P< 0.0001. 
n = number of animals.
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Figure 2 .2 . Inhibition of electrically-evoked contractions of the anococcygeus muscle by somatostatin. The preparation 
was stimulated at a frequency of 10 Hz for 1 s every 20 s, the resulting contractions are represented as up-strokes on the 
pen recorder. SS14 (1 pM) was added to the bath for a duration indicated by the arrows. The tissue was then washed at a 
rate of 5 ml min'^ for 1 min followed by 1 ml min'^ until the next application. Note the pronounced desensitisation to a 
second application of SS14. A further application of 1 pM, 80 min after the first, still showed signs of desensitisation.
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Figure 2.3. Concentration-response curves for the inhibition of anococcygeus 
contractions by somatostatin analogues. Best-fit curves were computed for SS14 (■ ) ,  
SS28 ( e ), L-363,301 ( T  ) and seglitide ( ▲ ) according to the method of DeLean et al. 
(1978). Data represent the mean ± s.e. mean (SEM), numbers of animals used for 
each curve are given in Table 2 .1. Slopes of the fitted lines did not differ significantly 
from each other or from unity.
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2.3.2. Effect of bacitracin on the response to somatostatin.

The effect of the ami nopeptidase inhibitor, bacitracin (20 pg mM), was examined 
on three preparations. Bacitracin was without effect on the contract!ie response. 
However, when perfused for at ieast 20 min, subsequent responses to an 
estimated iCgo concentration (40 nM) of SS14 were potentiated by over 19% 
(mean % inhibition: controi ± s.e. mean = 36 ± 7.8, response after bacitracin = 43 
± 10.3, n = 3). The potentiation of the somatostatin response by bacitracin faiied 
to reach statisticai significance at the 5% ievei.

2.3.3. Lack of effect of somatostatin on bath-appiied noradrenaline.

Applications of (-)-noradrenaline (30 nM to 1 pM) to unstimuiated preparations 
produced concentration-related and sustained increases in tension. The 
responses to exogenous noradrenaline were not modified by a 30 s prior exposure 
to 300 nM SSI4 (Figure 2.4). One hour intervals separated combined SSI 4 and 
noradrenaline applications in order to avoid desensitisation to the peptide. Similar 
experiments with L-363,301 (300 nM) also failed to show any effect on responses 
to (-)-noradrenaline (not shown).

2.3.4. Effect of lyophilised bath fluids.

Applications of reconstituted lyophilised bath fluids (100 pi) obtained from 
untreated anococcygeus preparations, inhibited the contractile response to 
electrical stimulation, in contrast to the reported situation in the guinea-pig ileum 
(Vizi et al., 1984). Similar applications of iyophiiized bath fluids from 
anococcygeus preparations previously exposed to SSI 4 (10 pM) produced 
greater reductions in the contractile response (Figure 2.5). The extra inhibitory 
effect of the bath fluid from SS14-exposed preparations was eliminated by prior 
desensitisation of the tissue with a high concentration (1 pM) of SSI 4 (Figure 2.5).

2.3.5. Effect of antagonists.

Cycio[7-aminoheptanoyi-Phe-D-Trp-Lys-Thr(Bzi)], a purported somatostatin 
antagonist (Fries et a!., 1982) was examined for its effects on the somatostatin 
response. When this peptide (10 pM) was added to the bath 1 min prior to the 
application of somatostatin (40 nM) it produced highly variable effects on the 
subsequent somatostatin response ranging from almost complete antagonism to
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Figure 2.4. Concentration-response curves for the tonic effects 
of (-)-noradrenaline on rat anococcygeus muscles. Mean peak 
contractile force (g tension) ± s.e. mean (SEM, n = 3) is plotted 
against (-)-noradrenaline concentration for control (# ) and SS14- 
treated (■) preparations. In the latter case, SS14 (300 nM) was 
added to the bath 30 s before (-)-noradrenaline. Note that SS14 
does not effect noradrenaline-induced contractions
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Figure 2.5. The Inhibitory response to somatostatin is not secondary to the release of an endogenous inhibitory substance. 
The trace shows a single chart record which has been broken for clarity. Lyophilised bath fluid (l_bf) was obtained from a 
separate anococcygeus preparation and freeze-dried as described in section 2 .2 , the resulting powder was reconstituted in 
0.45 ml distilled water immediately before use. The addition of 100 pi of Lbf to the bath (duration indicated by the arrows) 
evoked an inhibitory response. Application of Lbf from another anococcygeus preparation which had been exposed to 10 
pM SSI 4 (Lbf/SS), produced a larger inhibitory effect. The preparation was then desensitised to SSI 4 by two 1 pM 
applications, following which Lbf/SS (100 pi) evoked a response of comparable magnitude to the previous Lbf application. 
The greater inhibitory response to Lbf from preparations which had been exposed to SSI4 was, therefore, abolished by 
desensitisation to SS I4. Furthermore, inhibitory responses to Lbf were mimicked by 100 pi of a solution of NaCI, KCI and 
CaCl2, calculated to contain the same ionic concentrations as reconstituted Lbf (not shown).



no effect (mean % antagonism ± s.e. mean = 31 ± 31%, n = 7). Lower 
concentrations of this peptide antagonist were without effect.

in order to address the possibiiity that the inhibitory effects of somatostatin on the 
contractiie response were mediated by opiate receptors, preparations were 
exposed to naioxone (10 pM, 5-10 min). The high concentration of naloxone 
faiied to modify the inhibitory effects of an IC50 concentration (40 nM) of SSI4 
(Tabie 2.2). Furthermore, the opiate p-receptor agonist, morphine, failed to 
demonstrate any appreciable somatostatin-iike activity against the contractiie 
response, at concentrations up to 10 pM (Tabie 2.2).

Table 2.2. Opioid receptors are not responsible for the somatostatin response

% inhibition of contractiie 
response (mean ± s.e. mean)

_____________________ Control______ Naloxone (10 pM)_________n______

SS14 (40 nM) 36 ±7.8 37 ±9.0 3
Morphine (10 pM) 0.8 ±0.8 5

n = number of animals.

2.3.6. Effect of varying stimulation frequency.

The contractile response and inhibitory effects of SSI 4 were influenced by 
stimulation frequency. Reducing the frequency from 10 Hz to 5 Hz attenuated the 
mean (± s.e. mean) contractiie response from 3.06 ± 0.35 g to 2.09 ±0.3g, n = 6 
and potentiated the inhibitory response to 100 nM SSI4 (Figure 2.6). Increasing 
the stimulation frequency to 20 Hz increased the mean contractile force (4.02 ± 
0.46 g, /7 = 6) and attenuated the degree of inhibition produced by 100 nM SSI 4 
(Figure 2.6).
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Figure 2.6. Effect of stimulation frequency on the 
inhibitory response to somatostatin. The Figure shows 
the effect of fieid-stimulation frequency on the % inhibition 
of the contractile response by 100 nM SSI 4. Data points 
represent the mean ± s.e. mean (SEM) values from six 
preparations. In order to avoid desensitisation, intervals 
of 1 h separated SSI 4 applications. Note that the 
inhibitory response to somatostatin is attenuated at high 
stimulation frequencies.
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2.3.7. Effect of varying external calcium concentration.

Concentration-response curves to SS14 were constructed at three different 
external calcium concentrations; 0.63 mM, 2.54 mM and 5.08 mM. In perfusates 
containing a high calcium (5.08 mM) concentration, the concentration-response 
curve to SS14 was displaced slightly to the right (Figure 2.70) and the maximum 
Inhibitory effect was significantly reduced (Table 2.3). In low calcium (0.63 mM) 
solutions the opposite effect was observed, the concentration-response curve to 
SS14 was shifted slightly to the left with a significant Increase In maximum. Only 
the high calcium perfusate significantly affected the plCgo value for the Inhibition of 
the evoked contraction by SS14 (Table 2.3).

Calcium also appeared to Influence the degree of desensltisatlon to SS14. In low 
(0.63 mM) calcium solutions the Inhibitory response was longer lasting, 
desensitized to a lesser extent and recovered from desensltisatlon more quickly 
(Figure 2.8, c.f. responses shown Figure 2.2), whereas In high calcium solutions 
the inhibitory response was particularly transient (Figure 2.7B). When the effects 
of these manipulations on the desensitisation of responses to somatostatin on 
several preparations were compared, it was found that recovery from 
desensitisation was both slower and less complete in 5.08 mM calcium than In 
0.63 mM, Intermediate calcium concentrations produced effects which lay between 
these two extremes (Figure 2.9). It should be noted, however, that these 
experiments were performed under conditions which were not Ideal since, as with 
the experiments studying the effects of frequency manipulation, the magnitude of 
the contractile response to field stimulation was profoundly affected by 
manipulations of external calcium concentrations (Table 2.3).
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Figure 2.7 Effect of external calcium on inhibitory responses to somatostatin. (A) 
Chart record showing the effect of 1 pM SS14 (arrows) on the contractile 
response to electrical stimulation in 0.63 mM Ca^+. (B) Effect of 1 pM SS14 
(arrows) in 5.08 mM Ca^+. Note that in increasing the Ca^+ concentration reduces 
both the amplitude and duration of the inhibitory response to the peptide. (0 ) 
Concentration-response curves for inhibition of the contractile response by SS14 
in 0.63 mM ( ▲ ), 2.54 mM ( ■  ) and 5.08 mM ( #  ) Ca^+ perfusates. The curves 
are fitted lines generated by the "Allfit" procedure, curve parameters are given in 
Table 2.3.
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Figure 2.8. Low external calcium concentrations attenuate the desensitisation to repeated applications of somatostatin. The 
preparation was perfused with a modified Krebs-Henseleit solution containing 0.63 mM CaCl2 instead of the usual 2.54 mM. 
Contractions were evoked by field-stimulation and are represented by up-strokes on the chart record. The initial application of 
SS14 (1 pM, as indicated by the arrows) completely inhibited the contractile response. A subsequent application, 25 min after 
the first, showed only slight desensitisation (c.f. Figure 2.2). By the time of final application, 85 min after the first, the response 
had completely recovered.
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Figure 2.9. Effects of external calcium on the inhibitory response to somatostatin 
and the rate of recovery from desensitisation. Each point represents the mean 
(± s.e. mean) response from three anococcygeus preparations. The left ordinate 
shows the inhibition of the contractile response (% control) by an application of 
8814 (1 pM) at time t = 0 and at four different calcium concentrations: 0.63 mM 
( ■  ); 1.27 mM ( ▲ ), 2.54 mM ( ▼ ) and 5.08 mM ( •  ). The preparation was then 
challenged with three further 8814 applications (each at 1 pM) at t = 25, 85 and 
145 min (all time points staggered for clarity). The amplitudes of these subsequent 
responses are plotted as a function of the initial amplitude on the right ordinate. 
The Figure shows that external calcium effected both the initial response amplitude 
and the time-dependent recovery from desensitisation. Thus, recovery of the 
response was faster and more complete (85%) in low calcium ( #  ), whereas in high 
calcium ( ■  ) recovery was slower and reached only 65% of the initial amplitude. 
Asterisks indicate statistical differences between 0.63 mM and 5.08 mM calcium 
{***, P < 0.005; **, P < 0.02; *, P< 0.05, t test, one-tailed).

57



Table 2.3. Effect of varying external Câ + on contractile force and the inhibitory
response to SS14.

[CaM
(mM) n

8lope piCso Maximum 
inhibition (%)

Contractiie 
force (g)

0.63 4 1.47 ±0.30 7.47 ± 0.09 90.5 ± 4.0* 0.41 ± 0.08
2.54 7 2.97 ± 0.77 7.41 ± 0.04 64.8 ± 4.6 1.85 ±0.12
5.08 5 1.80 ±0.27 7.22 ± 0.02* 49.8 ± 5.8* 2.35 ± 0.21

*
Each value is quoted as the mean ± s.e. mean, where n = number of animals. 

t = 3.72, d.f. = 9, P< 0.005 with respect to normal (2.54 mM) Ca^+.
♦ f = 2.05, d.f. = 10, P < 0.05 with respect to normal (2.54 mM) Ca^+.
♦ f = 3.54, d.f. = 10, P< 0.01 with respect to normal (2.54 mM) Ca^+.
Slopes of the fitted lines did not differ significantly from each other (P > 0.05), the 
slope of the line in 2.54mM Ca++ was significantly different from unity (P< 0.05).

2.3.8. Experiments on the relaxation response.

When preparations were treated with carbachol (10 pM) and/or guanethidine 
(30 pM), baseline tension was increased and the contractile response to electrical 
stimulation was replaced by a relaxation response. Both 8814 (10 pM) and 
L-363,301 (10 pM) inhibited the relaxation response (Figure 2.10). However, 
8814 was clearly less efficacious against the relaxation response, a concentration 
of 1 pM produced an 18% inhibition (mean, n = 7). Extensive concentration- 
response evaluations were not undertaken because of pronounced 
desensltisatlon and because the relaxation response was poorly maintained, 
indeed, it was often possible to study the effects of only a single peptide 
application on any given tissue.
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Figure 2.10. Inhibition of the electrically-evoked relaxation response by 
somatostatin and L-363,301. The preparation was treated with guanethidine 
(30 pM) and stimulation parameters modified (5 Hz for 1 s every 50 s) in order 
to obtain consistent relaxation responses. SSI 4 (10 pM, A) or L-363,301 
(10 pM, B) were applied for the duration indicated by the arrows. Relaxation 
responses are represented by down-strokes of the pen. The Figure shows the 
inhibitory effects of somatostatin peptides on responses obtained from two 
preparations.
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2.4. DISCUSSION.

SS14 and SS28 potently Inhibited electrically-evoked contractions of the isolated 
anococcygeus muscle, with similar, nanomolar plCgo values (Table 2 .1). The 
hexapeptide analogues L-363,301 and seglitide, which have previously been 
found to possess somatostatin-like neuroendocrine properties (Veber ef a/., 1984), 
also inhibited the contractile response. The potency of L-363,301 was not 
significantly different from that of SSI4 or SS28, whereas seglitide was more than 
8 -fold more potent than the naturally occurring peptides (Table 2 .1).

Interestingly, the rank order of potency (seglitide>SS14=SS28>L-363,301) does 
not correlate with the reported neuroendocrine profile of these compounds as 
inhibitors of GH-, insulin- or glucagon-release (Veber et aA, 1984). However, the 
inhibitory potency of a number of somatostatin analogues on gastric acid secretion 
in the cat has previously been shown to correlate with their inhibitory effects on 
the field-stimulated mouse vas deferens (Meyers ef a/., 1981). This observation 
has prompted the suggestion that the receptors involved in the mediation of these 
two responses may be the same (Hirst et a/., 1980). Data are available for the 
potency of L-363,301, but not seglitide, for the inhibition of gastric acid secretion. 
Thus, L-363,301 is approximately 50% as potent as SSI 4 in the cat (Hirst et al.,
1984) and dog (A.V. Schally, personal communication) in vivo gastric acid 
assays. Such a potency ratio compares favourably with that obtained in the 
present experiments. It is tempting to speculate, therefore, that inhibitory potency 
of SSI4 analogues on the rat anococcygeus may also correlate with their 
potencies for the inhibition of gastric acid secretion. The evaluation of the effects 
of a more extensive range of analogues on the rat anococcygeus preparation 
would be required in order to demonstrate unequivocally that such a relationship 
applied. Of particular interest would be the relative potencies of D-Trp®-SS14 and 
haiogenated D-Trp® derivatives, which appear more potent than the endogenous 
peptides in all aspects except their gastric paracrine action (Hirst et a!., 1980) and 
their ability to inhibit contractions of the mouse vas deferens (Meyers eta!., 1981).

SS28(i-i2) was essentially devoid of activity at concentrations up to 3 pM (Table 1), 
consistent with similar findings of inactivity on the guinea-pig ileum (McIntosh et 
a!., 1986) as well as electrophysiologically in the hippocampus (Watson and 
Pittman, 1986) and from the lack of receptor affinity in radioligand binding 
experiments (Moyse et a!., 1984). The physiological role of this N-terminal 
fragment of SS28, therefore, remains unclear, despite an intense
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immunohistochemical visualisation in rat hypothalamus and pancreas (Benoit et 
al., 1982).

In common with other reports in the literature (Vizi et a!., 1984; McIntosh et a!., 
1986) the inhibitory response to somatostatin was subject to pronounced 
desensitisation. Preparations which were intentionally desensitized to SSI4 

showed cross-desensitisation to SS28 and the hexapeptide analogues. This 
suggests that the endogenous peptides and hexapeptides were exerting their 
effects through the same receptor, but the possibility of heterologous 
desensitisation cannot be ruled out. Desensltisatlon appeared to be a calcium- 
dependent phenomenon since sensitivity to the inhibitory effect of SSI 4 (1 pM) 
was restored more quickly in desensitized preparations perfused with low (0.63 
mM) calcium solutions than those maintained in high (5.08 mM) calcium 
perfusates. The transient nature of the inhibitory response in high calcium and the 
diminished maximum inhibition (Figure 2.78) may indicate that* under these 
conditions, desensitisation occurs at a faster rate.

2.4.1. Metabolic stability.

Endogenous SSI 4 and SS28 peptides are known to be substrates for the 
catabolic activity of endopepidases, the Trp®-Lys® bond being particularly 
susceptible (Marks eta!., 1976). Accordingly, the inhibitory effects of 40 nM SS14 
(approximate IC50) were consistently but non-significantly potentiated by the 
aminopeptidase inhibitor, bacitracin. It must be considered unlikely, therefore, that 
the inhibitory response to SSI4 was due to the formation of an active metabolite. 
Bacitracin is routinely included in buffer formulations used in radioligand binding 
assays (see Chapter 3 for review), the anococcygeus data suggests that its 
protective effects against degradation may only be marginal, although it is 
possible that a more significant effect may be afforded during the somewhat 
lengthy incubations employed in binding assays.

2.4.2. Mechanism of action.

The mechanism by which somatostatin exerts its inhibitory actions on smooth 
muscle contractions has been suggested by several authors to involve, at least 
empirically, the presynaptic inhibition of transmitter release (Guillemin, 1976; 
Cohen et a!., 1978; Furness and Costa, 1979; Magnan et a/., 1979; Yau et a/., 
1983). The present experiments have provided circumstantial evidence in support
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of a similar presynaptic action on the anococcygeus; firstly, SS14 faiied to modify 
the effects of bath-appiied noradrenaline (Figure 2.4); secondly, the inhibitory 
response to SS14 was markedly affected by the stimulation frequency; and thirdly, 
the inhibitory potency of SS14 varied inversely with the concentration of calcium in 
the external perfusate. Taken together, these three characteristics suggest a 
presynaptic action (Marshall etal., 1979) and have previously been established, to 
varying extents, for other purported presynaptic effects such as the inhibitory 
actions of cionidine (Doxey and Everitt, 1977; Magnan etal., 1979), baclofen (Ong 
et a!., 1987), adenosine (Dowdie and Maske, 1980) and morphine (iiies et a!., 
1980) on smooth muscle preparations. Furthermore, it is unlikely that 
somatostatin's action on the anococcygeus represents the postsynaptic 
modulation of a transmitter other than noradrenaline since there is overwhelming 
evidence to suggest, at least in vitro, that the contractiie response is due solely to 
the neurogenic release of this catecholamine (Gillespie, 1980).

Several reports in the literature have suggested that somatostatin and, in 
particular, certain short-chain analogues may exert their effects by an action at 
opiate p-receptors (see review in Chapter 1). This was clearly not the case on the 
anococcygeus for two reasons; firstly, the prototypic p-receptor agonist, morphine, 
faiied to mimic the inhibitory actions of somatostatin and secondly, the opiate 
antagonist, naioxone, at a concentration (10 pM) assumed to exert a non-seiective 
antagonist action at ail opiate receptors (Kosteriitz et ai., 1985) failed to attenuate 
the inhibitory effects of somatostatin. This observation is consistent with similar 
findings in the guinea-pig ileum (Kromer and Woinoff, 1981).

Somatostatin has previously been claimed to inhibit contractions of the guinea-pig 
ileum by an indirect mechanism of action involving the release of an unidentified 
endogenous inhibitory substance (Vizi et ai., 1984). Patently, this is not the case 
in the anococcygeus. Similar experiments involving the lyophilisation of bath 
contents faiied to demonstrate any inhibitory effects which could not be explained 
entirely in terms of the high ionic strength imparted by the reconstituted bath fluid 
or residual, presumably undegraded, SSI 4.

2.4.3. The role of calcium ions.

The precise mechanism involved in the inhibitory effect of somatostatin may be 
intimately related to calcium mobilisation, indeed, there is substantial evidence 
from both biochemical (Curry and Bennett, 1974; Oliver, 1976; Schofield and
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Bicknell, 1978) and electrophysiological (Quirion et a/., 1979; Diez et a/., 1985; 
Lui ni et al., 1986; Tsunoo et al., 1986) studies to suggest that somatostatin 
interferes with the entry of caicium into ceils and/or its intraceiiuiar availability. In 
the present experiments, caicium was found to act as a non-competitive inhibitor 
of somatostatin's action (Figure 2.7C). A similar effect resulted if magnesium ions 
were omitted from the perfusate (data not shown). These observations are 
supported by recent reports suggesting that somatostatin binding to pancreatic 
acinar cell membranes is both calcium-dependent (Susini et al., 1985) and is 
attenuated by a calcium-activated phospholipid-dependent protein kinase (i.e. 
PKC, Matozaki et al., 1986 and 1987). Furthermore, somatostatin binding to 
acinar cell membranes is regulated by cholinomimetic drugs (Esteve et al., 1984) 
which are known to increase intraceiiuiar caicium (Williams, 1980) and to stimulate 
PKC (Worley et al., 1987). Whilst additional experiments would be required to 
confirm the existence of a similar regulatory mechanism in the anococcygeus, 
such a mechanism would explain the antagonistic actions of the caicium in the 
present experiments. However, an important caveat in the interpretation of 
experiments involving caicium ion manipulations is necessary because of the 
concomitant effects on contractiie force (Tabie 2.3).

2.4.4. The relaxation response.

A comprehensive evaluation of the inhibitory actions of somatostatin on the 
relaxation response was not undertaken because of the labile nature of the 
response, compounded further by a pronounced desensitisation to the effects of 
the peptide. High concentrations (>10 pM) of SSI 4 have previously been 
reported to antagonise the tonic effects of carbachol on the unstimuiated mouse 
anococcygeus (Gibson et al., 1984). This effect was not confirmed by the present 
study, in which concentrations of either SSI 4 or L-363,301 up to 10 pM faiied to 
effect baseline tone but did attenuate the relaxing effect of field stimulation on 
guanethidine-treated preparations. Whilst it has been demonstrated that the 
relaxation response is neurogenic in origin (Gibson and James, 1977), the precise 
nature of the transmitter substance(s) remained unclear (Gibson and James, 
1977; Hunter etal., 1984, Bowman, 1984) until quite recently. It now appears as 
though the mediator of this response is nitric oxide [NO] (Gibson et al., 1990; Lui 
etal., 1991). Accordingly, it seems possible that the antagonism of the relaxation 
response by somatostatin peptides may involve an effect on either the production 
or release of NO.
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In conclusion, therefore, it has been shown that somatostatin and related peptides 
exert a potent inhibitory action on both the contraction and relaxation responses in 
the anococcygeus. The physiological relevance of these observations would be 
clarified by the immunohistochemical demonstration of somatostatin-like peptides 
in the neuronal plexus innervating the rat anococcygeus muscle.
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3 ■ H o MOGENATE RECEPTOR-BINDING EXPERIMENTS

3.1. INTRODUCTION.

The technique of radioligand binding has been used extensively for many years to 
study and characterise the interaction of drugs with their receptor sites. The 
procedure relies on the use of a radiolabelled analogue of a known ligand for the 
receptor of interest to determine the nature of the drug-receptor interaction. At 
face value the technique seems elegant in its simplicity but the generation of 
reproducible and meaningful data, free from artefacts, is critically dependent upon 
meeting certain criteria. The first, and arguably the most important, of these 
concerns the choice of the radioligand itself (Burt, 1986; Bennett and Yamamura, 
1985; Bylund and Yamamura, 1990). This must be of high specific activity in 
order to reliably detect low levels of binding, particularly in the case of hormones, 
since the majority of drug-receptor interactions are of high affinity - generally in 
the low nM range. The ligand should also be selective for the binding site in 
question and be resistant to enzymatic degradation. In the case of somatostatin 
receptors there are several commonly used radioligands which meet the ideal 
criteria to differing degrees. With only a single exception (Weightman et ai,
1985), somatostatin receptors have been characterised using radioiodinated 
derivatives of either the endogenous peptides, SSI 4 or SS28, or of short-chain 
conformationally constrained analogues. The reason for this is the presence of a 
phenylalanine residue within SS14 (Phe^^) or its equivalent in SS28 (Phe^) which 
can be substituted with an iodinatable tyrosine. Alternatively, a tyrosine addition 
to the N-terminus (i.e. Tyr° or N-Tyr) or its substitution in place of A la\ can also 
yield an iodination site. The resulting radioligands, [^2S|]Tyrii_ssi4,
SS28 and p25|]TyrO-SS14 (equivalent to p25|]-N-Tyr-SS14) and p25|]iyri-SS14, 
are all equally acceptable in terms of specific activity (-2000 Ci mmoM).

There are other qualities of both ligand and binding site which must be met in 
order to fulfil recognised critria for true drug-receptor interactions. The binding 
must be saturable, i.e. a finite number of sites per unit (area, volume or protein 
content) of tissue, it must be specific to that pharmacological class of compound 
and it should be reversible. There are also conditions which must be imposed 
upon the assay itself, the accurate determination of ligand affinity (both 
radioligand and competing ligand) and number of binding sites depends upon a 
state of equilibrium having been reached. Furthermore, because these
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parameters are often determined from experimental data by assuming pseudo 
first order reaction kinetics, the amount of ligand bound at equilibrium must not 
exceed 10% of the total added in order to ensure that the radioligand depletion 
during the binding process is minimised and hence, can be ignored in the 
calculations (Burt, 1986; Bennett and Yamamura, 1985).

The use of radioligand binding has featured strongly in somatostatin research and 
until relatively recently such studies provided the only evidence in favour of 
multiple binding sites for the peptide. However, the conditions described above 
have not always been met, casting doubt on the credibility of certain claims. The 
first demonstration of specific binding sites for somatostatin characterised the 
binding of [^^l]Tyri)-SS14 to a rat pituitary tumour cell line (GH4C1) (Schonbrunn 
and Tashjian, 1978). This was followed shortly afterwards by the demonstration 
of high affinity sites for [^25|]Tyrii-ssi4 in rat brain membranes (Srikant and Patel, 
1981a). Almost at the same time Srikant and Patel were beginning to accumulate 
evidence to suggest that there may be more than one class of somatostatin 
receptor. Several halogenated-Trp^ analogues of SSI 4 had been demonstrated 
to be more active than endogenous SSI 4 against GH secretion whilst being 
equipotent against gastric acid secretion (Hirst et al., 1980). Srikant and Patel 
(1981b) showed that the brain receptor affinity of two of these haiogenated 
derivatives, D-5Br-D-Trp®-SS14 and D-5F-D-Trp®-SS14, in addition to two short- 
chain somatostatin analogues, oiigo-D-Trp®-SS14 (Cys-Phe-Phe-D-Trp-Lys-Thr- 
Phe-Cys) and L-363,301 (cyclo[Pro-Phe-D-Trp-Lys-Thr-Phe]), did not correlate 
with their GH inhibitory potencies. Both of the haiogenated analogues were 
considerably more potent than SSI4 (~30-fold) in inhibiting GH secretion in vitro. 
However, only the D-5F-Trp® analogue retained this increased potency in the 
brain receptor binding assay, the D-5Br-Trp® analogue appeared to discriminate 
between the two assays. Oligo-D-Trp®-SS14 and L-363,301 also appeared to 
possess different affinities for the two sites, oligo-D-Trp®-SS14 was slightly more 
potent relative to SSI4 in the brain binding assay but 25-fold weaker in the GH- 
release assay, whereas L-363,301 showed the reverse selectivity being 
equipotent against GH-reiease but 10-fold weaker at the brain site. These results 
suggested for the first time that the somatostatin receptor in the brain may be 
different from that in the pituitary. This claim was followed very shortly afterwards 
by the apparently tissue-specific binding of SSI4 and SS28, the N-terminaily 
extended 28 amino acid form of the peptide was shown to have a higher affinity at 
the pituitary binding site than SSI 4, whereas the reverse was true in membranes 
prepared from the rat cerebral cortex and hypothalamus (Srikant and Patel,
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1981c). However, the difference in affinity was small and others have failed to 
repeat this finding (Moyse etal., 1984; Heiman etal., 1987).

Differences between brain and pancreatic somatostatin binding sites were also 
beginning to emerge through the use of modified somatostatin analogues. The 
first demonstration of specific somatostatin binding sites on pancreatic p-cell 
membranes (Reubi etal., 1982a) also showed that analogues such as des Asn^- 
D-Trp®-D-Ser̂ 3-SS14 and the corresponding SS28 analogue, des Asn^®-D-Trp^- 
D-Ser^-SS28, which were of higher affinity than SSI 4 at the insulinoma binding 
site, were of lower affinity at the site in the cerebral cortex, while D-5F-D-Trp®- 
SS14 showed the opposite selectivity. Taken together these findings suggested 
that there were not only differences between the brain and p-cell receptor but also 
that the pituitary and p-cell sites were likely to be different. Whilst these early 
studies clearly suggested that different tissues may express subclasses of 
somatostatin receptor, compelling evidence for the existence of distinct receptor 
subtypes within the brain were only forthcoming after the development of potent, 
conformationally restrained, short-chain analogues of somatostatin.

The possibility of brain receptor subtypes was first demonstrated by Reubi (1984) 
using the Sandoz octapeptide analogue, octreotide, which displaced only 75% of 
total [^25|]Tyrii-ssi4 binding from rat cortical membranes. The binding remaining 
in the presence of an excess of octreotide was shown to be due to an interaction 
at specific somatostatin receptors because SSI 4 displaced this component with 
high affinity. Reubi (1984) named the octreotide-sensitive sites SSi and the 
resistant sites SS2. A more extensive investigation was conducted by Tran et al. 
(1985). These authors extended the intial observations of Reubi (1984) by 
comparing the displacement of p25|]Tyrii-ssi4 binding by octreotide and a Merck 
short-chain analogue, cyclo(Ala-Cys-Phe-D-Trp-Lys-Thr-Cys), in rat brain, pituitary 
and pancreas. Both of these analogues displaced brain p2S|]Tyrii-SS14 binding 
in a biphasic manner, approximately 45% of binding in cortex, 30% in 
hippocampus and 70% in striatum was displaced by octreotide with an IC50 in the 
nM range, whilst the IC50 for the low affinity component was in the pM range. 
etal. (1985) named the short-chain analogue-sensitive sites SSa and the resistant 
sites SSb, these authors also demonstrated p2S|]Tyrii-SS14 binding to pituitary 
and pancreatic tissues to be fully displaceable by both short-chain analogues with 
high affinity, by the above definition these tissues were considered to possess 
only SSa sites. This result was confirmed independently by Reubi (1985) using 
octreotide, additionally a [̂ 25|].|abelled derivative of octreotide, SMS 204-090, was
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shown to bind with high affinity to sites in rat cortex, striatum, hippocampus and 
pancreas and in ail cases the binding was fuiiy displaceable by unlabeiied SS14. 
More recently, Heiman etal. (1987) have reported that a close structural analogue 
of octreotide, somatuiine, shows a completely novel binding profile. This cyclic 
octapeptide displaces [^^i]Tyr^i-SS14 binding from pituitary membranes with high 
affinity but shows negligible affinity at binding sites in the rat cerebral cortex.

The early results of Reubi (1984) and Tran etal. (1985) which demonstrated that 
short-chain cyclic analogues appeared to recognise a subset of the total 
somatostatin receptor population have recently been confirmed by Raynor and 
Reisine (1989) using a different radioligand. These authors have used a 
radioiodinated non-reducible analogue of somatostatin, CGP-23-996, which was 
previously shown to label brain somatostatin receptors with high affinity (Czemik 
and Petrack, 1983). [^25|]qgp_23-996 was shown to bind to both brain and 
pituitary membranes, in the latter tissue the binding was completely displaceable 
by a number of unlabeiied ligands including seglitide and other short-chain 
analogues. Brain [^25|]QGp.23-996 binding, whilst completely displaceable by 
some somatostatin analogues, was only partially displaced by seglitide and a 
related hexapeptide L-363,301 in a biphasic manner, the initial component of 
which showed high affinity but accounted for only a small percentage of the total 
specific binding sites. Furthermore, the rank order of potency of competing 
ligands was different in brain and pituitary. Raynor and Reisine (1989) concluded 
that the sites labelled by CGP-23-996 in brain and pituitary were different and that 
the brain site was poorly recognised by certain rigid analogues - a situation which 
is reminiscent of that described by Tran et al (1985), although Raynor and Reisine 
avoided assigning an SSa or SSb distinction.

While many laboratories have apparently concentrated on the use of constrained 
short-chain analogues to evaluate potential receptor heterogeneity, Srikant and 
Patel have continued to claim the existence of separate receptors with preferred 
affinity for either SSI 4 or SS28. Some of the evidence in support of this has been 
provided by autoradiographic studies (see Chapter 4), however, using 
conventional membrane binding approaches, Srikant etal. (1990) have proposed 
the binding of p25|]jyrii_ssi4 and [^25|]|_jj«sS28 to be differentially modulated 
by guanine and adenine nucleotides. With both ligands these nucleotides appear 
to decrease specific binding by a reduction in the number of sites (Bmax) without 
affecting either the affinity of the binding site or the kinetics of the binding 
reaction. However, tetradecapeptide binding was more sensitive to GTP,
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GppNHP and ATP than to cGMP, GDP or cAMP, whereas octacosapeptide 
binding was more sensitive to GTP, cGMP and cAMP than to GppNHP, GDP or 
ATP. Whilst these observations support a differential modulation of the binding of 
SS14 and SS28 ligands to somatostatin receptors they do not provide direct 
evidence for the existence of separate receptor subtypes. Indeed, the proposed 
difference may be as much a consequence of the different ligands used as a tme 
effect on the binding site, since Enjalbert et al. (1983) reported that whilst the 
binding of p^l]-N-Tyr-SS14 was similarly sensitive to GTP analogues it was not 
affected by ATP or cGMP at the same concentrations as those used by Srikant et 
al. (1990).

Several laboratories have demonstrated that ions can influence the binding of 
somatostatin analogues. It is universally agreed that Mg^+ ions are required for 
optimal binding (Aguilera and Parker, 1982; Czemik and Petrack, 1983; Reubi 
and Maurer, 1986; Sato etal, 1989). Reubi and Maurer (1986) showed that in the 
presence of 5 mM Mĝ +, maximum specific binding of p25|]Tyrii-SS14 was 
increased by as much as 180% and that this was the result of an increase in Bniax 
and not due to a change in affinity. More interestingly, however, the same 
authors showed that the binding of short-chain, SSi-receptor-selective ligand, 
P^I]SMS 204090, was increased even more dramatically by Mĝ + and that this 
was due, in part, to a shift in the affinity of a proportion of low affinity sites to a 
higher affinity state. Moreover, the SS2 binding site, identified by the binding of 
[i25 |]jy rii-ss i4  in the presence of an excess of the SSi-selective ligand, 
octreotide, was not affected by Mĝ + but was increased in the presence of Na+. 
Thus, it appears that binding to SSi (SSa) sites is selectively sensitive to Mĝ + 
whereas that to SS2 (SSb) is sensitive to Na+, reinforcing the view that these are 
two independent sites and not the same site in two affinity states. Calcium ions 
also appear to enhance [^25|]Tyj.ii.ssi4 binding to both pancreatic cell 
membranes (Esteve et al., 1984; Susini et al., 1985) and to brain membranes 
(Sato etal., 1989; Srikant etal., 1990).

Finally, somatostatin receptor binding has been shown to be influenced by 
ethanol (Barrios et al., 1990), estradiol (Kimura et al., 1989) and in the case of 
pancreatic receptors by secretagogues such as CCK, carbachol, bombesin, 
secretin and ViP (Sakamoto et al., 1984 and 1988b) and by protein kinase C 
(Matozaki etal., 1987).
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The aims of the current experiments were to characterise somatostatin binding 
sites in rat cerebral cortex by comparing the displacement of [^^l]Tyr^i-SS14 
binding by the natural ligands, SS14 and SS28, to that produced by three rigid, 
short-chain analogues; seglitide, octreotide and somatuiine. The selection of 
[i25|]Tyrii-ssi4 as a radioligand was obliged by the fact that this was the only 
commercially available radioligand for somatostatin. Due to the extensive range 
of ligands and conditions used by previous investigators, preliminary experiments 
were designed to assess the conditions for optimal binding. Having accomplished 
this primary objective, comparisons between ail of the displacing ligands were to 
be made using identical reaction conditions.

3.2. METHODS.

3.2.1. Preparation of membranes.

Receptor binding experiments were performed on extensively washed 
membranes prepared from rat cerebral cortex. Tissues were removed from 15 
male, Sprague-Dawley rats (250-300 g), dissected on ice and homogenised in 10 
volumes (weight/volume) of 0.32 M sucrose, 5 mM Tris-acetate buffer (pH 7.4 at 
4®C) with 10 strokes of a Ika-Werk RW20 DZM homogeniser at 200 rpm. The 
homogenate was centrifuged at 3000 rpm for 10 mins at 4®C in a Sorvai RC5C 
centrifuge. The supernatant (Si) was collected and kept on ice. The pellet (Pi) 
was re-suspended in approximately 5 ml of the above buffer solution using the 
homogeniser and then re-centrifuged as before. The resulting pellet was 
discarded, the supernatant combined with Si and the suspension centrifuged at 
12,500 rpm for 20 min at 4°C. The supernatant was discarded and the pellet (P2) 
re-suspended in 20 volumes (original tissue weight) of 5 mM Tris-acetate buffer 
(pH 8 , 4°C) with 10 strokes of the homogeniser at 650 rpm. The homogenate was 
stirred on ice for 1 h and then centrifuged at 20,000  rpm for 30 min at 4®C. The 
pellet (P2) was either washed immediately or stored at -20®C and washed 
subsequently. P2 membranes were washed by re-suspending the thawed P2 

pellet in 150-200 ml of 5 mM Tris-acetate buffer (pH 7, 4®C) using the 
homogeniser (650 rpm) followed by centrifugation at 20,000 rpm for 20 min at 
4®C. The supernatant was discarded and the pellet re-suspended, the whole 
procedure was then repeated twice. Finally, the pellet was re-suspended in 
approximately 10 ml of 5 mM Tris-acetate (pH 7.4 ) and stirred on ice.
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Aliquots of the homogenate were assayed for protein content using a standard 
BIO-RAD kit. Standard curves were prepared using bovine serum albumin (BSA, 
0-100 pg) in a volume of 800 pi of distilled water. Each sample was made up to 
1 ml by the addition of 200 pi of BIO-RAD solution. The tubes were vortexed and 
the absorbance (excitation wavelength = 750 nm) was determined using an LKB 
spectrophotometer. Membrane suspensions were assayed in exactly the same 
way and the protein content determined by interpolation from the standard curve. 
All determinations were performed in triplicate.

3.2.2. Optimisation of assay conditions.

These experiments began by examining the specific binding of a iow 
concentration (50 pM, chosen to be well below the anticipated Kd) of radioligand 
in two commonly used buffers, Hepes and Tris (both at 10 and 50 mM), with or 
without the addition of enzyme inhibitors. Both buffers were supplemented with 
0.5% BSA, 5 mM MgCl2, and pH was adjusted with KOH to achieve a value of 7.4 
at 37®C. Membranes were constantly stirred on ice to ensure uniformity and were 
pipetted into 3 ml polypropylene tubes (400 pI/tube) in an ice bath. Non
radioactive drugs/ligands were diluted from stock solutions and were added to the 
membranes in a 50 pi aliquot. The reaction was started by adding the radioligand 
(50 pi) and vortexing, the tubes were then placed in a water bath at 37®C and 
continuously agitated. [The reaction continued for a period of 2 h (unless 
otherwise stated) and was terminated by the addition of 2 ml of ice-cold 0.9% 
saline solution containing 5 mM MgCIa followed by rapid vacuum filtration through 
Whatman GF/C filters. Filters were presoaked, for at least 1 h, in 0.3% 
polyethylenimine to reduce non-specific binding. Membranes trapped by the 
filters were washed 8 times with 2 ml aliquots of ice-cold saline solution. The 
whole filtration and washing procedure was performed using a Brandell Cell 
Harvester and took no longer than 1 min for 24 tubes. Filters were allowed to dry 
and radioactivity (dpm) counted at 85% efficiency using an LKB Gamma Counter.

Since peptides are known to adhere to certain plastics and to glass, initial studies 
also compared the extent of specific binding in polypropylene, polystyrene and 
glass tubes. Having selected the optimal buffer conditions, subsequent 
experiments examined the effects of increasing the membrane concentration and 
the extent of binding at different incubation times. The affinity of the radioligand 
was then determined under optimal conditions. In all of these experiments it may 
be assumed implicitly that counts exceeded 1,000 dpm. with the amount of bound
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ligand remaining less than 10% of the total added. Only after having established 
the optimal binding conditions did the characterisation of various displacing 
ligands commence.

3.3. RESULTS.

3.3.1. Determination of optimal assay conditions.

3.3.1.1. Choice of buffer.

The first experiment examined the extent of tracer binding in Tris and Hepes 
buffers (each at 10 and 50 mM) at 37®C and at two incubation times, 30 min and 2 

h. Non-specific binding was defined as that remaining in the presence of 200 nM 
8814 (this was later changed to 200 nM D-Trp®-8814, see below) and hence, % 
specific binding was calculated as follows:

% .pedUc Mndin, ■ ' a

There appeared to be very little difference between the two buffers, the higher 
ionic strength resulted in higher levels of specific binding and on balance, Hepes 
tended to result in higher specific binding than Tris (Figure 3.1). A 50 mM Hepes 
buffer was, therefore, used in all subsequent studies.

3.3.1.2 . Effect of enzyme Inhibitors.

The effects of several commonly used enzyme inhibitors were examined for their 
effects on tracer binding. The concentrations of each of the following inhibitors 
were chosen after reviewing the literature (range and citations in parentheses): 
bacitracin, 20 pg mM (0 .02-1,000 pg mM; Aguilera and Parker, 1982; Czemik and 
Petrack, 1983; Reubi, 1984; Tran et ai., 1985; 8 rikant and Patel, 1981a, b and c; 
Raynor and Reisine, 1989; 8 ato et ai., 1989; Heiman et ai., 1987; Colas et ai., 
1990); leupeptin, 10 pg mM (Raynor and Reisine, 1989); aprotinin, 14 pg mM 
(0.5-35 pg mM, 8 rikant and Patel, 1981a, b and c; Raynor and Reisine, 1989; 
Heiman et ai., 1987; 8 ato et ai., 1989) and phosphoramidon, 100 nM (8 akurada 
et ai., 1990). The effects of zero calcium was also examined in the same

72



9n

8 -

7̂

6 -

dpm
(x10r̂  ) 5- 

4-

3-

2 -

1
0-J

(56%)
Specific binding 
(67%) (55%) (66%)

10 mM 50 mM 10 mM 50 mM

Hepes Tris

Figure 3.1. Effect of ionic strength and buffer on specific binding of radiolabelled 
somatostatin to rat cortex membranes. The Figure shows the amount of 
[i25|]jyrii_ssi4 bound (dpm; values from duplicate determinations shown in each 
bar; T = total binding, NS = non-specific binding) in 10 or 50 mM Hepes and Tris 
buffers after a 2 h incubation at 37°C. The initial concentration of [̂ ^sijTyj-n. 
8814 added to all tubes was ~ 50 pM. Specific binding, expressed as a 
percentage of total, is indicated for each condition. Note that binding 
characteristics were similar in each of the buffers, specific binding was greater at 
higher ionic strength and marginally better with Hepes than Tris.

experiment by the addition of 1mM K-EGTA to the assay buffer (Raynor and 
Reisine, 1989). The results of these manipulations on specific binding (defined 
using 200 nM 8814) are shown in Figure 3.2, total binding was approximately 5% 
of free radioligand in all conditions except for zero calcium where it appeared 
somewhat lower (3.5%), there was negligible binding to filters (0.5%) and this was 
not displaceable by unlabelled 8814.

Clearly, none of the enzyme inhibitors or calcium chelation resulted in an 
improvement in the amount of specific binding. The apparent lack of effect of 
bacitracin was surprising (but reproducible) since it is almost universally included 
in published reaction buffers. It is possible that the extensive washing of the 
membranes used in these experiments removed most of the degrading enzymes 
and that these enzymes may persist at effective concentrations in the membrane 
preparations used by other laboratories.
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Figure 3.2. Effect of enzyme inhibitors on specific binding of radiolabelled 
somatostatin to rat cortex membranes. Various enzyme inhibitors were evaluated 
for their effects on the amount of [i^l]Tyr^i-SS14 specifically bound to 50 pg of 
membrane protein after a 2 h incubation at 37°C. Total added radioligand was 50 
pM of which ~ 5% was specifically bound, binding to filters accounted for 0.5%. 
Determinations were performed in triplicate and are shown as mean ± s.e. mean. 
None of the treatments significantly effected specific binding (P > 0.05).

An extensive characterisation of [^25|]Tyrii-SS14 has demonstrated this to be a 
highly stable radioligand (Presky and Schonbrunn, 1988a) and as such, the 
benefits of enzyme inhibitors may have been masked. However, enzyme 
inhibition may have been expected to protect more susceptible forms of the 
peptide such as somatostatin itself, again this appears not to be the case 
because such an effect would manifest itself as increased specific binding. Taken 
together, these results suggested that there was negligible degradation of either 
radioligand or native peptide during 2 h incubations at 37®C in a 'simple' Hepes 
buffer and hence, enzyme inhibitors were omitted from all subsequent 
experiments.
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3.3.1.3. Reaction tubes: glass vs. plastic.

Many peptides are known to bind to certain plastics and to giass (Bylund and 
Yamamura, 1990). Binding characteristics in polypropylene, polystyrene and 
borosilicate giass tubes were compared. The results of this experiment 
suggested that, in the case of somatostatin, there was little to choose between 
the three materials (Table 3.1). For ease of use, polypropylene tubes were 
selected for all subsequent experiments.

Table 3.1 Effects of plastics and giass on specific binding.

Polypropylene Polystyrene Glass

Specific binding (%) 69.3 ± 0.7 68.1 ± 0.7 70.1 ± 0.9
Fraction bound (%) 7.8 ± 0.2 7.4 ± 0.2 9.5 ± 0.3

Values represent the mean ± s.e. mean of triplicate determinations

3.3.1.4. Determination of optimal protein concentration.

The amount of membrane protein is fundamentally important to both the 
interpretation and reproducibility of the binding assay. Increasing the membrane 
concentration improves the amount of specific binding but also increases the ratio 
of bound/total radioligand and may compromise interpretation of the data. The 
effect of increasing membrane protein on p25|]Tyrii_3si4 binding is shown in 
Figure 3.3. The amount of bound p^i]Tyrii-SS14 increased linearly with protein 
over the range 3-50 pg, however, as is also evident from Figure 3.3, the fraction 
of bound/total radioligand exceeded 10% at protein concentrations above 50 pg. 
interestingly, the % bound/total radioligand (shown in parentheses above each 
data point) remained roughly constant throughout the protein range. Binding to 
filters represented 0.9% of total added radioactivity. A protein concentration of 50 
pg was selected for ail subsequent experiments.

if the binding site represented a true receptor it should be susceptible to 
dénaturation at non-physioiogical temperatures. Binding to boiled membranes 
was compared to that obtained using standard assay conditions, the results are 
shown in Table 3.2. These data demonstrated that substantially more radioligand 
bound to boiled membranes than to native membranes. However, binding to the 
former was completely resistant to displacement by D-Trp®-SS14, i.e. the binding 
site no longer behaved in a manner consistent with a receptor.
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Table 3.2. Effect of protein dénaturation on specific binding.

Membrane Total bound Non-specific 
treatment (dpm) (dpm)

Specific Bound/Free 
binding (%)

Normal
Boiled

5304± 182 
39924± 117

1997 ±75 
40439 ± 835

63
0

7.7
58.2

Values represent the mean (± s.e. mean, where indicated) of triplicate 
determinations.
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Figure 3.3. Effect of membrane protein on specific binding of radiolabelled 
somatostatin to rat cortex membranes. Fifty pM of [^25|]Tyrii.3si4 was incubated 
for 2 h at 37°C with increasing concentrations of rat cortex membranes. The 
graph shows the mean (± s.e. mean, triplicate determinations) specific binding 
increased as a linear function (y = 138x + 103, line fitted to first 4 points) with 
protein up to a concentration of ~ 50 pg, but deviated from linearity at higher 
protein concentrations. The total amount of radioligand bound, expressed as % 
total added, is shown in parentheses for each protein concentration and 
demonstrates that unacceptably high levels of binding occurred at protein 
concentrations higher than 50 pg. Binding to filters accounted for 0.8% of total 
added radioactivity.
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3.3.1.5. Association kinetics.

The time taken to reach equilibrium binding was determined by monitoring the 
specific binding at various time points after the addition of radoiigand to 
membranes. The results shown in Figure 3.4 suggest that at a ligand 
concentration of 50 pM and a membrane concentration of 50 pg, equilibrium 
binding was attained between 2 - 3 h at 37°C. Specific binding was approximately 
70% and represented 9.9% of the total radioactivity added. All subsequent 
incubations were carried out for 2 h.
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Figure 3.4. Association of radiolabelled somatostatin to rat cortex membranes. 
Fifty pM [^25|]jyrii.ssi4 was incubated with 50 pg of membranes at 37°C for 
various time periods. Total (A), non-specific ( ▼) and specific ( # ) binding (mean 
dpm ± s.e. mean, triplicate determinations) are plotted as a function of incubation 
time at 37°C. Binding showed saturation after approximately 2 h and represented 
-11%  of total added radioactivity.
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3.3.1.6. Saturation experiments: estimation of dissodation constant (Kd).

The affinity of [i^l]Tyr^^-SS14 for somatostatin binding sites was estimated from a 
saturation plot of radioligand concentration vs. binding. The resulting total, non
specific and specific binding is shown in Figure 3.5. In order to determine whether 
binding was to a single homogeneous population of sites the data were subjected 
to the usual Scatchard transformation (Figure 3.6). For the Scatchard plot, dpm. 
values were converted to actual radioligand concentrations (pM) by applying a 
factor /  which takes into account the incubation volume, counting efficiency and 
specific activity of the ligand at the time of the experiment:

f  =  --------------------   X — -—  X -  X -----------— -----------  F21•' specific activity volume efficiency 2.2 x 10 ^̂  dpm I- f

f  -  mmol 1 1 Ci
2000 Ci 0.5 0.85 ^ 2.2 x 10’® dpm

/  = 5.35 X 10 '» X 2 ^  .  0.535 fM dpm ' [4]

The line was fitted through the data by linear regression, the value, from the 
negative reciprocal of the slope of the fitted line, was calculated to be 250 pM, the 
maximal concentration of bound radioligand (from the intercept on the abscissa) 
was 25 pM. The latter value was then used to calculate the maximum density of 
binding sites (Smax) using the conversion factor f  above:

B™, = X = 250 fmol mg 'protein [5]

3.3.1.7. Determination of non-specific binding.

Many of the preliminary experiments utilised an excess (1 pM) of unlabelled SS14 
to quantify non-specific binding. With a radioligand concentration of 50 pM the 
approach to equilibrium was slow, necessitating 2 h incubations at 37®C, this 
raised the possibility that both p^l]Tyr^^-SS14 and any competing peptides may 
undergo partial degradation by residual enzymes in the tissue. This was 
considered unlikely to present a problem in the case of p25|]7yrii_ssi4 since a 
detailed study of the characteristics of this radioligand had shown it to be highly 
resistant to breakdown (Presky and Schonbrunn, 1988a).
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Figure 3.5. Saturation isotherm for p25|]jyrii-ssi4  binding. Rat cortex 
membranes (50 pg) were incubated for 2 h at 37*C with increasing 
concentrations of [i^l]Tyr^^-SS14. Total (A),  non-specific ( ▼ ) and specific 
( •  ) binding, expressed as a fraction of free radioligand, were each plotted 
against free radioligand. The graph shows that binding of [^^l]Tyrii-SS14 
begins to saturate at a ligand concentration of -  1.4 nM. The total 
concentration of bound ligand never exceeded 10% of that added over the 
entire concentration range. As may be seen from the Figure, % specific 
binding was greatest at low radioligand concentrations and, as expected, 
decreased as the amount of added radioiabei increased.

Figure 3.6. Scatchard plot of binding data. The data have been transformed to a linear 
plot by expressing bound/free iigand on the ordinate against bound [^25|]jyrii_ss‘i4 on 
the abscissa. Linear regression through the data points yielded a straight line 
described by the function y -  -4.02e^ x x + 0.1, corresponding to a Kd = 250 pM and 
Bmax = 250 fmol mg-1 Note that bound radioligand is expressed in pM and as such 
reflects the concentration depleted from the assay (see Bylund and Yamamura, 1990).

79



00

C\J

o
ooo ooin

<D
■o

X

E
CL
•o

if)
if)

<D
I

CO

- c\j

in

o

- in

oCO CMO CO

3
■M"
U)
if)

TO
C3oCÛ

o00

(gOl-X u J d p ) t ^ i . s s - u ' ^ l [ l g 2 j P u n o a 00JJ / punog



Equally, synthetic cyclic somatostatin analogues had also previously been shown 
to be resistant to degradation (Veber et al., 1979; Bauer et al., 1982; Gai et al., 
1986; Moreau et al., 1991). However, it was anticipated that the use of SSI 4 to 
define non-specific binding may have lead to such problems. Two options were 
considered (i) either the approach to equilibrium could be accelerated by 
increasing the radioligand concentration, or (ii) a more metabolically stable 
analogue to define non-specific binding could be used. The first option would 
have the disadvantages of increasing the extent of non-specific binding in its own 
right and would significantly increase the cost of the assay. It was, therefore, 
decided to replace SSI4 with a more stable analogue for the routine 
determination of non-specific binding.

Since the somatostatin peptide is particularly susceptible to degradation at the 
Trp®-Lys® bond {Marks et ai, 1976; Sakurada et a i 1990) the more stable D-Trp® 
analogue was chosen to replace SSI4. The optimal concentration of displacer 
should be selected to be two orders of magnitude above its dissociation constant, thus 
ensuring that all of the available somatostatin binding sites are essentially 
saturated with unlabelled ligand. In order to accurately determine the affinity of D- 
Trp®-SS14 for the somatostatin binding site, inhibition curves to increasing 
concentrations of displacer were constructed. These were undertaken at two 
radioligand concentrations, the binding characteristics of D-Trp®-SS14 were 
compared at 50 pM p25|]jyrii_ssi4 (i.e. the concentration used in previous 
experiments) and 300 pM - a concentration closer to the radioligand's Kd. The 
aim was to check for potential artifacts in the assay resulting from the use of a 
radioligand concentration which was well below its measured affinity. The resuits 
of these experiments are shown in Figure 3.7.

Inhibition curves were drawn using the untransformed data, best-fit lines were 
computed using an iterative procedure (RSI software) which fitted the foiiowing 
function:

> =  [61 
1+
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where:
Bmax -  maximal binding (dpm)
basal = residual binding at maximai displacer concentration (dpm) 
IC50 = concentration of displacer resulting in 50% inhibition 
n = slope factor for fitted line.

Since the total concentration (T) of added radioactivity was recorded, the 
estimated free radioligand (F) could be calculated by subtracting the total 
specifically bound (Bo). The value F was then converted from dpm to pM by 
multiplying by the factor f  = 0.535 fM dpm \  see equations [3], [4] and [5] in 
Section 3.3.1.6. Since both the free radioligand concentration (F) and the 
radioligand Ky were known, the IC50 value for the displacer was converted to an 
inhibition constant (K|) using the Cheng-Prusoff equation (Cheng and Prusoff, 
1973):

1 +
j

Calculations corresponding to the actual experimental data are presented below:

A) Tracer concentration = 50 pM (nominal)

IC50 (D-Trp8-SS14)= 1.26 nM, K, = 1.1 nM

B) Tracer concentration = 300 pM (nominal)

IC50 (D-Trp8-SS14)=1.4 nM, .*. K, = 0.87 nM

Thus, the inhibition constant for D-Trp®-SS14 was approximately 1 nM, regardless 
of which of the two tracer concentrations was used. A concentration of 200 nM 
D-Tip®-SS14 was used in all subsequent experiments to define specific binding.
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Figure 3.7. Competition curves for the inhibition of [^25|]jyrii.ssi4  binding to rat 
cerebral cortex membranes by D-Trp®-SS14. Membranes were incubated for 2 h 
at 37®C with either (A) 50 pM or (B) 300 pM of radioligand, alone or in the 
presence of increasing concentrations of D-Trp®-SS14. The raw data (mean dpm 
± s.e. mean, triplicate determinations, some error bars occluded by the symbols) 
are plotted and illustrate the higher non-specific binding with 300 pM compared to 
50 pM radioligand. Lines were fitted to the data using an iterative non-linear 
least-squares regression procedure (equation [6], section 3.3.1.6.) and yielded 
similar K| values: 1.1 nM (A) and 0.87 nM (B). The total concentration of 
radioligand bound was ~ 8% of that added, in both experiments. Note that the 
use of higher ligand concentrations results in more binding, but that a greater 
proportion is non-specific.
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3.3.1.8 . Effect of GTP on radioligand binding.

There is at least one common feature which links most, if not all, of the diverse 
cellular actions of somatostatin peptides, namely, their mediation by an inhibitory 
G protein. A reciprocal allosteric interaction between the agonist recognition site 
and the G protein, such that the conformation of one can influence that of the 
other, is now a recognised and accepted phenomenon. Several investigators 
have demonstrated the ability of non-hydrolysable GTP analogues to inhibit the 
binding of somatostatin to its receptor (see Section 3.1). The effects of increasing 
concentrations of GTPyS were examined on the specific binding of 
SSI 4. The GTP analogue inhibited somatostatin binding in a concentration- 
dependent manner (Figure 3.8) with an IC50 value of 106 nM and maximal effect 
(~ 60% inhibition) occurring between 3 and 10 pM.

100

■■Oc
CÛ
O

50 -

100 1000 10000 100000

[GTP7S] (nM)

Figure 3.8. Effect of GTP7S on somatostatin binding. Rat cortex membranes 
were incubated with ~ 50 pM [^25|]jyrii-ssi4 for 2 h at 37°C in the presence of 
increasing concentrations of GTP7S The non-hydrolysable GTP analogue 
inhibited the specific binding of radiolabelled SSI4 to cortex membranes in a 
concentration-dependent manner. The values represent mean ± s.e. mean of 
triplicate determinations, the fitted line (equation [6], Section 3.3.1.6) shows a 
maximal inhibition of ~ 60% with an IC50 value of ~ 100 nM.
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3.3.2. Affinities of endogenous peptides and short-chain synthetic 
anaiogues for the radioiabeiied somatostatin binding site.

Having established the optimal conditions for [^^i]Tyri^-SS14 binding, attention 
was focused on comparing the relative affinities of SS14 and SS28 to the short- 
chain cyclic anaiogues, segiitide, octreotide and somatuline, and unlabeiled Tyr^^- 
substituted SS14. Specific binding was expressed as a function of that obtained 
in the control condition (i.e. no added displacer) and plotted against dispiacer 
concentration (Figure 3.9). Best-fit lines through the data were computed using 
one of two non-iinear, ieast-squares curve fitting routines. The concentration of 
unlabeiled iigand required to displace 50% of radioligand binding (iCso) was 
determined by interpolation. For 8814, 8828 and Tyr^^-8814 the adopted curve- 
fitting function was one which described a single class of non-interacting sites with 
equal affinity:

1+

Displacement curves were clearly more complex with the short-chain analogues, 
segiitide, octreotide, L-363,301 and somatuline. Visual inspection of the data 
suggested the possibility of two binding sites with different affinities for these 
peptides. Accordingly, the data were more accurately described by a more 
complex function which allowed for a mixed population of non-interacting sites:

y = 100-----------------------------------. [9]
1 +

TC-*̂ 500) 1 +

where:
/C50(i) and ICso{ii) are the IC50 values for the high and low affinity sites, 

respectively
Bmax is the fraction of the total number of sites belonging to the low 

affinity class
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The resulting IC50 values were then converted to corresponding K; values 
according to equation [7] and are shown in Table 3.3 for both the high (SSa) and 
iow (SSb) affinity sites.

Table 3.3. Inhibition constants for the displacement of p25|]Tyrii-SS14 binding by
competing iigands.

Competing
ligand

K| at 8 8 a  sites 
(nM)

K| at 8 8 b  sites 
(nM)

Ratio: 8 8 a / 8 8 b  

(%)

8814 1.2 (0.9-1.5) - 100

8828 0.8 (0.6-0.9) - 100

Tyrii-8814 0.9 (0.6-1.1) - 100

Segiitide 0.2 (0.1-0.4) 990 (390-1580)* 16(11-20)
Octreotide 2.8 (0.3-5.2) 1860 (847-2800)* 30 (23-36)
Somatuline - 404 (315-492) 0

L-363,301 1.6 (0.8-4.0) 20600 (1050-40100)* 29 (21-36)

Data from fitted lines, values in parentheses represent 95% confidence limits. All 
determinations were performed in triplicate. No significant differences between 
ligand K, s for competition at SS^ sites. * = significantiy different from 
corresponding K, at SS^ site (P < 0.001, for details of statistical analysis see 
Section 4.2.1., p98).
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Figure 3.9. Competition curves for the inhibition of 025|]Tyr^i-SS14 binding to 
rat cerebral cortex membranes by somatostatin analogues. Membranes were 
incubated for 2 h at 37®C with radioligand only (total binding) or in the 
presence of increasing concentrations of displacing ligand. Inhibition curves 
for SS14 (filled squares) are compared (open squares) to SS28 (A), Tyr^ -̂ 
SS14 (B), octreotide (C), segiitide (D), L-363,301 (E) and somatuline (F). 
Lines were fitted through the mean data points using a non-linear, iterative 
regression analysis. Displacement of [i2S|]Tyrii-SS14 binding by SSI4, SS28 
and Tyr^^-SS14 was accurately described by a model (equation [8], section
3.3.2.) which predicted an interaction with a single class of binding sites with 
similar affinity constants (range 0.8 -1.2 nM). Displacement of binding by the 
short chain somatostatin analogues, segiitide, octreotide and L-363,301 was 
more accurately described by a model which assumed an interaction with two 
independent sites (equation [9], section 3.3.2.), one with high affinity (range 
0.2 - 1.6 nM) and a second with low affinity (-1-20 pM). Somatuline was 
exceptionally weak at displacing [i2S|]TyMi-SS14 from cortex membranes, the 
data for this analogue were not adequately described by either of the 
mathematical models. All experiments were perfomed in triplicate, error bars 
have been omitted, but in all cases s.e. mean values were less than 10% of 
the respective mean.
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3.4. DISCUSSION.

The binding of [^25|]7yj-ii_ssi4 to rat cerebrocortical membranes was found to be 
highly specific, saturable and reversible, Scatchard analysis suggested that this 
was due to an interaction with a single class of non-interacting sites. Ligand 
affinity was estimated to be 250 pM at 37°C, which is within the range of affinities 
reported previously for the binding of this ligand to rat cerebral cortex membranes 
(see Table 3.4). That this represented an interaction with specific binding sites 
was suggested by the fact that the majority (-70 - 80%) of tracer binding was 
displaceable by somatostatin itself and by other ligands known to act at the 
somatostatin receptor. The loss of binding to boiled membranes suggests that 
the binding site is proteinaceous, as would be expected for a hormone receptor.

A surprising, but reproducible finding in these experiments was the apparent lack 
of effect of enzyme inhibitors on specific binding. Bacitracin was particularly 
enigmatic in this regard, since it is universally included in the reaction buffers used 
by other investigators. However, there is often no indication of how rigorously its 
effects were evaluated and this is relevant since it is recognised that certain 
protease inhibitors can reduce the specific binding of peptides (Bylund and 
Yamamura, 1990). There are two possible explanations for the apparent lack of 
effect of protease inhibition on ligand binding; firstly, [i2S |]jyrii_ssi4 may not be 
readily susceptible to proteolytic degradation and secondly, the concentration of 
appropriate degrading enzymes within the membrane homogenate may have 
been too low to present a problem. The first hypothesis is the subject of 
considerable debate in the literature; the position of the iodine radioisotope on 
Tyr^i of the somatostatin peptide places it close to the residues involved in the 
binding process (i.e. Trp®-Lys®) and close to main sites of inactivation resulting 
from the cleavage of the Trp®-Lys®, Phe®-Phe  ̂or Thr^°-Phe^  ̂ bonds by neutral 
endopeptidases (Marks et al., 1976; Sakurada et al. 1990). However, when 
compared to [^25|]jyfi and [̂ 25|]_N_Tyr radioligands, [^25|]Tyrii_ssi4 was found to 
be the most stable, either with (97% intact) or without (71% intact) added 
proteolytic enzyme inhibitors (Srikant and Patel, 1981a). The former two ligands 
were found to produce high levels of non-specific binding, this probably reflecting 
their susceptibilty to ami nopeptidase attack at the TyrVAIa^-Gly^ bond (Marki et 
al., 1981). Likewise, Czernick and Petrack (1983), Srikant and Patel (1985), 
Susini etal. (1985) and Presky and Schonbrunn (1988a) found [^^l]Tyr^i-SS14to 
be a better radioligand than [^^l]Tyri-SS14, although the latter authors attributed 
this to a difference in affinity rather than improved stability. All three groups found
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that optimal stability of [i^l]Tyr^^-SS14 required the presence of bacitracin. On 
the other hand, Aguilera and Parker (1982) found [i2S|]Tyri-D-Trp^-SS14 to be 
significantly more stable than p25|]jyj-ii.ssi4 which suggested the unprotected 
Trp®-Lys® bond to be more susceptible to enzymatic cleavage than the Tyr^-Gly^ 
bond. Taken together, in those cases where direct comparisons between 
different ligands have been made, the data suggest that [i25 |]jy rii-ss i4 , whilst 
still susceptible to degradation, represents a better ligand in terms of stability than 
the Tyr^- or N-Tyr -subsituted ligands. However, it is also apparent from the 
citations above that some improvement to specific binding should have resulted 
from the inclusion of bacitracin and other peptidase inhibitors in the reaction 
buffer.

The second proposed hypothesis must, therefore, assume some relevance to the 
present experiments. The membranes (P2 fraction) used for these experiments 
were extensiveiy washed following the initial homogenisation procedure, it is a 
distinct possibility that any soluble enzymes were lost during the washing stages. 
Under such circumstances the degree of protection offered by proteolytic enzyme 
inhibitors may have been inconsequential. Indeed, any potential inhibitory effects 
on ligand binding may have been unmasked by the absence of an opposing and 
normally predominant beneficial effect.

The high affinity of [i^l]Tyr^i-SS14 deserves further consideration. There is an 
approximate 10-fold variation in the dissociation constant (Kd) for binding of 
[i25|]7yrii-ssi4 to rat cortex (Table 3.4), although direct comparisons of 
published data are compromised by variations in incubation temperature. As 
expected, the difference in affinity is reflected by differences in the quoted (or 
apparent, as estimated from published isotherms) rate constants. During the 
present experiments the time-course of the binding reaction was found to be slow 
(Figure 3.4) necessitating a 2 h incubation to ensure a state of equiiibrium. Given 
the high affinity of p^l]Tyr^^-SS14 as estimated from the Scatchard analysis (Kd = 
250 pM), the time-course of dissociation would be predicted to be very slow. This 
is in agreement with the results of Presky and Schonbrunn (1988a) and Esteve et 
al. (1984), in both of these reports the experiments were carried out at 37°C and 
dissociation rate constants (/ci) were exceptionally slow (0.002 min-̂  and 0.004 
min \  respectively). However, there are other reports which claim significantly 
faster rate constants for [^25|]7yrii_ssi4 binding. For example, Srikant and Patel 
(1981a), Tran et al. (1985) and Colas et ai. (1990) published /ci values of 0.027 
min \  0.026 min*̂  and 0.012 min \  respectively, even though some of these
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experiments were conducted at lower temperatures (25 and 30®C, see Table 3.4). 
These differences may reflect the different tissues used. In the present 
experiments the slow binding kinetics (as judged from association curves) agrees 
more closely with the data obtained from GH4C1 cells (Presky and Schonbrunn, 
1988a) and pancreatic acinar cells (Esteve et al., 1984) than with that obtained 
previously from rat cortex (Srikant and Patel, 1981a; Tran of a/., 1985; Colas et 
a!., 1990). Whilst the reasons for this apparent discrepancy are not clear (see 
further discussion In Chapter 4), artefacts arising from Internalisation of the ligand- 
receptor complex and/or degradation of the radioligand Into another biologically 
active radiolabelled peptide must be considered unlikely following detailed 
consideration and subsequent rejection of these possibilities by Presky and 
Schonbrunn (1988a).

Estimations of binding site density In rat cortex were consistent with published 
data. Thus, the value of 250 fmol mg-̂  protein obtained In the current 
experiments agrees with similar estimates from other laboratories (155 to 340 fmol 
mg-̂ : Srikant and Patel, 1981a; Sato etal., 1989; Srikant etal., 1990).

The Inhibition of [i25|]Tyrii-SS14 binding by GTPyS was anticipated In view of 
similar findings from other laboratories. However, such experiments are Important 
since they provide a degree of confidence, suggesting that the binding reaction 
being studied Is occurring at a functional, G protein-coupled receptor site.

Several somatostatin analogues. Including conformatlonally constrained, short- 
chain cyclic peptides, were compared for their ability to displace radioligand 
binding. SS28 and the tetradecapeptldes, SSI 4, D-Trp®-SS14 and Tyr^^-SS14, 
were all of comparable potency and all were capable of completely displacing all 
[i25|]jyrii_ssi4 binding. The fact that the more metabolically stable D-Trp® 

analogue was not significantly more potent than SSI4  (see p82) and. In fact, was 
slightly less potent than SS28, suggests that, under the assay conditions 
employed, degradation of the endogenous peptides was not a significant factor In 
determining potency.
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Table 3.4. Comparison of published binding constants for various radioligands
and tissues.

Tissue [125|] .

Ligand
Kd (nM) ®max

(fmol
mg-1)

Temp.
rc )

K| s (nM) 

SSI 4 SS28 Reference

Rat Tyrii-SS14 0.25 1 250 37 1.2 0.8 present
cortex Tyrii-SS14 1.7 155 30 0.13* 346

Tyri-SS14 0.77 52 37 368
Tyri-SS14 0.8 53 37 0.23 92
N-Tyr-SS14 1.2 111 25 0.09 0.08 240
N-Tyr-SS28 0.56 103 25 1.1 0.04 240
Tyrii-SS14 0.17 5.2 37 0.13* 5.0* 376
Tyrii-SS14 0.44 290 25 325
Tyrii-SS14 1.0 340 30 352
LTT-SS28 1.1 320 30 352
Tyrii-SS14 0.6 160 25 68
LTT-SS28* 0.8-1.7 0.7-3.3 27 7.0* 25
Tyrii-SS14 0.37 ? 30 1.12 1.4 127

Rat Tyri-SS14* 0.60 110 37 - 1.0 331
pituitary Tyri-SS14 0.12 54 16* 0.18* 0 .11* 3

Tyri-SS14 0.91 104 37 0.1 88
Tyrii-SS14 2.33 100 22 1.54 2.90 301
LTT-SS28 1.73 101 22 301
Tyrii-SS14 0.21 95 30 1.25* 349
N-Tyr-SS14 0.65 250 25 0.22 0.12 240
N-Tyr-SS28 0.21 260 25 1.4 0.04 240
Tyrii-SS14 0.76 30 1.17 0.8 127
Tyrii-SS14* 0.07 12,000 37 0.28 283
Tyri-SS14* 0.35 8,800 37 0.29 283

Pancreas LTT-SS28 0.25 68 22 5.05* 0.11 300
Tyrii-SS14 0.28 72 37 0.50* 1.0 99
Tyri-SS14 0.32 600 24 0.35* 317
Tyrii-SS14 0.07 266 16 0 .88* 4
Tyrii-SS14 0.15 178 37 365
Tyrii-SS14^ 0.28 72 30 350

♦ denotes IC50 instead of K|
♦ = Human cortex tissue, range of values indicates regional variations in

measured binding parameters.
♦ = Pituitary-derived GH4C1 cionai ceil line, B^ax given as the estimated number of

binding sites per cell.
Guinea-pig.
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Interestingly, Tyr^^-SS14 did not show the same exceptionally high affinity for the 
somatostatin binding site as the ^^1 labelled counterpart. This suggests that 
iodine substitution into the aromatic ring of Tyr̂  ̂ altered the affinity of the peptide. 
Iodine incorporation can occasionaliy result in a loss of ligand affinity (Bennett and 
Yamamura, 1985) but there are also cases where iodination has increased 
affinity, for exampie, monoiodoglucagon has an increased binding affinity 
compared to native glucagon (Lin etal., 1978; Rojas etal., 1983). The effects of 
iodination are two-fold and mutually antagonistic. The beneficial effect is 
considered to be due to an increased hydrophobicity of the phenoxy ring, but this 
is likeiy to be counteracted by a reduction in the pKa for the tyrosine hydroxyl 
group (Lin et al. 1976). At physiological pH, the net effect, in the case of 
somatostatin, appears to be an increase in affinity of the radiolabel for the 
somatostatin binding site.

Competition between the short-chain analogues and [i2S|]Tyrii-SS14 for 
somatostatin binding sites resulted in inhibition curves which were quite clearly 
different to those produced by the tetradecapeptides and SS28. Consistent with 
previous observations (Reubi 1984; Tran etal. 1985) using octreotide and another 
short-chain bicyclic analogue, cyclo(Ala-Cys-Phe-D-Trp-Lys-Thr-Cys), the present 
experiments demonstrated a biphasic displacement of radioligand binding with L- 
363,301, octreotide and segiitide. These data suggested that either (i) 
somatostatin binding sites in the rat cerebral cortex represented the mixed 
population of independent SSa (SSi) and SSb (SSa) subclasses suggested by 
Reubi (1984) and Tran etal., (1985) or (ii) they represented a single class of sites 
which can exist in two different affinity states, as suggested by Moyse et al., 
(1989). It is clear that SSI4, SS28, Tyr^i*SS14 and D-Trp®‘SS14 recognise these 
two sites or states with equal affinity, whereas the short-chain analogues, 
segiitide, octreotide and L-363,301 discriminate between them by virtue of their 
different affinity for each. The curve-fitting routine suggested that the high affinity 
component represented between 13 and 30% of the total population and that the 
affinity of the short-chain analogues for the SSa sites was comparable to that 
shown by the endogenous peptides. Somatuline was somewhat different to the 
other short-chain analogues in that it was exceptionally weak, the displacement 
curve was not adequately described by curve-fitting routines but the predicted 
affinity, estimated from the ICso concentration, agrees closely with the 
corresponding value (840 nM) published by Heiman etal., (1987).
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In conclusion, these experiments support previous claims attesting to the 
properties of [^25|]Tyrii_3si4 as a suitable radioligand with which to study and 
characterise somatostatin binding sites. Those binding sites in rat cerebral cortex, 
identified in the present experiments, showed high affinity for somatostatin-related 
peptides and were of comparable density to previously published values (Table
3.4). The ability of segiitide and L-363,301 to discriminate between 
subpopulations of binding sites extends previous observations with octreotide. 
Somatuline, however, stood out as being somewhat different, possible 
explanations for this were only forthcoming after more detailed regional analysis 
of competition experiments using autoradiographic approaches (see Chapter 4).
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4 .  A u t o r a d io g r a p h ic  m a p p in g  o f  s o m a t o s t a t in

RECEPTOR DISTRIBUTION

4.1. INTRODUCTION.

The technique of autoradiography may be regarded as a logical extension of 
radioligand binding which offers the possibility of studying the distribution and 
characteristics of membrane binding sites in discrete regions which would be 
difficult to achieve using the conventional homogenate binding approach. 
However, the autoradiographic procedure is not without its own technical 
problems, the most serious of these being the relative difficulty in quantifying the 
binding data. This problem stems from the fact that the grain density in 
autoradiographic emulsions and the optical densities in film are not linearly related 
to the radioactive content of the tissue (Kuhar and Unnerstall, 1985). Fortunately, 
this particular problem is not insurmountable and may be overcome by choosing 
appropriate exposure times and co-exposing standards of known radioactive 
content alongside the tissue sections. There are several other problems, the 
magnitude of which depends on the radionuclide used in the ligand. Since all of 
the present experiments were performed with ^^1, the following discussion will be 
restricted to problems encountered with that radioisotope.

Iodine-125 labelled ligands have a high specific activity (e.g. [^^l]Tyr^^-SS14 -  
2000  Ci mmoM), this is a considerable advantage and, in practical terms, means 
that relatively short exposure times can be used to generate high resolution 
images. However, emits several ionising particles, including X- and 7-rays, 
with energies ranging from -  2.8 to 34 keV (Kuhar and Unnerstall, 1985). 
Although the high energy emissions avoid problems associated with differential 
quenching of radioactivity in tissues of differing compositions, they suffer from the 
lack of an infinite thickness phenomenon. With tritium, for example, the 
autoradiographic image density is not critically dependent upon tissue thickness 
because the low energy p particles are capable of penetrating only a few microns. 
Hence, under normal practical circumstances tissue sections thicker than 4 - 5 pm 
may be considered as being infinitely thick. This is not the case with iodine-125. 
The high energy emissions result in an infinite thickness which is experimentally 
much greater (approximately 20 pm; Williams, 1977) and, therefore, variations in 
the autoradiographic image intensity may result from slight variations in section 
thickness as might result, for example, from microtome inconsistencies. There is
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also the possibility that the radioligand may not penetrate the tissue to the same 
extent throughout the tissue section and the degree of penetration may not match 
the thickness of the material used to provide a reference standard (Leroux et al., 
1991). These probiems do not detract from the unrivalied attractiveness of the 
autoradiographic procedure as a means of studying binding site distribution and 
heterogeneity, but they must be borne in mind when quoting binding site densities 
in absolute terms.

The present autoradiographic study was initiated principally for two reasons. 
Firstly, it was envisaged that the procedure would identify those areas of the rat 
brain which may prove most fruitful in yielding consistent quantitative data in 
subsequent electrophysiological experiments. Secondly, an extensive regional 
analysis of the binding characteristics of several somatostatin analogues, studied 
under identical experimental conditions, had not been performed previously and 
was necessary in order to confirm, and possibly extend, published reports 
suggesting binding site heterogeneity.

The existing evidence for binding site heterogeneity, from conventional 
radioligand binding experiments, is extensively reviewed in Chapter 3 (Sections
3.1 and 3.4). The contributions from autoradiography have not only substantiated 
the results obtained from homogenate binding experiments but have gone further 
by distinguishing apparentiy different binding sites within discrete brain regions 
such as cerebrocortical laminae and the hippocampus (Krantic et a!., 1990). 
Arguably, the most compelling autoradiographic evidence for receptor 
heterogeneity has recently been published by Martin etal. (1991). These authors 
studied the regional binding of two somatostatin analogues, [^^l]CGP23-996 and 
[^25|]segiitide. In many areas of the rat brain the amount of binding was similar for 
both ligands, however, there were also several areas where there were significant 
differences. For example, in the LG, substantia nigra, ventromedial hypothalamus 
and interpeduncular central subnucleus many sites were labelled by [i^l]seglitide 
but there was no appreciable [^^l]CGP23-996 binding. Conversely, the 
interpeduncular nucleus proper was radiolabelled by [^^l]CGP23-996 but not 
[i25|]segiitide.

4.2. METHODS.

Brains and pituitaries from male, Sprague-Dawley rats (200-250 g) were rapidly 
removed following decapitation and frozen by immersion in isopentane at -25 to
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-30°C. Blocks of frozen tissue were mounted onto the stage of a freezing 
microtome (Reichert Jung), sectioned at a thickness of 20 pm and then mounted 
onto geiatin coated microscope siides, each section was numbered and coded in 
order to reference its precise position and animal donor. The slide-mounted 
sections were stored overnight with desiccant and under vacuum at 4<̂C and used 
for autoradiographic studies the following day or occasionally frozen at -30*C for 
subsequent use, the quality of the autoradiograms was not discemibly different 
regardless of the time of use. When frozen tissues were used, they were allowed 
to equilibrate to room temperature slowiy.

Prior to incubation with the radioiigand, sections were washed for I h in a 
magnesium-free buffer of the foiiowing composition: Hepes (free base) 50 mM; 
sucrose 32 mM; bovine serum albumin (BSA) 0.05%; pH 7.4 using KOH. 
Sections were then incubated at room temperature in the above buffer 
supplemented with 5 mM MgCIa and containing approximateiy 50 pM 
8814, without (totai binding) or with increasing concentrations of displacing 
ligand. All incubations and washes were carried out in Koplin jars, usualiy 10 
slides per Jar arranged back to back and with the minimum amount of solution 
required to completely cover the tissue (5-10 ml depending on the number of 
sections per slide).

In preliminary experiments the rates of association and dissociation of the 
radioligand were determined. These experiments were aiso performed on slide- 
mounted tissue sections. The rate of association of the radioligand to binding 
sites was determined at 21 ®C by incubating siide-mounted coronai sections 
(20 pm thick) of rat cerebral cortex with ~ 50 pM of [^^l]Tyrii-8814 for various 
time periods. The tissue was then wiped off the siide using a cotton wool swab 
and placed in a piastic viai for the subsequent determination of radioactivity 
content (dpm). The rate of dissociation of the ligand from its binding sites was 
measured by removing brain sections from radioactive buffer after a 2 h 
incubation and placing them In large volume of q - p y ^ i i14-free buffer.
8 ections were then removed at intervals, scraped and placed in plastic viais. In 
both cases, radioactivity measurements were made using an LKB gamma counter 
at 85% efficiency.

For the determination of regional binding and its displacement by competing 
somatostatin peptides, experiments were arranged such that sections exposed to 
any given concentration of displacing iigand or experimental treatment were
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bracketed by adjacent sequential sections exposed to the radioiigand only. At 
least one section in every displacement experiment was used to determine non
specific binding, this being defined as the ievel of binding remaining in the 
presence of 200 nM D-Trp® SS14. The reaction was terminated after 2 h by three 
consecutive 10 min washes in ice-cold buffer of the same composition. Sections 
were then dipped into ice-cold distilled water and dried under a stream of air 
before being stored overnight in a desiccator with silica gei and under vacuum. 
The dry, radioiabeiied tissue sections were mounted onto acid-free card using 
doubie-sided sellotape and apposed to pH]-Hyperfiim (Amersham Internationai) in 
X-ray cassettes. Polyacrylamide strips (20 pm thick), containing a known range of 

radioactivities (Amersham 'microscales'), were co-exposed with each set of 
tissue sections to enable the subsequent calibration of pH]-Hyperfilm emulsion 
density. Exposures were carried out at room temperature, contact times were 
approximately 72 h in all experiments. The films were developed for 2 min at 
20®C in Kodak LX24 developer, the process was terminated by transferring the 
films to a stop bath for 30 s followed by a 2 min fix in Kodak FX-40 to which an 
emulsion hardener had been added. After processing, the films were thoroughly 
washed for ~ 30 min in an agitating flow tank, rinsed in distiiled water to which a 
wetting agent had been added and finally dried in a hot air oven.

Dispiacement of the radioiigand by segiitide, octreotide, somatuiine, SS28 or 
SSI 4 was quantified in the occipital cortex, CA1 region of the hippocampus, 
dentate gyrus, LC and anterior pituitary, by computerised analysis of Hyperfilm 
images (Microcomputer imaging Devices software, imaging Research inc., 
Ontario, Canada). This involved measuring relative optical densities (ROD) at 
each displacing ligand concentration and converting the values to radioactivity 
content (nOi mg-i) by reference to microscale standards. The resulting values 
were expressed as % control after subtraction of the non-specific binding, in any 
selected area the largest possible sampling tool was used in order to ensure a 
representative determination of the optical density, in the case of non-specific 
binding or when high concentrations of displacing ligand were used, it was often 
impossible to discern the precise boundaries of the region of interest, in such 
instances, an image of the adjacent section showing totai binding was stored in 
computer memory and overlaid onto the opticaiiy featureless image, the area 
sampled in the total binding image was then translated onto the underlying image 
and the appropriate measurement read into the computer.
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Displacement curves were analysed by an Iterative, non-linear, least-squares 
procedure which produced the 'best fit' through all of the data points using one of 
the two functions described In Section 3.3.2 (equation [8] for monophasic curves; 
equation [9] for biphasic curves).

4.2.1. Statistics.

The most satisfactory method of determining the statistical significance of 
differences In concentratlon-lnhlbltlon curve parameters, such as IC50 values. Is to 
repeat the experiment on different animals a number of times and to take the 
negative logarithm of the ICso (I.e. plCso). It Is usual practice to test the variance 
of the pICso values from each set of curves In order to determine whether they are 
normally distributed and. If so, statistical comparisons applied using Student's t 
test. This favoured approach could not be used In the case of these experiments 
because several of the Inhibition curves were Incomplete due to loss of tissue 
sections during processing. Consequently, the data from all sections (each taken 
from a different rat) were pooled and subjected to the curve-fitting routine. Each 
fitted line, therefore, had a single IC50 value and an associated standard error. 
Differences between IC50 values were compared for statistical significance using a 
method designed to handle asymptotic s.e. means (Glanz and Sllnker, 1990) 
according to the following equation:

 ̂ _  ^̂ 50(1) ~ ̂ 5̂0(2)
2
( 2 )^SEM^l + SEM, 

where:
/Cso(i) and /Cso(2) are the concentrations corresponding to 50% 

displacement of binding for the two curves being tested 
and SEM(2) are the standard errors (s.e. mean) associated with 

the respective mean IC50 values 
t = Student's t statistic

The degrees of freedom corresponding to each comparison were calculated from 
the total number of data points used In each fitted line minus the number of 
parameters associated with each fit. The probability of the difference between 
two values being the result of chance was obtained from standard tabulated 
values of the t distribution.
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4.3. RESULTS.

4.3.1. Optimisation of assay conditions.

A limited number of experiments were undertaken to determine the optimal 
conditions for the specific binding of [^25|]7yrii_ssi4 to slide mounted tissue 
sections, it was assumed that some of the more fundamental factors identified in 
homogenate binding experiments would also apply to the autoradiographic 
procedures and, indeed, there was a desire to employ the same conditions 
wherever possible in order to maintain consistency between the two techniques.

During preliminary studies substantial amounts of the tissue were lost from the 
giass slides, this problem was particularly acute in the case of certain brain areas 
such as the LC and appeared to be attributable to the incubation temperature. 
Extensive washing of microscope slides together with the use of freshly prepared 
alum/gelatin subbing solution failed to rectify the situation. However, reducing the 
temperature to ~ 21^0 minimised the loss of tissue.

it was anticipated that performing the experiments at 21 ®C would reduce the rate 
of what was already known, from homogenate binding experiments, to be slow 
reaction kinetics. Therefore, the rates of association and dissociation of the 
radioiigand from binding sites were determined at 21 °C. As expected, these 
experiments revealed that the binding reaction was significantly slower at room 
temperature and, indeed, failed to reach a state of equilibrium even after 
prolonged incubations lasting several hours (Figure 4.1). Equally, the rate of 
dissociation was also predictably slow, the fact that some residual binding was still 
detectable after a period of 20 h suggested that there was a component which 
was essentially irreversible (Figure 4.1).

These results were reminiscent of those obtained by Presky and Schonbrunn 
(1988a). On the one hand they show [i25|]Tyr^^-SS14 to be an ideal ligand with 
which to study the distribution of somatostatin receptors since the use of iow 
concentrations of ligand together with thorough washing leads to the generation 
of high quality autoradiographic images with minimal non-specific binding. 
However, on the other hand excessively lengthy incubations present significant 
problems for data interpretation, and non-equilibrium conditions invalidate 
quantification in terms of binding site density and affinity.
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Figure 4.1. Association and dissociation curves for the binding of radiolabelled 
somatostatin to slide-mounted coronal sections of rat cerebral cortex. (A): Time 
course of association of p25|]Tyrii_ssi4 binding where (□) = total radioligand 
bound, (S) = displaceable 'non-specific' binding and (■) = specific binding. Lines 
were fitted through the points describing total and specific binding using the 
function: y  = (fîmax x ^y{tv2 + where B̂ iax = predicted maximal binding and ty2 

= half time of association. The line through non-specific binding was fitted using a 
standard linear regression analysis procedure. Note the very slow kinetics of 
association which fail to reach a state of equilibrium during the time course of the 
experiment. (B): Time course for the dissociation of [^25|jTyrii_ssi4 from slide- 
mounted tissue sections (symbol references as in (A)). The line represents a non
linear regression through the points describing specific binding using the function: 
y  = Gmax X exp{-xlx) + T, where t  = time constant of dissociation and r = residual 
binding. Points in each curve represent the mean of triplicate determinations, 
error bars (± s.e. mean) are shown for specific binding or are occluded by the 
symbols.
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Lengthy incubations aiso present probiems arising from tissue deterioration and 
are iikeiy to increase the risk of internalisation of drug-receptor complexes.

Attempts to overcome these difficulties by increasing the ligand concentration 
resulted in unacceptabiy high levels of non-specific binding and added 
significantly to the cost of the assay. Therefore, it was decided to proceed with 
the assay using non-equiiibrium conditions and to make no attempt to quantify the 
extent of tracer binding in specific terms (i.e. fmol mg-̂  tissue) but to adopt instead 
a semi-quantitative approach in which affinity comparisons between ligands would 
be made by studying % displacement as a function of concentration.

4.3.2. Effect of tissue pre-incubations on specificity of binding.

A common technique used to improve the amount of radioligand binding and the 
ratio of specific to non-specific binding is to pre-incubate the tissue sections in 
assay buffer before exposure to the radioligand. The effect of washing tissue 
sections for 30 min in a modified buffer containing no Mg2+ or BSA, on 
subsequent p25|]7yrii_ssi4 binding is shown in Figure 4.2.
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Figure 4.2. Effect of pre-incubation in Mg2+-free buffer on somatostatin binding. 
Slide-mounted tissue sections of rat cerebral cortex were pre-incubated for 1 h 
with or without Mĝ + ions, the [^25|]jyrii_ssi4 binding assay was then performed 
in the usual manner. Data represent the mean (± s.e. mean) of triplicate 
determinations. The pre-incubation wash in Mg2+-free buffer significantly (P < 
0.001 ; f test) increased the amount of radioligand bound.
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The increased amount of ligand bound following a 30 min pre-incubation was 
attributed to a greatly enhanced level of specific binding rather than a reduction in 
the extent of non-specific binding. The pre-incubation step was routinely included 
in all subsequent experiments.

4.3.3. Effect of enzyme inhibitors on specific binding.

The use and merits of enzyme inhibitors as a means of improving the quality of 
peptide-iigand binding has been reviewed in the preceding Chapter. The effects 
of some of the more commonly used enzyme inhibitors were re-evaiuated for their 

effects on [i25|]Tyrii-SS14 binding to tissue sections. The addition of bacitracin 
(20 pg mM) to the incubation buffer reduced the amount of specific [i25|]Tyrii- 
SS14 binding compared to untreated controls, whereas neither phosphoramidon 
(100 nM) or aprotinin (200 U mM) had any significant effect (Figure 4.3).
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Figure 4.3. The effect of enzyme inhibitors on the specific binding of 
radioiabelied somatostatin to slide-mounted tissue sections. Coronal sections of 
rat cerebral cortex were incubated with 50 pM [i25|]Tyrii-SS14 for 2 h in the 
absence (control) or presence of bacitracin (20 pg mM), aprotinin (200 U mM), 
phosphoramidon (100 nM) or a combination of all three (same concentrations). 
Total and non-specific binding were determined for each condition. The Figure 
shows the mean specific binding (± s.e. mean, n = 16 for controls, /? = 4 for 
individual enzyme inhibitors, n = 5 for combination) for each treatment compared 
to control (= 100%). Note that bacitracin reduced specific binding, whereas 
aprotinin, phosphoramidon or a combined treatment with all three enzyme 
inhibitors had no significant (P> 0.05; ftest) effect on specific binding.
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The effect of aprotinin was attributable to an increase in the amount of ligand 
specifically bound rather than a reduction in the extent of non-specific binding.

4.3.4. Evaluation of the pharmacological specificity of the [i25 |]jyrii_ssi4
binding site.

The specificity of the p25|]Tyr‘'̂ -SS14-labelled binding site for somatostatin 
peptides was evaluated by examining the effects of a range of pharmacologically 
unrelated peptides on radioligand binding (Figure 4.4).
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Figure 4.4. Pharmacological specificity of the somatostatin-binding site. The 
ability of SS28(M2) and several peptides unrelated to somatostatin (DADLE; DYN; 
SP; LHRH; GRF; NT and TRH) were assessed for their ability to displace 
[i25|]Tyrii_ssi4 binding from slide-mounted coronal sections of rat cerebral 
cortex. To avoid unnecessary repetition of experiments, the peptides (each at 
1 |xM) were applied as combinations (except SS28(M2) and D-Trp®-SS14). Tracer 
binding was quantified in the occipital cortex by image analysis of the 
autoradiographic film. The data represent the mean total radioligand bound 
(± s.e. mean) for each of the treatments (n = 5 brain sections per experiment, 
each from different rats), only D-Trp®-SS14 significantly (P < 0.0001; t test) 
affected total tracer binding.
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Combinations of peptides were studied in order to avoid unnecessary repetition of 
experiments. Thus, combinations of DADLE (1 pM) and DYN (1 pM); SP (1 pM) 
and LHRH (1 pM); GRF (1 pM), NT (1 pM) and TRH (1 pM) all failed to 
significantly affect p25|]Tyrii-SS14 binding when compared to D-Trp8-SS14 
(Figure 4.4). The N-terminal fragment of 8828, SS2Q̂ .̂̂ 2) (1 pM), was also found 
to have no measurable affinity for the p^^l]Tyr^^-8814 binding site (Figure 4.4).

4.3.5. Regional distribution of p25|]Tyrii-SS14 binding sites in rat brain and
pituitary.

A rostro-caudal map of somatostatin binding was constructed by examining the 
distribution of binding sites in coronal sections through several regions of the rat 
brain. The approximate anatomical location of each section and of the various 
nuclei therein was determined by reference to stereotaxic atlases of the rat brain 
(Paxinos and Watson, 1986; Zilles, 1985). Autoradiograms were analysed for 
ROD and the extent of regional binding compared in a semi-quantitative manner 
after subtracting the background (non-specific) binding (Table 4.1).

Dense p^l]Tyr^^-8814 binding was found throughout the rostro-caudal extent of 
the cortex (Figure 4.5). Regions which were particularly rich with binding sites 
included all areas of the frontal cortex and pre-pyriform cortex, the full rostro- 
caudal extent of the cingulate cortex, the claustrum and associated agranular 
insular cortex, the occipital, retrosplenial and caudal temporal areas. 8lightly 
lower binding site densities were generally found to occur in the parietal and 
rostral parts of the temporal cortices. In all cortical areas the binding showed a 
distinctive pattern, superficial layers possessed fewer binding sites than deeper 
laminae and the transition between these two levels was quite abrupt (Figure 4.6).

The hippocampus showed a very distinctive binding pattern (Figure 4.5). The 
subiculum and CA1 areas, specifically, showed dense binding and in the case of 
CA1 this was associated with the strata oriens and radiatum and less in the 
pyramidal cell layer (Figure 4.7). The subfields CA2, CA3 and CA4 were virtually 
devoid of binding sites. The dentate gyrus had a moderate to high binding site 
density which appeared to be associated with the granule cell layer, the 
stratification is clearly demonstrated in Figure 4.7.
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Figure 4.5 Rostrocaudal map of somatostatin binding sites. The regional distribution of total and non-specific [^25|]Tyrii_ssi4 
binding is shown at several different coronal planes throughout the rat brain. The anatomical detail in each section and their 
positions with reference to bregma (Paxinos and Watson, 1986), is shown to the left of each pair of autoradiograms. Conventional 
emulsion images were analysed for relative optical density (ROD, 250 gray levels) and the density of binding assigned a 
pseudocolour according to the scale shown on the right where red = high binding site density and blue = low binding site density. 
The sections were each taken from different animals, exposure times, image contrast and highlight parameters were the same in 
each case. The calibration bar (bottom) applies to all autoradiographic sections.
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Figure 4.6 Distribution of somatostatin binding sites in the rat cerebral cortex. 
TOP: High resolution autoradiogram of [i25|]Tyrii-SS14 binding in the region of 
the occipital cortex of the rat. The spacial distribution of binding sites was 
measured through a rectangular sampling transept which traversed the cortical 
tissue from the pial surface (P) to the corpus callosum (CC). BOTTOM: Graphical 
representation of variations in binding site density (in ROD) from the pial surface 
(0mm) to the corpus callosum (4.5mm). Note that the highest density of binding 
sites is located in the deeper layers of the cortical matter.
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Figure 4.7 Distribution of somatostatin binding sites in the rat hippocampus. 
TOP: High resolution autoradiogram of [^^^l]Tyr^^-SS14 binding in the 
hippocampal formation of the rat brain. The spacial distribution of binding sites 
was measured through a rectangular sampling transept which traversed the 
hippocampus from its dorsal margin with the corpus callosum (CC) to its ventral 
margin with the thalamus (TH). BOTTOM: Graphical representation of the 
variations in binding site density (in ROD) commencing from just within the corpus 
callosum (0mm) through area CA1 and dentate gyrus and ending in the thalamus 
(5mm). Note that the highest densities of binding sites occur in the stratum oriens 
(SO) and stratum radiata (SR) of area CA1, in the dentate two peaks of high 
density coincide with the granule cell layer. The trough between SO and SR 
peaks in area CA1 corresponds to the pyramidal cell body layer.
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Other areas notable for their density of somatostatin binding sites inciude: the 
lateral habenula; basolateral amygdala; the para- and pre-subiculae (Figure 4.5); 
superficial layers of the superior and inferior coiliculae (Figures 4.5 and 4.8); the 
anterior pituitary (Figures 4.8 and 4.10); taenia tecta and dorsal transitional zone 
(Figure 4.8); LC (Figures 4.8 and 4.9); anterior olfactory nucleus (Figures 4.5 and 
4.8); the paramedian interpeduncular nucleus (Figure 4.5) and the medial 
vestibular nucleus (Figure 4.8).

Moderate to iow binding site densities were found in the foliowing regions: the 
central gray (Figure 4.5); deep gray layers of the superior and inferior coliiculae 
(Figures 4.5 and 4.8); the inner sub-region of the interpeduncular nucleus (Figure
4.5); anterior, posterior and arcuate hypothalamic nuciei (Figures 4.5 and 4.8) and 
the caudate putamen (Figures 4.5 and 4.8). Of the thalamic nuclei the reticular 
thalamic nucieus, paratenial thalamic nucleus and anterior paraventricular nucleus 
contained a modest density of sites whereas the intervening anterioventral and 
anteriomedial nuclei were compietely devoid of sites (Figures 4.5 and 4.8).

Leveis of binding which were either low or not significantly higher than 
background (i.e. non-specific) were found in aii remaining areas inciuding: most of 
the thalamus (Figures 4.5 and 4.8); pons (Figure 4.8); substantia nigra and 
ventrotegmental area (Figure 4.5); lateral preoptic area (Figure 4.5) and all layers 
of the cerebellum (Figure 4.8).

In all cases the binding was highiy specific, ranging from 65% in areas of 
moderate density (e.g. dentate gyrus) to 88% in areas of high density such as the 
occipital cortex (percentages represent mean values of at least 10 measurements 
taken at random). Specific binding was aiways fuliy dispiaceable by uniabelied 
8814 or 8828.

109



Figure 4.8. Distribution of somatostatin binding sites in parasaggital sections of 
rat brain. The regional distribution of total (B & D) p2S|]Tyrii-SS14 binding is 
shown at two parasaggital planes (0.4 and 1.4 mm lateral to the midline, 
respectively) through the rat brain. Non-specific binding (defined as that 
displaced by 200 nM of unlabelled SSI4) is shown in (C) and corresponds to a 
section approximately midway between (B) and (C). Conventional emulsion 
images were analysed for relative optical density (ROD, 250 gray levels) and the 
density of binding assigned a pseudocolour according to the scale shown on the 
right where red = high binding site density and blue = low binding site density. 
The sections were each taken from the same animal, image contrast and 
highlight parameters were the same in each case. The anatomical detail 
corresponding to sections (B) and (D), as defined by the atlas of Paxinos and 
Watson (1986), is shown in line drawings (A) and (E), respectively. The 
calibration bar (bottom) applies to all autoradiographic sections.
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Figure 4.9 Somatostatin binding sites in the LC. Conventional emulsion images of [^^^l]Tyr^^-SS14 binding were analysed for relative 
optical density {ROD, 250 gray levels) and the density of binding assigned a pseudocolour according to the scale shown on the right where 
red = high binding site density and blue = low binding site density. (A): diagrammatic representation of the rat pons at bregma -10.04mm. 
(B) [■'25|]Tyr‘’‘'-SS14 binding in the absence of any displacing ligand (total binding). (C) [^^^l]Tyr^^-SS14 binding in the presence of 200nM D- 
Trp®-SS14 (non-specific binding). Note that all of the [^25|]jyrii.ss i4  binding was localised specifically in the LC.
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Figure 4.10 Distribution of somatostatin binding sites in the pituitary. The figure shows the localisation of somatostatin binding sites in a 
coronal section through the pituitary. The diagrammatic representation on the left shows the relative positions of the adenohypophysis 
(anterior pituitary, AP) and neurohypophysis (posterior pituitary, PP). Binding site density is represented in pseudocolour according to the 
scale on the right of the figure, where red = high density, blue = low density. Total and non-specific (defined as the binding remaining in the 
presence of 200nM D-Trp®-SS14) are shown on adjacent sections, note the highest density of sites is in the anterior lobe.



Table 4.1. Regional comparison of relative somatostatin binding site densities in
regions of the rat brain and pituitary.

Brain region Binding
site

density

Cerebral cortex:
superficial layers 
deep layers +++

Hippocampus:
CA1
CA2
CA3
CA4
dentate gyrus

+++

Subiculum: +++

Thalamus:
medial habenula 
other thalamic nuclei

+++

Hypothalamus:
arcuate nucleus 
anterior hypothalamus 
ventromedial nucleus 
posterior hypothalamus 
dorsomedial nucleus 
paraventricular nucleus

+
+

+ /-

+
+
++

Basal ganglia:
substantia nigra 
ventral tegmental area 
basolateral amygdala +++
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Table 4.1, continued.

Brain region Binding
site

density

interpeduncular nucleus:
paramedian region 
inner sub-nuclear region

++/+++ 
+

Coliiculae: superior superficial layers 
superior deep layers 
inferior superficial layers 
inferior deep gray layers

+++
+
+++
+

Caudate putamen:
Globus pallidus: 
Substantia innominate: 
Lateral preoptic area: 
Anterior olfactory nucleus: 
Lateral olfactory tract: 
Taenia tecta:

++

Pons: locus coeruleus 
medial vestibular nucleus

+++

Cerebellum:

Pituitary: anterior lobe 
posterior lobe

+ /-

+++

Binding site densities were rated semi-quantitatively according to the following 
scheme: +++ = high density; ++ = moderate density, + = low density; 
- = background (non-specific) levels of binding. In some cases the density of sites 
appeared to lie between two categories, in such instances both ranges are 
indicated and separated by an oblique (/).
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4.3.6. Inhibition curves for the displacement of p25|]7yj-ii.ssi4 binding by
somatostatin anaiogues.

The potencies of seglitide, octreotide and somatuiine were compared to SS14 and 
SS28 for their abiiity to dispiace radioiabeiied somatostatin binding from the 
occipital cortex, hippocampus (CA1 subfield and dentate gyrus), LC and anterior 
pituitary. The regional determination of the extent of tracer binding from 
autoradiograms was used to generate concentration-inhibition curves for each of 
the above peptides.

iOso values for the displacement of p25|]7yrii_ssi4 by uniabelied SS14 did not 
differ significantly (P > 0.05) between the occipital cortex, GA1 region of the 
hippocampus, dentate gyrus, LG and pituitary. SS28 was significantly (P < 0.05) 
more potent (range 3.8- to 4.7-fold, Table 4.2) than SS14 in ail areas with one 
notable exception, the LG, where the difference between SS14 and SS28 IG50 

values failed to reach statistical significance (P> 0.05).

Comparison of the displacement curves for seglitide, octreotide and somatuiine 
revealed more striking regional variations in potency. In the LG (Figure 4.11) the 
short-chain, constrained analogues displaced all of the [i^l]Tyrii-SS14 binding 
(Figure 4.13D) with a comparable IG50 to the full length peptides, SSI 4 and SS28. 
The situation was similar in the pituitary (Figure 4.11) in as much as tracer binding 
was completely displaceable (Figure 4.13E) but the potency of the displacing 
ligands had a different rank order to that seen in the LG (Table 4.2, Figure 4.14).

Displacement of radioligand binding in the GA1 region of the hippocampus was 
more complex (Figure 4.12). Seglitide and octreotide had similar characteristics, 
their inhibition curves were best described by a curve-fitting model which 
assumed a population of two non-interacting sites with different affinities (Figure
4.1 SB). These two short-chain anaiogues each displaced approximately 40% of 
total radioligand binding with high affinity (~ 1-3 nM, Table 4.2), the curve-fitting 
procedure predicted an affinity in excess of 1 pM at the resistant sites. 
Somatuiine only weakly displaced the radioligand in GA1 (approximately 43% 
inhibition at 1 pM, Table 4.2, Figures 4.12 and 4.13), this being in marked contrast 
to the situation in the pituitary and LG, where somatuiine possessed comparable 
potency to the other short-chain anaiogues.
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Figure 4.11 Displacement of radiolabelled somatostatin binding to LC and pituitary by D-Trp8-SS14 and somatuiine.. Radioligand binding is 
shown as pseudocolour images in which an increasing density of binding sites is represented by increasing relative optical density (ROD), as 
shown on the scale bars to the right of the figure (A) Left = binding of [i25|]Tyrii-SS14 to LC in the absence of any competing ligand (i.e. 
total binding), centre = tracer binding remaining in the presence of 200nM D-Trp®-SS14 (i.e. non-specific binding), right = tracer binding 
remaining in the presence of SOOnM somatuiine. (B) Left = binding of [i25|]Tyrii-SSi4 in the absence of any competing ligand, centre = 
tracer binding remaining in the presence of 200nM D-Trp®-SS14, right = tracer binding remaining in the presence of SOOnM somatuiine. Note 
that both D-Trp8-SS14 and somatuiine displace similar amounts of [i25|]Tyrii-SS14 binding from both LC and pituitary.



m
i

«

Figure 4.12 Displacement of radiolabelled somatostatin binding from hippocampus and cortex by D-Trp®-SS14, seglitide and somatuiine. 
Radioligand binding is shown as pseudocolour images in which an increasing density of binding sites is represented by increasing relative 
optical density (ROD), as shown on the scale bars to the right of the figure (A) Left = binding of [i2S|]Tyrii-SS14 in the absence of any 
displacing ligand (i.e. total), centre = tracer binding remaining in the presence of 200nM D-Trp®-SS14, right = tracer binding remaining in the 
presence of IpM seglitide. (B) Left = binding of [i^l]Tyri^-SS14 in the absence of any displacing ligand, centre = tracer binding remaining in 
the presence of 200nM D-Trp®-SS14, right = tracer binding remaining in the presence of IpM somatuiine. Note that virtually all r^l]Tyr^^- 
SS14 binding is displaced by the tetradecapeptide analogue D-Trp®-SS14, but that appreciable levels of binding remain in the cortex and 
particularly the CA1 region of the hippocampus in the presence of either seglitide or somatuiine. Coronal sections were taken approximately 
3.3mm posterior to bregma, refer to Figure 4.5b for anatomical detail.
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Figure 4.13. Displacement curves for the inhibition of somatostatin binding by 
somatostatin peptide analogues. Slide-mounted tissue sections were incubated 
with approximately 50 pM [^^l]Tyri^-SS14 alone or in combination with increasing 
concentrations of competing ligands: 8814 ( y  ); 8828 ( 4  ); seglitide ( ■  ); 
octreotide ( • )  or somatuiine (A) .  The amount of radioligand bound at each 
displacer concentration was quantified by densitometry in (A) OccOx; (B) 
hippocampal CA1 region; (C) dentate gyrus; (D) LC and (E) pituitary. Lines 
represent 'best fit' computations through pooled data points (in most cases 5 
values per concentration per curve, see Table 4.2). The individual data points 
have been omitted for clarity and the curves are shown with the corresponding 
mean values (error bars are not shown but never exceeded 15% of respective 
mean).
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Table 4.2. Comparison of the potency of somatostatin-receptor agonists in 
displacing p2S|]Tyrii-SS14 binding from several brain regions 

and anterior pituitary.

OCCIPITAL
CORTEX

CM DENTATE LOCUS PITUITARY 
COERULEUS

SS14

IC50

MD
n

SS28
IC50

MD
n

Seglitide
IC50

MD
n

Octreotide
IC50

MD
n

Somatuiine

IC50

MD
n

3.0 (2.5-3.G) 2.3(1.6-4.6) 2.1 (1.6-2.8) 1.4(1.1-1.7) 1.4(1.1-1.7)
100(97-100) 100 (97-100) 100 (97-100) 99 (94-100) 99 (94-100)

5 5 5 3 6

0.9 (0.7-1.1) 0.6 (0.4-0.8) 0.4 (0.2-0.5) 2.9 (2.0-3.8) 0.4 (0.3-0.5)
100 (99-100) 100 (97-100) 100 (96-100) 99 (91-100) 100 (99-100)

5 4 5 4 5

2.7 (2.0-3.4) 2.5(1.1-3.9)* 2.2 (1.6-2.8) 2.4(1.4-3.4) 3.1 (2.5-3.7)
82(75-86)* 42(37-47)* 94(89-98) 100 (94-100) 98(95-100)

5 5 4 5 4

9.5 (7.7-11.3) 0.6 (0.2-1.0)* 5.2 (3.6-6.8) 6.2 (5.2-7.2) 2.1 (1.6-2.6)
93(89-96)* 28(24-32)* 95 (89-100) 96(92-99) 92(88-96)

5 5 5 5 5

215 (93-338) - 71 (0.8-150) 3.5(1.5-5.5) 0.9 (0.8-1.0)
74(55-92) - 95 (89-100) 100 (87-100) 100 (99-100)

5 4 4 8 7

IC50 values (nM) were obtained from best-fit lines computed through ail of the 
individual data points, 95% confidence limits in parentheses. MD = Maximum 
displacement (%) of radioligand at 1 pM (except *, see below), values from fitted lines 
with 95% confidence limits in parentheses. *These iCso values represent the high 
affinity component of biphasic displacement curves in the C A 1, the low affinity 
component had predicted IC50 values of >2 pM and 0.8 pM for seglitide and 
octreotide, respectively (from fitted lines). * Maxi mum displacement values for the 
high affinity component of the displacement curve (from fitted lines), n = number of 
tissue sections, each froml a different animal.
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In the remaining two areas studied, i.e. the OccCx and dentate gyrus, the 
displacement of tracer binding by seglitide, octreotide and somatuiine appeared to 
iie between the two extremes represented by the CA1 on the one hand and the 
pituitary/LC on the other (Figure 4.13A & C and Table 4.2).

The opiate receptor antagonist, naioxone, failed to displace [^^\] Tyr^^-SS14 
binding to CA1, OccCx, dentate or pituitary at a concentration of 1 pM (data not 
shown).

OccCx; SS28 > seglitide = SS14 > octreotide »  somatuiine

CA1 : SS28 = octreotide > SS14 = seglitide »  somatuiine

Dentate: SS28 > SS14 = seglitide = octreotide »  somatuiine

LC: SS14 = seglitide = SS28 = somatuiine = octreotide

Pituitary: SS28 > somatuiine = SS14 = octreotide = seglitide

Figure 4.14. Summary of rank orders of potency for the displacement of 
radiolabelled somatostatin binding by somatostatin peptide anaiogues. The 
peptides have been arranged from ieft to right according to their potencies in 
dispiacing p25|]jyrii_ssi4 binding from various brain regions and pituitary. The 
potencies (IC50 values) were derived from the curve-fitting routine and are as 
listed in Tabie 4.2. The meaning of the various symbois is as foilows: > significant 
difference in potency; = no significant difference in potency; * P < 0.02; 
** P < 0.01; *** P < 0.001. The potency of somatuiine on the CA1, OccCx, and 
dentate was dearly weaker than that of the other peptides. In the latter two areas 
the data was not adequately described by a rectangular hyperbolic function, the 
IC50 vaiues must, therefore, be regarded as approximations and the statistics 
considered accordingiy. Concentrations of somatuiine were not taken high 
enough in the CA1 to enabie an IC50 estimation. The potendes of the 
somatostatin peptides in both the LC and pituitary were simiiar and generaiiy the 
differences faiied to reach statistical significance between adjacently ranked 
peptides, the arrows indicate significant differences between pairs of peptides.

121



4.4. DISCUSSION.

4.4.1. Distribution of binding sites in the rat brain.

These experiments cleariy demonstrate that somatostatin is extensively but not 
evenly distributed throughout the rat brain, and as such suggests that the peptide 
may influence information processing at specific neural locations. A detailed 
analysis of the topography of somatostatin binding sites revealed many similarities 
to previously published reports.

4.4.1.1. Cerebral cortex.

A high density of somatostatin binding sites was evident throughout the cerebral 
cortex at all rostro-caudal levels. The laminar distribution was quite striking, the 
highest number of binding sites occurred in the deeper cortical layers with more 
modest levels in the superficial laminae. No attempt was made to differentiate 
between the various cortical layers in the present study, but the pattern of binding 
appears to agree closely with previous suggestions, the binding in the deep layers 
corresponding to laminae V/Vi and the lower levels of binding in the superficial 
layers corresponding to laminae i, II and III. A similar, if not identical, distribution 
has been previously described for various somatostatin radioligands including 
[i25|]Tyrii-SS14 (Uhl eta!., 1985; Katayama eta!., 1990), V^\]Tyr^ D-Trp8-SS14 
(Leroux and Pelletier, 1984; Leroux et a!., 1985; Krantic et a!., 1990), [^^IjTyr^- 
SS14 (McCarty and Plunkett, 1987) and p25|]Tyrii-SS28 (Uhl et a!., 1985; Reubi 
et a/., 1987). A number of reports have suggested that lamina IV has a lower 
density of binding sites than either III or V and, therefore, appears as a receptor 
deficient zone separating the superficial and deep cortical layers (Uhl et a/., 1985; 
Reubi and Maurer, 1985). Upon first inspection this seemed not to be the case in 
the present experiments, but it appears as though a region of lower density, 
probably corresponding to lamina IV, may have been obscured by the intensity of 
the binding in adjacent laminae. Under certain conditions e.g. when the majority 
of cortical binding was displaced by short-chain analogues such as seglitide or 
octreotide, a band of lower density may be seen separating the outer and inner 
cortical layers (Figure 4.12).

The topographical distribution of binding sites in the rat cortex closely parallels the 
laminar distribution of immunoreactive somatostatin-containing cell bodies and 
fibres (see Chapter 1, Section 1.4.1). Small and medium-sized bipolar and tufted
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cells form the major class of somatostatin positive cells in the cortex (Morrison et 
al., 1983; Johansson eta!., 1984; Meinecke and Peters, 1986; but see Hendry et 
a!., 1984); these neurones are thought to be intrinsic intemeurones which project 
locally (Morrison et a!., 1983; Hendry et a!., 1984). It is interesting to note, 
however, that both Morrison et al. (1983) and Bennett-Clarke et al. (1980) also 
found a number of pyramidal cells to be somatostatin immunopositive. These 
cells are likely to project much further and may form the basis of the cortico- 
cortical pathway sending fibres through the contralateral subcortical white matter 
up to the supragranular layers and then branching extensively (Morrison et al., 
1983). It is conceivable that such a network may give rise to a proportion of the 
binding sites seen in the superficial layers of the cortex, although the very 
existence of somatostatin positive pyramidal cells has been refuted by other 
investigators (Johansson etal., 1984; Hendry etal., 1984).

4.4.1.2. Hippocampus.

The high density of binding sites in the hippocampal formation is in agreement 
with previous reports in the literature, but there are certain points which remain 
contentious. In the present experiments the binding sites were located in CA1 
and ended abruptly at the border with area CA2, this is in agreement with the 
observations of several other groups (Uhl et al., 1985; Reubi et al., 1986; 
Katayama et al., 1990; Krantic et al., 1990; Martin et al., 1991). However, there 
are other reports which claim that the binding extends into CA2 (Tran etal., 1984; 
Gulya et al., 1985; Epelbaum etal., 1985; McCarty and Plunkett, 1987). The 
most parsimonious explanation for these differences is that they are likely to be 
due to differences in interpretation regarding the precise anatomical boundaries of 
the hippocampal CA subfields. There is also some dispute as to whether 
somatostatin receptors are present in the pyramidal cell body layer. 
Immunohistochemical studies have identified somatostatin positive cells in the 
strata radiata and oriens which apparently range considerably in size and can be 
seen in close association to the pyramidal cell layer without themselves being 
classifiable as pyramidal (Johansson et al., 1984). Careful inspection of the 
autoradiograms in the present study suggested that binding site density is low in 
the pyramidal cell layer, this was clearer in certain photographic plates than others 
(e.g. Figure 4.7) and was particularly obvious in under-exposed films where the 
resolution was not compromised by the intensity of the adjacent binding. The 
present findings are more in line with those suggesting that the receptors are 
predominantly in the strata oriens and radiata (Tran et al., 1984; Uhl et al., 1985;
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Gulya et al., 1985) and not, as suggested by Epelbaum et ai. (1985), on the 
pyramidal cell bodies.

Binding in the dentate gyrus was most dense in the granule cell layer; in relative 
terms this was generally less than that seen in the CA1 area. Numerous 
somatostatin immunopositive cell bodies are found in the dentate hilar region 
(Bakst etal., 1986; Sloviter and Nilaver, 1987; Obata-Tsuto, 1987; Leranth and 
Frotscher, 1987; Amaral et al., 1988; Kosaka et al., 1988). These hilar cells are 
known to send projections through the granule cell layer to the molecular layer 
(Amaral, 1978) where there is a dense accumulation of somatostatin 
immunoreactive fibres (Johansson et al., 1984; Bakst et al., 1986; Sloviter and 
Nilaver, 1987). The present experiments suggest that many of these fibres may 
synapse in this region with the mossy fibres of granule cells. Indeed, from the 
well established neuroanatomy of the hippocampal formation (Andersen, 1987; 
Witter 1989) it appears as though these somatostatin intemeurones are in a 
commanding position from which they may exert an influence over the major 
cortical inputs into the dentate gyrus and the pyramidal cells of the hippocampus 
'proper'. It is also interesting to note that they appear to be selectively vulnerable 
to ischaemic insults. Sloviter (1987), for example, has shown that perforant path 
stimulation produces a seizure-induced selective loss of hilar somatostatin- 
positive intemeurones and has suggested, along with Johansen etal. (1987), that 
these cells form excitatory synapses on the GABAergic granule cells. Thus, the 
loss of these somatostatin intemeurones is presumed to result in a decreased 
GABAergic tone and concomitant hyperactive excitatory focus in the dentate 
gyrus, this being responsible for the post-ischaemic CA1 pyramidal cell death.

There are a considerable number of projections from the hippocampus to both 
cortical and subcortical structures including the entorhinal cortex, the amygdala, 
the nucleus accumbens, the septum and the hypothalamus. The subiculum 
provides a conduit for much of this efferent traffic (Bayer, 1985; Witter, 1989). 
There is also a significant afferent input into the subiculum, it is interesting that 
many of these projections arise from areas which also contain high densities of 
somatostatin binding sites e.g. the LC, the basolateral amygdala, the perirhinal 
cortex and from the CA1 area. The high density of somatostatin binding sites 
found throughout the entire subicular complex suggests that the peptide may 
influence the way in which information is processed in this major communication 
centre.
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4.4.1.3. Thalamus.

Most of the thalamic nuclei, with only a few notable exceptions, contained modest 
or even background levels of binding. Of those regions which did show 
appreciable [^25|]7yrii_ssi4 binding, the medial habenula was the most 
prominent. Virtually all cells within this nucleus stain positively for choline 
acetyltransferase [ChAT] (Sofroniew et a!., 1985). Interestingly, the cholinergic 
cells of the medial habenula may project to the interpeduncular nucleus which not 
only contains one of the highest ChAT levels in the brain, located in fibres and 
terminals (Paxinos and Butcher, 1985), but also has a significant somatostatin 
binding site density. This association implies that somatostatin may modify 
cholinergic function in these brain regions, this hypothesis is supported by the 
demonstration of a functional antagonism between somatostatin and acetylcholine 
in other brain regions, e.g. the hippocampus (Eva and Costa, 1987; see further 
discussion in Chapter 1, Section 1.7.1).

4.4.1.4. Hypothalamus.

None of the hypothalamic nuclei showed a particularly high density of 
somatostatin binding sites in contrast to their extensive immunoreactivity. The 
paraventricular nucleus showed modest binding, the dorsomedial and anterior 
hypothalamic nuclei possessed low densities and the remaining nuclei were 
radiolabelled at a level which was not appreciably different from background. The 
reason for the obvious mismatch with the immunohistochemistry may be due to 
the high level of occupancy of the receptors in these hypothalamic nuclei by 
endogenous somatostatin. A number of investigators have circumvented this 
problem by pre-incubating the tissue sections with GTP to convert the state of the 
receptor from high to low affinity and thereby induce dissociation of bound 
endogenous ligand (Leroux et al., 1988; Bertherat et al., 1991). Others have 
depleted endogenous somatostatin by the administration of cysteamine in vivo 
prior to killing the animal and preparing the tissue sections (Bertherat et al., 1991). 
In the present series of experiments the tissue sections were extensively washed 
for 1h in buffer lacking Mĝ + ions, this manipulation should have resulted in 
dissociation of any bound ligand and did, indeed, result in a significant increase in 
specific binding (Figure 4.2). However, neither this nor pre-incubation with GTP 
(data not shown), resulted in unmasking additional binding sites.
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The reasons for these discrepancies are unclear. Even when the GTP 
'desaturation’ used by others has resulted in the appearance of more binding 
sites, the relative density of sites in the hypothalamic nuclei has not approached 
that seen in other regions of the brain such as the amygdala, LC, regions of the 
cortex and hippocampus. One possible explanation may be that the cells of the 
hypothalamus express a particular somatostatin receptor subtype and the reason 
they show relatively poor labelling in most studies may be the consequence of 
inappropriate ligands having been used. Indeed, Leroux et al. (1988) have 
demonstrated that certain hypothalamic nuclei, particularly the paraventricular 
nucleus, appear to show a preferential labelling by Leu®-D-Trp22.[i25|]jyr25_ss28 
compared to ^l]Tyr^-D-Trp^-SS 14, suggesting that there may be distinct SS28- 
preferring receptors in parts of the hypothalamus. Even if this were to be the 
case, however, it would not explain the relative paucity of binding sites in the 
remaining hypothalamic nuclei. Yet, somatostatin clearly plays a crucial role in 
the neuroendocrine processes which are centred in the hypothalamus. This may 
indicate that hypothalamic receptors are more effectively coupled than those in 
other regions of the brain, or perhaps the very high densities seen in other regions 
reflects a degree of receptor reserve. Regional variations in the ratio of receptors 
to endogenous somatostatin may be further exacerbated if there are regional 
differences in the amount of somatostatin contained within terminal boutons, as 
has been suggested by Johansson at ai. (1984).

4.4.1.5. Basal ganglia.

The basolateral nucleus of the amygdala was the only member of the basal 
ganglia to show appreciable and consistent high densities of binding sites. The 
substantia nigra and ventral tegmental area showed only background levels of 
binding, despite the fact that others have detected modest levels of binding within 
the former (Leroux and Pelletier, 1984; Tran etal., 1984; Gulya etal., 1985; Uhi et 
al., 1985; Katayama etal., 1990; Martin etal., 1991).

The appearance of appreciable binding site densities in the basolateral amygdala 
is in agreement with other reports (Leroux and Pelletier, 1984; Uhi et al., 1985; 
McCarty and Plunkett, 1987; Katayama etal., 1990; Krantic etal., 1990; Martin et 
al., 1991). However, Tran et al. (1985) suggested that the binding sites were 
located in the central amygdaloid nucleus and Epelbaum et al. (1985) claimed 
that both the medial and basolateral subdivisions were labelled. These
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ambiguities may refiect nothing more than differences in interpretation as to the 
precise location of the anatomical boundaries separating the nuclear subregions.

The remaining components of the basal ganglia circuitry, i.e. the striatum, globus 
pallidus, nucleus accumbens and subthalamic nuclei, were found to contain low 
binding site densities, despite the fact that somatostatin-like immunoreactivity has 
been found in many of these regions (see Chapter 1, Section 1.4.1).

4.4.1.6. Pons.

Most of the pons showed only background levels of binding. However, two 
pontine nuclei, the medial vestibular nucleus and the LC, had high to moderate 
binding site densities. The LC is particularly interesting since this nucleus is the 
major, if not the only, source of noradrenergic efferents to the cerebral cortex (see 
review by Amaral and Sinnamon, 1977) and to the molecular layer of the dentate 
gyrus (Witter, 1989). There are also substantial projections from the ventral LC to 
the peri and paraventricular nuclei, both of which are also rich in somatostatin 
positive immunoreactivity (Hokfeit etal., 1974; Krisch, 1979; Bennett-Clarke etal., 
1980; Crowley and Terry, 1980; Palkovits etal., 1980; Finley et al., 1981). Bluet- 
Pajot et al. (1992) have provided strong evidence to suggest that this pathway 
may be involved in the control of GH secretion, noradrenergic efferents from the 
LC appear to exert an indirect inhibitory effect via periventricular somatostatin 
neurones. Finally, there is a projection from the dorsal LC to the cerebellum 
(Amaral and Sinnamon, 1977).

in the present experiments the binding in the LC was amongst the most intense in 
the brain and remained so throughout the rostro-caudal extent of the nucleus. 
Not surprisingly, several other laboratories have reported similar findings (Gagne 
etal., 1990; Epelbaum etal., 1990; Moyse etal., 1992). Gagne etal, (1990) 
examined the binding of [^^IjTyr^-D-Trp^-SSM and found that there was a close 
association between binding and tyrosine hydroxylase immunoreactivity 
throughout the extent of the LC. Both Gagne et al. (1990) and Epelbaum et al. 
(1990) have demonstrated that 6-OHDA-induced lesions of the catecholamine 
ceils was associated with a concomitant loss of somatostatin binding. Destruction 
of the noradrenergic fibre bundles resulted in only a partial loss of LC 
somatostatin binding, suggesting that the rostrally projecting LC neurones 
account for only a subpopulation of the total somatostatin-labelled LC cells and.
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by inference, that the somatostatin binding sites are probably located on the vast 
majority of LC cells regardless of their projection fields (Epelbaum etal., 1990).

The LG represents an example of a mismatch between autoradiographical and 
immunohistochemical findings. There are comparatively few somatostatin positive 
cell bodies or fibres within the LC and the periaqueductal grey matter (Cooper et 
ai., 1981; Finley etal., 1981; Johansson etal., 1984). Some of the neighbouring 
stmctures such as the nucleus of the mesencephalic tract of the trigeminal nerve 
and parts of the adjacent central grey medial and ventral to the LC, contain 
moderate somatostatin immunoreactive material (Sutin and Jacobowitz, 1988). It 
is possible, therefore, that these subcoerulear cells may supply a somatostatin 
input into the LC. There are relatively few long projections to the LC, the two 
major inputs arise from the paragigantocellularis and prepositus hypoglossi nuclei 
of the medulla together with a possible minor innervation from certain caudal 
hypothalamic nuclei (Mizuno and Nakamura, 1970; see also review by Amaral and 
Sinnamon, 1977), particularly the paraventricular (Aston-Jones et al., 1986) and 
ventromedial nuclei (Saper et al., 1975). Somatostatin immunoreactive material 
has been demonstrated in the neurones of these hypothalamic nuclei (Hokfeit et 
al., 1974; Krisch, 1979; Bennett-Clarke et al., 1980; Crowley and Terry, 1980; 
Palkovits et al., 1980; Finley et al., 1981) and it is tempting to speculate that they 
may contribute to the somatostatin input into the LC.

4.4.1.7. Pituitary.

The dense accumulation of somatostatin binding sites in the anterior lobe of the 
pituitary was expected in view of the known effects of the peptide on the release 
of several pituitary hormones. The binding sites were located specifically in the 
anterior lobe or adenohypophysis, this is supported by a similar autoradiographic 
localisation demonstrated previously by Reubi and Maurer (1985). The 
adenohypophysis consists of five different secretory cell types (Labrie et al., 
1980), each responsible for the release of specific hormones (given in 
parentheses): gonadotrophs (LH and FSH); thyrotrophs (TSH); lactotrophs (PRL); 
somatotrophs (GH) and corticotrophs (ACTH). From what is known about the 
effects of somatostatin on the secretion of these hormones (Vale et al., 1974; 
Drouin etal., 1976; Sheppard etal., 1979; Labrie etal., 1980) it may be assumed 
that the binding sites identified in these experiments were located on three of 
these five secretory cell types: somatotrophs, thyrotrophs and lactotrophs. The 
selectivity for these specific cell types has been confirmed by the In vivo injection
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of radiolabelled SS28 and subsequent removal and ultrastructural examination of 
the iocation of the tracer in sections of pituitary, no binding sites were found to be 
associated with either corticotrophs or gonadotrophs (Morei etal., 1985). It is also 
interesting to note that somatostatin-like materiai has been demonstrated to be 
present within secretory granules and cytoplasm of somatotrophs, lactotrophs and 
thyrotrophs (Morel of a!., 1985; Mesguich et a!., 1988). The physiological 
relevance of internalised receptors is unciear, but the observations imply that, in 
addition to its actions mediated by membrane bound receptors, the peptide may 
act on cytoplasmic components and the nucieus from which it may exert further 
influences over secretory process and, possibly, gene transcription.

4.4.2. Regional analysis of the distribution of somatostatin receptor subtypes.

The use of agonists to define receptor heterogeneity presents certain problems, 
particularly if the agonist is not entirely selective and the suspected receptor 
subtypes exist together as a mixed population in the same tissue. However, 
whilst recognising the iimitations of this approach (see further discussion in 
Chapter 7), the present data suggest a mixed population of somatostatin- 
receptors may exist in severai rat brain areas and are in agreement with the 
original observations of Reubi (1984) and Tran et ai. (1985). The case for 
receptor heterogeneity was most striking in the GA1 region of the hippocampus 
where oniy 25-35% of the total receptor population (representing the SSa 
component as defined by Tran et a!., 1985 or the SSi as described by Reubi, 
1984 ) had a high affinity for octreotide and seglitide.

In the cortex and dentate gyrus the proportionality appears to be somewhat 
different with the majority of the sites (80-90% in the cortex, 95% in the dentate) 
being the high affinity or SSa subtype. Cortical somatostatin binding sites have 
been the subject of several previous studies, but there is disagreement as to the 
relative proportion of high and iow affinity sites. Thus, Tran et al. (1985) found 
approximately 50% of sites to be of the iow affinity SSb subclass. The present 
results compare more favourably with those of Krantic et al. (1990) who found 
approximately 86% of p^ l] Tyr^  ̂SSI 4 binding to deep layers of occipital cortex to 
be of the high affinity SSa or SSi subclass. It is not surprising that differences in 
SSa-'SSb binding site proportionality have been quoted for the cortex, not oniy 
because of its iaminar structure but because the reiative area occupied by each 
lamina varies between corticai regions. The situation is further compounded by 
data in the literature generated from conventional homogenate binding assays
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which do not possess the same degree of resolution associated with the 
autoradiographic approach.

By comparing the degree of displacement of [i2S|]Tyi^-D-Trp^-SSI 4 binding by 
octreotide independently in the superficial and deep corticai layers, Krantic et al. 
(1990) have suggested that the superficial layers generally show a higher 
proportion of SS2 receptors whilst the deep layers contain more of the SSi 
subtype. Reubi et al. (1987) have also shown a differential distribution of 
somatostatin receptors within the various laminae of the human cortex. These 
authors have shown that the density of SSi receptors, defined using the selective 
radioligand, p25|]$Ms 204-090, is particularly prominent in human cortical laminae 
V and Vi, whèreas SS2 receptors are preferentially located in lamina IV with lower 
but still reasonable levels in laminae I, V and VI. Further experiments will be 
required to confirm these findings and it will be interesting to determine whether 
somatostatin receptor subtypes are preferentially associated with the different 
types of synapse, i.e. symmetrical vs. asymmetrical, both of which are known to 
be associated with somatostatin neurones in the cortex (Hendry etal. 1984).

The concept of somatostatin-receptor heterogeneity is not one of universal 
acceptance. Moyse et al (1989) have shown octreotide (IpM) to fully displace ail 
[i25|]jyr0.p_Trp8-ss14 binding in both frontal cortex and hippocampal CA1 regions 
and with monophasic displacement curves. These authors suggest that the lack 
of topographical differences in octreotide binding sites found in their experiments 
argues in favour of different affinity states rather than different receptors. This 
might occur, for example, if the receptor showed regional variations in the extent 
of GTP coupling which may effect the affinity of one agonist to a greater extent 
than another. Clearly, even in the case of the present experiments this 
explanation remains a possibility and will always represent a credible alternative 
argument when attempting to define receptor differences with agonists. However, 
whilst unequivocal evidence demonstrating fundamental differences in receptors 
remains elusive there is, equally, no published evidence to support regional 
variations in GTP coupling to somatostatin receptors. Undoubtedly, the use of 
potent, selective and competitive somatostatin antagonists would overcome many 
of these problems and uncertainties.

The results with somatuiine confirm the original observations of Heiman et al. 
(1987), based on homogenate binding experiments, which showed this peptide 
analogue to be 1000-fold selective for the pituitary binding site compared to that in

130



the cerebral cortex. The present data show somatuiine to be the most potent of 
the short-chain analogues in displacing p25|j Tyr^^-SS14 binding from the pituitary 
and the weakest, by far, in the hippocampus and cortex (Table 4.2). Surprisingly, 
somatuiine was also extremely potent at displacing radiolabelled somatostatin 
binding in the LC. However, when compared to other competing ligands, the rank 
order of potency was different to that seen in the pituitary. This suggests that the 
binding sites in these two tissues may be different but the magnitude of the 
differences were not large enough to support a definitive conclusion in this regard. 
However, recent autoradiographic studies published by Martin et al. (1991) 
appear to support this contention since another peptide analogue of somatostatin, 
CGP23-996, bound with high affinity to anterior pituitary but showed no affinity 
whatsoever for the site in the LG.

Taken together, these data appear to indicate that, contrary to previous 
suggestions, neither the site in the LC (Gagne at a/., 1990) nor that in the pituitary 
(Tran et a/., 1985) can be the same as the high affinity (SSa or SSi) site in the 
cortex.

The region of SSI 4 which comprises the pharmacophore involves residues Phe^- 
Trp®-Lys®-Thr °̂ (Veber et a/., 1979). This region is essentially conserved in all 
short chain analogues with only minor modifications around Trp®-Lys®, the latter 
being a fundamental requirement for activity (see Chapter 1, Section 1.6.2). 
Thus, seglitide, octreotide and somatuiine differ more significantly in substitutions 
around this region. As is evident from the present experiments, the effects of 
such substitutions in the case of seglitide and octreotide do not appear to have 
resulted in any obvious differences in the binding sites recognised by these 
peptides. The more profound differences in affinity seen with somatuiine can be 
attributed to a single modification at a site distal to the central sequence, in this 
instance at the C-terminal (Heiman et a/., 1987). Whilst this offers hope for the 
development of other somatostatin-receptor-selective ligands, it is also recognised 
that certain amino acid substitutions can also influence the selectivity of the 
resulting peptide. Consequently, several short-chain somatostatin analogues, 
including octreotide and somatuiine (Maurer et a/., 1982; Walker et a/., 1987), 
have been shown to have high affinity for opiate p-receptors. Such an effect is 
unlikely to explain any of the present findings, since the potent opiate p-receptor 
antagonist, naloxone, failed to displace ^^1] Tyrii-SS14 binding and does not 
antagonise the electrophysiological effects of short-chain somatostatin analogues 
in the LC (see Chapter 5).
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4.4.3. Comparison of autoradiography and homogenate receptor binding.

Under normal circumstances a close agreement would be expected between 
affinity constants generated from homogenate binding experiments and those 
obtained using autoradiography. The iOgo values for SS14, SS28, octreotide and 
somatuiine measured by the autoradiographic procedure generally agreed with 
those obtained from homogenate binding experiments but there were notable 
discrepancies. Autoradiographically, seglitide was less potent in displacing 
[i25|]jyrii_ssi4 binding from occipital cortex than found during experiments on 
homogenised cortical membranes (Table 3.3). In the present experiments there 
were several factors which, potentially, could explain this anomaly. The most 
serious of these was the non-equilibrium conditions employed for 
autoradiographic binding. It was anticipated that this might introduce significant 
differences in the estimated potency of compounds should their rate of 
association with the binding site be as slow as or slower than that of the 
radioligand itself. This may be expected to result in a measured affinity which 
would be lower than the compounds actual affinity at that site. The fact that 
radiolabelled seglitide is known to have a slow association rate (Martin et al. 
1991) tends to support this possibility. The second potential source of 
disagreement between the two techniques lies in the fact that the 
autoradiographic data were derived from specific brain areas whereas the 
membranes used in the homogenate experiments were taken from whole cortex. 
The possibility of regional differences in ligand affinities between cortical areas 
questions the validity of comparing the autoradiographically-derived occipital 
cortex data with that produced from homogenised whole cortex.

In conclusion, these experiments have provided further circumstantial evidence 
for somatostatin-binding site heterogeneity in the rat brain, assuming, implicitly, 
that the radioligand [‘'25|]Tyr‘*‘‘-SS14 recognises all sites with roughly equal affinity. 
Such an assumption seems justifiable by the apparently equal levels of binding to 
regions which show differing binding site proportionality e.g. occipital cortex and 
CA1, LC and pituitary, and by the ability of 8814 to displace tracer binding with 
similar affinity from all areas. The findings with the LC may have important 
implications for the currently adopted nomenclature for somatostatin-receptors. 
Neither the pituitary site nor that in the LC can be defined as 88b because all of 
the short chain analogues fully displace tracer binding with high affinity. 
Moreover, the high affinity binding sites in these two tissues appear to differ, not 
only from those in higher brain centres, but also from each other. The most
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plausible explanation is that somatostatin-receptor diversity may be more 
extensive than first envisaged and may not be adequately described by a simple 
SSa/SSb distinction. However, because ail of the peptides used in these 
experiments were agonists, the possibility that the observed differences 
represented different affinity states rather than different receptors, cannot be ruled 
out entirely.
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5. ELECTROPHYSIOLOGICAL STUDIES OF THE EFFECTS 

OF SOMATOSTATIN IN RAT BRAIN SLICES

5.1. INTRODUCTION.

The effects of somatostatin were studied on the electrical properties of neurones 
recorded from three areas within the rat brain: the VMH, the CA1 region of the 
hippocampus and the LC. The latter two regions were selected as areas of 
interest because of the high densities of somatostatin binding sites identified in 
the autoradiographic experiments discussed in Chapter 4. The VMH, which 
consistently showed a low density of binding sites in autoradiographic 
experiments, was chosen largely because of a serendipitous preliminary 
experiment which revealed a substantial inhibition by somatostatin of a 
spontaneously active neurone whilst examining the effects of another peptide, 
cholecystokinin (CCK) within that nucleus.

The low density of binding sites within the VMH (reviewed in Chapter 4) was not 
corroborated by several reports which suggested a functional role for somatostatin 
in certain recognised aspects of hypothalamic function. The established inhibition 
of GH secretion by somatostatin may, at least in part, be mediated by an action 
on VMH neurones (Bernadis and Frohman, 1971; Martin, 1972) as may the 
effects of the peptide on feeding behaviour (Ho etal., 1989). The VMH was also 
interesting because it appeared as though specialised neurones may subserve 
some of the diverse aspects of body function which were apparently influenced by 
this nucleus. Evidence in support of this contention was provided by both 
cytological (Takeichi and Noda, 1974; Millhouse, 1978; Van Houten and Brawer, 
1978) and electrophysiological (Murphy and Renaud, 1969; Minami et a!., 1986; 
Boden and Hill, 1988) studies which characterised neuronal diversity. More 
interesting, however, was the claim by Boden and Hill (1988) that the effects of 
CCK were restricted to a particular subset of VMH neurones. This suggested the 
possibility that a similar situation may also exist for somatostatin. At the same 
time, responses to the GABAb agonist, baclofen, which has also been implicated 
in VMH physiology (Addae et a/., 1986; Wood et a/., 1987) were compared to 
those of somatostatin. The rationale being to determine whether these two 
pharmacologically unrelated substances, which nevertheless have mechanistically 
very similar membrane effects, act on clearly definable neuronal types within the 
VMH.
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The LC is a compact group of neurones lying at the lateral margin of the pontine 
4th ventricle. As Is the case with the VMH, the LC contains a number of 
morphologically distinct neuronal types. The dorsal division of the nucleus 
consists of mainly medium-sized fusiform or bipolar neurones, but there are also a 
considerable number of larger pyramidal and multipolar neurones scattered 
throughout. Slightly smaller fusiform and multipolar neurones are reported to 
predominate In the ventral aspect (Swanson, 1976; Amaral and Sinnamon, 1977; 
Cintra, 1982). These morphological differences contrast with an apparently 
homogeneous pharmacology. LC neurones have been shown to be uniformly 
Inhibited by opiates (Korf et al., 1974; Pepper and Henderson, 1980), a- 
adrenoceptor agonists (Cedarbaum and Aghajanlan, 1976), baclofen (Osmanovic 
and Shefner, 1988), glycine (LuppI etal., 1991) and to be excited by SP (Guyenet 
and Aghajanlan, 1977).

The LC represents the major source of noradrenergic projections to other brain 
centres (see Chapter 4). These noradrenergic neurones appear to express a high 
density of somatostatin receptors (see Chapter 4) and previous studies have 
demonstrated a powerful Inhibition LC neuronal activity by somatostatin (OIpe et 
al., 1987; Inoue et a/., 1988). Commensurate with Its widespread anatomical 
connections, the LC has been Implicated In a diverse range of physiological 
functions Including: vigilance; cardiovascular regulation; food and water Intake; 
sleep and waking; stress and nociception (see extensive review by Amaral and 
Sinnamon, 1977).

Finally, the CA1 region of the hippocampus was chosen for study because of the 
high density of somatostatin binding sites. The hippocampus also offered several 
advantages over the preceding two brain regions, not least of which was the ease 
In which hippocampal pyramidal neurones could be successfully penetrated for 
electrophysiological studies. CA1 neurones, which are slightly smaller than their 
CA3/4 counterparts, are packed together In a dense band approximately three to 
four cell bodies deep. This cell body layer, or stratum pyramidale. Is easily 
discerned from the surrounding neuropil, even at relatively low magnification. 
Pyramidal neurones have both apical and basal dendrites. The apical dendrites 
emerge from the soma and traverse unbranched for quite a distance Into the 
stratum radlatum before branching extensively In the stratum moleculare 
(Andersen, 1987). The basal dendrites emerge from the neurone soma to form a 
dense network In the stratum oriens (Andersen, 1987).
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The well-organised synaptic pathways in the hippocampus also offered the 
possibility of studying the effects of somatostatin on synaptic transmission. 
Afferent fibres comprising the Schaffer collateral/commissural bundle run 
orthogonally to the CM apical dendrites through the stratum radiatum and form 
synapses en passage with the dendritic trees of many pyramidal neurones. 
These afferent contacts are excitatory, the most likely transmitter substances 
involved are thought to be the acidic amino acids, glutamate and aspartate (see 
reviews by Storm-Mathisen and Ottersen, 1984; Andersen, 1987). There are also 
a number of types of inhibitory intemeurone in the radiatum. Likely candidates 
include basket neurones which terminate on the soma of pyramidal neurones, 
chandelier neurones which terminate on the axon initial segment of CA1 
pyramidal neurones and stellate neurones which synapse with both the basal and 
apical dendrites independently (Andersen, 1987). All of these classes of 
intemeurones are considered to release GABA as their primary transmitter. 
However, there are also a significant number of intemeurones, particularly in the 
stratum oriens, which stain positive with somatostatin antisera (Sloviter and 
Nilaver, 1987; Obata-Tsuto, 1987). Some of these somatostatin intemeurones 
resemble classical basket neurones (Morrison et al., 1982) and about 90% of 
them also show GAD-like immunoreactivity, suggesting that they constitute a 
subpopulation of GABAergic intemeurones (Kosaka et a/., 1988). Ultrastnjctural 
studies have identified SS-IR varicosities in the pyramidal neurone layer itself, and 
some of these were considered to form synaptic contacts with the neurone bodies 
therein (Obata-Tsuto, 1987).

Of the three brain regions mentioned above, the hippocampus has undoubtedly 
received the most attention in terms of the electrophysiological effects of 
somatostatin. However, there are conflicting claims regarding the effects of the 
peptide on hippocampal neurones. Renaud et al. (1975) first demonstrated an 
excitatory effect of iontophoresed somatostatin on hippocampal neurones in 
anaesthetised rats. This was followed shortly after by Dodd and Kelly's (1978) 
demonstration of an excitation of rat CA1 neurones In vitro by iontophoresed 
somatostatin. A depolarizing response was recorded from rabbit CA1 neurones In 
vitro following pressure ejections of somatostatin onto pyramidal cell bodies, but 
both depolarizing and hyperpolarizing responses were obtained when the peptide 
was applied to the dendrites (Mueller et al., 1986; Scharfman and Schwartzkroin, 
1988). In contrast, consistent hyperpolarizing responses have been reported 
following bath applied (Pittman and Siggins, 1981; Watson and Pittman, 1988b) or
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iontophoresed (Mancilias et al., 1986) somatostatin peptides to rat hippocampal 
slices.

The effects of somatostatin on cerebrocortical neurones appears to be 
predominantly excitatory. Thus, when applied by iontophoresis to the cerebral 
cortex of conscious rabbits (Ioffe at a!., 1978) or anaesthetised rats (OIpe et ai., 
1980) somatostatin has been demonstrated to cause depolarization. However, 
the response obtained may depend on the type of neurone involved. Phillis and 
Kirkpatrick (1980) reported mixed effects in the motor cortex of anaethetised rats, 
corticospinal neurones were exclusively depolarized by iontophoresed 
somatostatin whereas other unidentified neuronal cell types were either excited 
(42%) or depressed (33%). Arguably the most definitive electrophysiological 
study has come from Dichter's Laboratory in which the effects of SSI 4 and SS28 
were studied on mouse cultured cortical neurones. These workers have reported 
that SSI 4 hyperpolarizes cortical neurones, whereas SS28 depolarizes. There 
were instances of both of these opposing effects being recorded from a single 
neurone and in all cases the response was abolished by pertussis toxin pre
treatment (Wang et a!., 1991). Patently, this suggests the possibility of different 
receptor subtypes with differing affinities for the two forms of somatostatin and 
may go some way to explaining the apparently contradictory effects described 
above, particularly in those experiments involving iontophoresed peptide where 
the actual concentration reaching the cell membrane is unknown.

It would appear, therefore, that the electrophysiological effects of somatostatin 
peptides are complex and at first sight, contradictory. However, leaving aside the 
possibility of selective receptor subtypes for SSI 4 and SS28, which still awaits 
independent confirmation, there are several other explanations for the observed 
ambiguities. Species and methodological differences may account for some of 
the discrepancies. The method of peptide application, in particular, warrants 
further comment. There is no way of knowing for certain the precise
concentration of drug at the cell membrane following iontophoretic ejection, it 
remains a distinct possibility that very localised, high concentrations of peptide 
may give rise to apparently opposite effects on different neurones. The possibility 
of indirect effects, particularly in in vivo experiments, must also be considered, i.e. 
are the reported excitatory responses to somatostatin due to disinhibition, or, 
indeed, due to current artefacts?
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The experiments described herein have been performed with these criticisms in 
mind. Rat tissues were used throughout, all experiments were conducted in vitro 
using brain slices in carefully controlled and reproducible conditions. Peptides 
were applied to the slices at known concentrations by bath perfusion The rate of 
perfusion, bath volume and slice thickness were optimised in an attempt to ensure 
the complete equilibration of drug within the tissue.

Both extracellular and intracellular recording techniques were used. Extracellular 
recording offers the advantage of examining the effects of a substance on single 
or multiple neurones lying within the vicinity of the recording electrode without 
compromising neuronal integrity. However, only limited information about the 
mechanism(s) underlying the drug effect is obtained using this approach. For 
example, the value of concentration-response curves is limited, since only a few 
pA of outward potassium current may be sufficient to completely inhibit action 
potential activity. Unfortunately, this may represent only a small fraction of the 
maximum outward current achieved with higher concentrations of the same drug. 
It is also difficult to determine whether the effect of a drug is due to a direct action 
on the recorded cell or due to indirect actions on neighbouring synaptically- 
coupled neurones. Finally, it is not possible to determine whether a substance 
exerts multiple effects involving several ionic conductances.

More detailed information is provided by intracellular recordings of drug responses 
but this technique obviously involves some perturbation of neuronal properties. 
The primary aim of these experiments was to provide a quantitative comparison of 
the effects of the endogenous somatostatin peptides and the short-chain 
conformationally-constrained analogues. However, it was also of interest to 
determine, as far as possible, the cellular mechanisms underlying the observed 
responses. Thus, both intracellular and extracellular recording techniques were 
used.

5.2. METHODS.

5.2.1. Preparation of brain slices.

The techniques for the preparation of brain slices were the same for all brain 
regions and are described below:
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Male, Sprague Dawley rats (80 - 130 g) were decapitated and the brain rapidly 
removed. A block of tissue (approximately 5 mm thick; coronal in the case of LC 
and VMH, parasaggital for hippocampus) containing the appropriate region was 
cut from the tissue block using a razor blade. This was then glued onto a glass 
slide using cyanoacrylate cement and tranferred to the submerged stage of an 
Oxford Vibratome. When cutting slices through the LC in particular, it was found 
to be advantageous to support the tissue by glueing an agar block onto the slide 
and in contact with the ventral aspect of the tissue section. The agar prevented 
tissue compression by the advancing blade of the vibratome and appeared to 
assist in the production of slices with enhanced viability.

The solution used to submerge the tissue blocks in the vibratome bath was a 
standard artificial cerebrospinal fluid (aCSF) of the following composition 
(concentrations given after each salt in mM): NaCI 140; KCI 2 ; KH2PO4 1.25; 
MgCIa 2; CaCIa 2 ; NaHCOa 25; D-glucose 11. The aCSF solution was prepared 
fresh prior to each experiment and continuously gassed with a mixture of 
95%02 /5%C02  to maintain a buffered pH of 7.4. Slices were cut from the tissue 
block at a thickness of 350 pm using a slow forward speed and maximum 
oscillation settings on the Vibratome. Additional trimming of the slices was usually 
performed to remove excess tissue from the areas surrounding that of interest. 
The final tissue slices were usually no more than 5 mm across and were 
submerged in a 35 mm culture dish and transferred to a holding chamber which 
was also continuously gassed with 95%02 /5%C0 2 . Representative photographs 
of each of the slice preparations are shown in Figure 5.1.

A single slice was transferred from the holding chamber to the experimental 
perfusion bath for a period of at least 30 min prior to commencing the experiment. 
Within the perspex perfusion bath, which served as a recording chamber, slices 
were mounted on a nylon gauze platform and held in position with platinum wire, 
they were then completely submerged with aCSF. The recording chamber had an 
approximate volume of 0.3 ml and was continuously perfused with the same 
gassed aCSF solution described above but at a temperature of 33°C (except for 
calcium current recordings in voltage-damp, see below). The bath temperature 
was maintained to within ± 0.5®C by a thermocouple which was incorporated into 
the heater circuit.
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Figure 5.1. Representative photografDhs of brain slice preparations. Left-hand 
panels of each pair show 350 pm tissue sections prepared for electrophysiological 
recordings, right-hand panels show corresponding cresyl violet-stained sections and 
illustrate more clearly the regions from which recordings were made. (A): 
Hypothalamic slice containing the VMH (area within dashed line). (B): Section 
through the pons containing the LC (area within dashed line). (0): Hippocampal 
slice showing area CA1 (within dashed line).
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Drugs were applied to the slice by bath perfusion. They were introduced into the 
bath inlet by means of a three-way tap, the flow rate of the drug and main 
reservoirs was matched using a constant-head system and was typically around 
2 ml min \  this ensured a total bath equilibration time of approximately 20 s. 
Plastic syringe reservoirs were used for all peptide applications to avoid possible 
loss due to adhesion to glassware. The arrangement of the perfusion chamber, 
microscope and micromanipuiators for both stimuiating and recording eiectrodes 
is shown in Figure 5.2.

Occasionally, experiments were performed which required ionic manipulations in 
the perfusing aCSF. When TEA, barium, caesium or cadmium were included in 
perfusates the additions were made by equimolar substitution of sodium 

chloride. Additional problems were encountered with barium and cadmium salts 
due to their tendency to form phosphate precipitates In experiments using these 
heavy metals, the standard aCSF was modified and 1.25 mM KH2PO4 was 
replaced with an equivalent amount of KCI.

5.2.2. Extracellular field potentials.

Population depolarizations were recorded from hippocampal GA1 pyramidal 
neurone bodies in response to stimulation of the Schaffer collateral/commissural 
fibres within the stratum radiatum. Stimuli were applied through bipolar tungsten 
electrodes which were positioned under manual control using a micromanipulator, 
stimulation frequency was always 0.1 Hz and pulse width always 0.2 ms. Maximal 
field potential responses were obtained by progressively increasing stimulation 
voltage to supramaximal levels, following a period of stabilisation the voltage was 
reduced (usually to around 9 -15 V) in order to give a response amplitude which 
was typically 60 - 80% maximal.

Glass microelectrodes filled with 3 M NaCI were used to record population 
depolarizations, these were placed approximately 1 - 2 mm caudal to the 
stimulating electrodes. Recording electrodes were pulled from borosilicate glass 
using a Kopf vertical puller, the tip of the electrode was broken back to 
approximately 1 pm prior to filling, final resistances were in the region of 5 - 20 
MO. Signals were amplified and filtered (cut-off frequency = 2 KHz) using 
Neurolog equipment (Digitimer Ltd.).
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Figure 5.2 Experimental apparatus and arrangement for recording electrophysiological 
responses from brain slice preparations in vitro. Recording (R) and stimulating (S) 
electrodes are indicated together with the perfused recording chamber (C).
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Four successive potentials were averaged every 2 min using BBC microcomputer- 
based software. Drugs were applied 1 min prior to averaging. Ail on-line data 
were stored on floppy disks for subsequent analysis.

5.2.3. Extracellular single unit recordings.

Single unit activity was recorded from VMH slices using glass microeiectrodes 
prepared and filled in the same way as described above. Signals (a.c.) were 
amplified and filtered (bandwidth 20 Hz to 8 KHz) using Neuroiog equipment. 
Action potentials were discriminated from background activity, counted using a 
"spike processor" (Digitimer Ltd.) and displayed on both an oscilloscope and chart 
recorder.

In several experiments, the effects of pertussis toxin (PTX) were examined on 
drug responses in the VMH. Hypothalamic slices were prepared in the same way 
as described above but from rats which had been either sham-operated or had 
received PTX several days previously. In either case, rats were anaesthetised 
with equithesin and stereotaxicaliy injected with PTX (2 pg in 7 pi) or with vehicle 
(7 pi of a solution of 50% glycerol in phosphate buffer: sham-operated controls) 
into the third ventricle. The animals were killed and slices prepared 3 - 4  days 
after surgery.

5.2.4. Intracellular recordings.

intracellular recordings were performed using an Axoclamp 2A amplifier (Axon 
Instruments, USA) equipped with a HS-2 headstage (gain x0.1) and set for a 
membrane charging time-constant of 20 ms; signals were filtered at a cut-off 
frequency of 3 KHz. The amplifier was equipped with an active bridge circuit 
which permitted the simultaneous injection of current and monitoring of membrane 
potential. The bridge niode was used in preference to switched current-damp 
because of the increased noise associated with the latter. The response of the 
membrane to current injection was continuously monitored on an oscilloscope to 
ensure that the bridge remained correctly balanced throughout the experiment. 
Electrodes were positioned in the brain slice under visual control (x12 to x50 
magnification) and advanced through the tissue manually until a penetration had 
been achieved. Impaled neurones were then allowed a period of time to stabilise, 
this varied considerably between neurones presumably reflecting differing 
degrees of damage. The continuous injection of hyperpolarizing current into LC
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and VMH but, curiously, not CA1 neurones was often found to Improve neurone 
recovery following penetration.

Electrodes were pulled from borosilicate or aluminosilicate quickfill glass (GC120F 
and SM100F, respectively, Clark Electromedical, UK) or more latterly from 
borosilicate "starbore" glass (Radnoti Glass Co., USA) using a Brown-Flaming 
puller and were back-filled with either 3 M KCI, 3 M KAc or 3 M CsCI. Starbore 
glass offered several advantages over other glass capillaries. Electrodes pulled 
from such capillaries appeared sharper, filled more easily and had demonstrably 
lower capacitance than their conventional quickfill counterparts. Electrode 
resistances varied according to the electrolyte used but were generally between 
50 - 130 MO when measured in normal aCSF, any electrodes which showed 
excessive rectification or a tendency to block after impalement were discarded.

Voltage-clamp experiments were performed at the maximal possible feedback- 
gain permitted by the electrode, this was usually better than 90% with starbore 
glass. The transition from discontinuous current clamp to single electrode voltage 
clamp (dSEVC) was performed with initial gain and anti-alias settings of zero, with 
maximum phase-lag and after matching the holding and resting membrane 
potentials. The current passing and voltage-sensing (duty cycle 30/70%) 
properties of the electrode were constantly monitored. Negative capacitance and 
sampling frequency (typically around 3.5 - 5 KHz) were adjusted for optimal clamp 
performance before gradually increasing amplifier gain and fine-tuning the degree 
of phase lag. Anti-aliasing filters were not used.

In those experiments where calcium currents were recorded from voltage-clamped 
hippocampal CA1 neurones a bath temperature of 21 was used. At the usual 
temperature of 37®C the frequency response characteristics of the voltage-clamp 
circuitry was unable to accurately clamp the large, rapid rise-time calcium currents 
found in these neurones.
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5.3. RESULTS.

5.3.1. Ventromedial hypothalamic neurones.

5.3.1.1. Extracellular single unit recordings.

Preliminary experiments revealed that the action potentiai frequency of VMH 
neurones in normal aCSF containing 3.25 mM KCi was erratic and highiy variable 
between neurones. Subsequent experiments examined the possibility of 
rectifying this situation by 'driving' the neurones at a higher frequency, either by 
increasing the extracelluiar potassium concentration to 6 mM or by supplementing 
the aCSF with an excitant, in this case quisqualic acid. The latter approach 
appeared to produce the most favourable results, the continuous perfusion of a 
iow concentration (1 pM) of quisqualic acid led to a stable, slightly elevated action 
potential frequency which was better suited to studying inhibitory effects whilst, at 
the same time, not obscuring any potential additional excitant effects. 
Extracellular recordings were made from 26 VMH neurones under these 
conditions, the mean discharge frequency at 33®C was 5.6 ± 0.7 Hz. In the 
majority of experiments the effects of somatostatin peptides were compared on 
the same neurone to those of either the G A B A a agonist, isoguvacine, or the 
G A B A b agonist, baclofen. This was a deliberate decision, the rationale being to 
provide an indication of the variability of responses of VMH neurones to drugs 
acting at three pharmacologically different receptors, and to determine whether 
any correlation existed between the variability of responses to somatostatin and 
either of the other two drugs.

Both isoguvacine and (-)-baclofen inhibited neurone firing in a concentration- 
dependent manner, mean (± s.e. mean) pICso values were calculated to be 5.35 
± 0.02 {n = 6) and 6.48 ± 0.05 ( n = 10), respectively. Although not studied in 
detail, the effects of isoguvacine and baclofen appeared to be mediated by 
GABAa and GABAb receptors, respectively, since responses to isoguvacine, but 
not baclofen, were abolished in the presence of the GABAa receptor antagonist, 
bicuculline (10 pM, n -  2 neurones from different slices), whereas the GABAb 
receptor antagonist, phaclofen (1 mM), selectively antagonised responses to 
baclofen whilst having no effect on those to isoguvacine {n = 2 neurones from 
different slices).
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The effects of somatostatin were evaluated on 16 neurones, 15 of which were 
clearly Inhibited by the peptide, the remaining neurone did not respond. Attempts 
to construct reproducible concentration-response curves for somatostatin were 
hampered by a pronounced desensitisation to the effects of the peptide. When 
the effects of a single application of somatostatin (1 pM) were evaluated on 
neurones recorded from different slices the mean (± s.e. mean) inhibition was 
found to be 68 ± 15 % {n = 6). However, this degree of inhibition was rarely 
achieved at this concentration when the same neurone had been exposed to 
somatostatin previously, even if the exposure was to lower concentrations.

5.3.1.2. Effect of pertussis toxin on responses to GABA anaiogues and
somatostatin.

These extracellular experiments provided no information regarding the 
mechanism by which somatostatin was attenuating action potential generation in 
hypothalamic neurones. Due to the lack of a somatostatin antagonist there was 
no way of knowing for certain whether the effects of the peptide represented a 
specific receptor-mediated phenomenon, although the desensitisation to repeated 
applications of peptide argued in favour of this being the case. Previous 
demonstrations of somatostatin effects being G protein-mediated and the possible 
sensitivity to pertussis toxin represented another means of establishing the 
physiological significance of the somatostatin inhibitory response in the VMH.

VMH neurones in hypothalamic slices taken from sham-operated rats displayed a 
similar sensitivity to isoguvacine (10 pM), (-)-baclofen (1 pM) and somatostatin 
(1 pM) as those from unoperated counterparts (mean % inhibition values : 82.8 
± 8.5, 89 ± 6.7 and 59 ± 11, respectively; Figure 5.3). However, in slices taken 
from PTX-treated rats, responses to (-)-baciofen (1 pM) and somatostatin (1 pM) 
were effectively abolished, whereas those to isoguvacine (10 pM) remained 
unaffected (Figure 5.3). In order to determine whether this effect was due to a 
decrease in receptor affinity, higher concentrations of these drugs were 
evaluated. Increasing the concentration of either somatostatin or (-)-baclofen to 
10 pM resulted in only weak inhibitory effects (16 and 31%, respectively) in one of 
seven neurones from four animals. The stimulatory effect of quisqualic acid on 
neuronal firing was not affected by PTX treatment (mean frequency ± s.e. mean: 
sham-operated rats = 5.5 ± 0.8 Hz, n = 6; PTX-treated rats = 5.9 ± 0.5 Hz, n = 7).
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Figure 5.3. Inhibition of extracellularly recorded activity in the VMH by baclofen, 
somatostatin and isoguvacine. (A) Ratemeter record of quisqualate-stimulated 
discharges (Hz) from a single VMH neurone showing the complete inhibition of 
activity by somatostatin (SS, 1 pM), (-)-baclofen (BAG, 1 pM) and isoguvacine (ISO, 
10 pM). The recording was made from a hypothalamic slice taken from a sham 
operated rat. (B) A similar recording of activity taken from a hypothalamic slice of a 
PTX-treated rat, BAG or SS (both 1 pM) failed to produce an obvious response, 
whereas ISO (10 pM) continued to produce a significant inhibition. (0) A histogram 
showing the mean (± s.e. mean) percentage inhibition of single unit activity by BAG 
(1 pM), SS(1 pM) and ISO (10 pM) within a number of slices (parentheses) taken 
from sham-operated or PTX-treated rats. In all cases PTX treatment essentially 
abolished responses to BAG or SS whilst leaving those to ISO unaffected.
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5.3.1.3. Intracellular recordings.

Intracellular recordings were undertaken in order to provide more detailed 
information about the mechanism underlying the somatostatin response. As the 
experiments progressed it became increasingly apparent that there may be more 
than one neuronal cell type within the VMH. This being the case, it was not 
unreasonable to think that different populations of neurones may be differentially 
sensitive to the effects of somatostatin peptides.

Intracellular recordings were made from a total of 40 neurones within the VMH. In 
28 of these cases, membrane properties were analysed in detail in order to study 
the electrophysiological characteristics of the particular neurone. The results of 
this analysis appeared to indicate at least two and possibly three neuronal types 
with differing electrophysiological profiles. Neurones were differentiated primarily 
according to whether they were spontaneously active or quiescent.

Thus, Type 1 neurones were defined as being generally quiescent and which, 
apart from immediately following penetration, showed little tendency to fire 
spontaneous action potentials but occasionally showed anode-break spikes 
(Figure 5.4). These neurones also had relatively low membrane input- 
resistances, fast membrane time-constants and short duration after
hyperpolarizations. They were also the most infrequently encountered neuronal 
type, representing only 11% of cells in the present study. Type 2 neurones were 
defined as being spontaneously active, having prominent, long-duration after
hyperpolarizations (Figure 5.4), slow membrane time-constants and high input- 
resistances. The membrane properties of Type 2 neurones varied considerably 
(e.g. Figure 5.4), possibly being indicative of a mixed population which might be 
further subdivided. In approximately 45% of cases, the after-hyperpolarizations of 
Type 2 neurones comprised both fast and slow components. A more complete 
and quantitative analysis of the properties of the two neuronal types is shown in 
Table 5.1.

In Type 2 neurones, the high membrane resistance centered a high sensitivity of 
action potential frequency to membrane potential, such that the injection of small 
hyperpolarizing d.c. currents of constant amplitude (0.01 nA, the smallest current 
possible with the Axoclamp HS2, xO.I-gain headstage) resulted in clear 
reductions in spike frequency (Figure 5.5).
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Figure 5.4. Examples of the membrane characteristics of neurones within the 
VMH. (A): A Type 2 neurone which showed a constant firing frequency
throughout the recording period, each action potential was followed by a lengthy, 
biphasic after-hyperpolarization comprising both fast (F) and slow (S) components 
(arrowed). Membrane capacitance was typically large, giving rise to time- 
constants in the order of 30 ms, input-resistances were large and voltage/current 
relationships often showed rectification. (B): A Type 2 neurone showing a
relatively constant firing rate, after-hyperpolarizations appeared monophasic, 
input-resistance was more typical of the group as a whole and the voltage/current 
relationship was linear. (C): A Type 1 neurone, these neurones were generally 
quiescent throughout the recording period except for occasional spontaneous and 
anode-break spikes, membrane time-constants were fast, input-resistances low 
and voltage/current relationships linear. Figures showing spike profiles and 
membrane responses to current injection were reproduced from digitised 
computer records. The voltage/current relationships are represented graphically 
to the right of the Figure, filled squares show those data points which are also 
illustrated in the centre traces.
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Figure 5.5. Effect of cathodal d.c. current injection on the regenerative activity of 
a Type 2 VMH neurone. The top trace shows the membrane potential record of a 
spontaneously active VMH neurone (action potential amplitude attenuated by the 
frequency-response characteristics of the chart recorder) and the lower trace is the 
corresponding current injection protocol. The injection of 0.01 nA of 
hyperpolarizing current (arrow) was sufficient to significantly attenuate firing 
frequency, when this was increased to 0.03 nA action potential activity was 
completely abolished. This illustrates the extreme sensitivity of these neurones to 
low-amplitude currents.

Table 5.1. Analysis of action potential characteristics of VMH neurones.

Cell Spike 
Type ampl. 

(mV)

T Firing
(ms) frequency

(Hz)

AHP 
Ampl. Dur.
(mV) (ms)

Input Membrane n
resistance potential 

(MQ) (mV)

1 62 ± 7  11 ± 3  0 12 ±1 61 ±20 195 ±35 -59 ± 1 3

2 68  ± 2  27 ± 2  8 ± 3  12 ±1 164 ±24  360 ±25 -61 ± 3  25

Data represent means ± s.e. mean, where n = the number of neurones studied. 
AHP = Spike after-hyperpolarization, Ampl. = amplitude. Dur. = duration, % = 
membrane time-constant.
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The majority of Type 2 neurones showed a high frequency of postsynaptic 
potentials (PSPs) regardless of whether KC! or KAc was used within the 
electrode, this activity persisted after TTX treatment but was abolished by 
bicuculline (10 pM, n = 3 neurones, e.g. Figure 5.6) but not by the glutamate 
antagonist, CNQX (n = 2 neurones).

Baclofen produced concentration-related hyperpolarizations (Figure 5.7) in all 
types of VMH neurones tested (n=19). In non TTX-treated Type 2 neurones this 
was always associated with a concentration-related reduction in action potential 
frequency (Figure 5.8). There were also occasions where low concentrations of 
baclofen did not produce overt effects on membrane potential but still resulted in 
an obvious decline in spike frequency. Hyperpolarizations produced by 1 pM or 
higher concentrations of baclofen were almost always associated with a 
significant decrease in neurone input-resistance (e.g. Figure 5.8), the effects of 
the GABA analogue persisted in TTX-treated neurones.

Isoguvacine (10 pM) was evaluated on a total of 11 neurones and had mixed 
effects resulting in either a hyperpolarization (6 neurones, e.g. Figure 5.8) or 
depolarization (1 neurone) or no apparent effect on membrane potential (4 
neurones). In all cases, however, there was an obvious effect on membrane 
input-resistance.

The effects of somatostatin were more variable than those of baclofen but likewise 
were not restricted to any one neuronal category. When applied at 1 pM the 
peptide hyperpolarized all of the VMH neurones tested (12 neurones, e.g. Figure 
5.8), as with baclofen and isoguvacine this was associated with a reduction in 
action potential frequency in non TTX-treated Type 2 neurones, although the 
effect was often less dramatic than with the GABA agonists. As was the case with 
baclofen, low concentrations of somatostatin occasionally resulted in a reduction 
in spike frequency without any overt effects on membrane potential. The effects 
of somatostatin persisted in TTX-treated neurones and, interestingly, the peptide 
did not appear to reduce the frequency of TTX-resistant PSPs (Figure 5.6). 
Hyperpolarizations produced by 1 pM somatostatin were often associated with a 
reduction in membrane input-resistance although this was often less marked than 
that seen with either baclofen or isoguvacine.
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Figure 5.6. Somatostatin does not effect bicuculline-sensitive spontaneous depolarizing synaptic potentials (PSPs) in VMH neurones. The 
Figure shows approximately 13 s of continuous PSP activity (chart record broken and arranged vertically) recorded from two VMH neurones 
immediately prior to (A and C) or during the application of bicuculline (10 pM, B) or SSI 4 (1 pM, D). Bicuculline had no effect on membrane 
potential or input-resistance but completely abolished PSP activity. SSI 4 hyperpolarized the mebrane by approximately 5 mV and decreased 
the input-resistance by 26% but had no discernable effect on PSP activity. Both neurones were treated with TTX (3 pM) to abolish regenerative 
action potentials. Both recordings were made using KCI electrodes.



As expected from extracellular experiments with somatostatin, the responses to 
the peptide showed pronounced desensitisation which prevented the construction 
of concentration-response curves on the same neurone. However, when 
evaluated on different neurones, using the response obtained to the initial 
application of the peptide, hyperpolarizations to somatostatin were found to be 
concentration-related (Figure 5.7).
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Figure 5.7. Concentration-response curves for the membrane hyperpolarizing 
effects of baclofen and somatostatin. Mean (± s.e. mean, number of observations 
in parentheses) hyperpolarizing responses are plotted as a function of increasing 
concentrations of either (A) (-)-baclofen or (B) SS14 . Note that 0.1 and 0.3 pM of 
the agonists produce hyperpolarizations of comparable amplitude, increasing the 
concentration to 1 pM results in only a small additional effect in the case of 
somatostatin but a significantly larger hyperpolarization in the case of baclofen.

An extensive study comparing the effects of the various somatostatin analogues 
on VMH neurones was not undertaken. Rather, attention was devoted mainly to 
somatuline because of emerging regional variations in the apparent efficacy of this 
analogue. Potency comparisons were made difficult, however, by the 
considerable inter-neuronal variability in sensitivity to somatostatin peptides in 
general. The effects of somatuline, summarised in Table 5.2, were taken from 
neurones which were either previously or subsequently tested with SSI 4 (1 pM) or 
octreotide (1 pM). Of seven neurones examined in this way, four failed to respond 
to somatuline (1 pM), but subsequently responded to SSI4.
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Figure 5.8 Intracellular recordings from spontaneously active VMH neurones 
showing the effects of baclofen, somatostatin and isoguvacine. The top trace in 
each pair shows membrane potential, upward deflections are action potentials the 
amplitude of which is truncated by the frequency-response characteristics of the 
pen recorder. The more regular downward deflections represent the response of 
the membrane to electrotonic hyperpolarizing pulses, the amplitude and timing of 
which are shown in the lower trace in each record pair. (A) (-)-baclofen (BAG), (B) 
SS14 (88) and (C) Isoguvacine (180) were applied for 1 min (horizontal bars 
indicate switching into and out of drug, dead time -  45s), each agonist 
hyperpolarized the membrane and inhibited spontaneous action potential activity. 
The responses to baclofen and isoguvacine were also associated with a clear 
decrease in input-resistance. The calibration bars (right) apply to all traces.
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In a further three neurones where somatuline did evoke responses, the 
subsequent responses evoked by SS14 {n -  2) or octreotide (n = 1) were greater 
than that produced by the prior application of somatuline (e.g. Figure 5.9). This 
was the case even though desensitisation was likely to have compromised the 
true amplitude of responses to repeated peptide applications. Higher 
concentrations of somatuline were also evaluated, two neurones exposed to 3 pM 
somatuline failed to respond but were subsequently responsive to somatostatin (1 
pM). Finally, two neurones were treated with 10 pM somatuline, one of these 
responded with a 1 mV hyperpolarization the remaining neurone did not respond 
at all.

Table 5.2. Summary of hyperpolarizing responses to somatostatin peptides on
VMH neurones.

SSI 4 Somatuline Octreotide

Range (mV) 2-16 0-6 2-13
Mean (± s.e. mean, mV) 7.7 ±1.2 1.7±1.0 8.9 ± 2.4
n 13 7 4

Responses are to 1 pM applications, differences between peptides were not 
statistically significant (f test), n = number of slices

Part of this research into the effects of somatostatin and baclofen on VMH 
neurones was accepted for publication in Neuropharmacology (Priestley, 1992; 
see Appendix II).
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Figure 5.9. Comparison of hyperpolarizing responses to somatostatin, 
somatuline and octreotide on a VMH neurone. The responses were obtained 
from a single VMH neurone which was treated with TTX (300 nM) to abolish 
regenerative action potentials. The effects of bath applications (1 pM, solid bars 
beneath traces) of somatostatin (A), somatuline (B) and octreotide (0) are 
illustrated. An interval of 30 min separated each peptide application. Downward 
deflections indicate the electrotonic response of the membrane to the injection of 
hyperpolarizing current pulses (-0.08 nA). Note the pronounced reduction in 
membrane input-resistance associated with the responses to somatostatin and 
octreotide. The resting membrane potential of the neurone was -60 mV, the 
excursion of the electrotonic pulses during the response to somatostatin indicate 
an approximate reversal potential of -90 mV.
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5.3.2. Locus coeruleus neurones.

5.3.2.1. Membrane characteristics of LC neurones.

All of the LC neurones encountered in these experiments were spontaneously 
active with a mean (± s.e. mean) discharge frequency of 2.2 ± 0.3 Hz (n = 27). 
Action potentials had a mean amplitude of 69 ± 2 mV and were followed by 
prominent, characteristically biphasic after-hyperpolarizations (Figure 5.10), the 
rate of recovery from which determined action potential frequency. Accurate 
assessments of membrane potential were prevented by the frequency of 
spontaneous activity but action potential threshold was estimated to be -51.8 ± 
1.7 mV. Membrane input-resistances, calculated from the slope of the linear part 
of voltage/current plots, were characteristically high (mean: 189 ± 30 MO , n = 10) 
and, in agreement with previous reports (Osmanovic and Schefner, 1987), the 
majority of neurones showed varying degrees of anomalous rectification which 
was only apparent following large hyperpolarizing d.c. current injections. In order 
to facilitate quantitative pharmacological studies some neurones were treated with 
tetrodotoxin (TTX, 300 nM). Addition of TTX to the perfusate abolished fast action 
potentials, depolarized the membrane by 7.2 ± 0.8 mV (mean ± s.e. mean, /? = 8 
cells from 8 slices), increased membrane input-resistance to 199 ± 21 M^l (mean 
± s.e. mean, n = 9 neurones from different slices) and led to the appearance of 
slower and lower amplitude (40 ± 2 mV, n = ^  ̂ neurones from different slices) 
spikes (Figure 5.10). Such activity has been noted previously and attributed to 
regenerative calcium spikes (Williams eta!., 1984).

5.3.2.2. Pharmacological studies.

Somatostatin peptides (30 - 300 nM) hyperpolarized all i (42) LC neurones 
tested. The magnitude of these responses appeared to be reasonably consistent 
between slices and showed little or no signs of desensitisation when peptide 
applications were separated by intervals of at least 20 min. Concentration- 
response curves were constructed from TTX-treated preparations since it was 
often easier to estimate pre-drug membrane potentials with greater accuracy. 
These experiments revealed seglitide and octreotide to be essentiaily equipotent 
and approximately 2- to 3-fold more potent than SSI4 (Figure 5.11). Low 
concentrations (30 - 100 nM) of somatuline produced hyperpolarizations of 
comparable amplitude to those evoked by the same concentration of SSI 4.
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Figure 5.10. Effect of TTX on membrane characteristics of LC neurones. (A) 
Intracellular recording of a spontaneously active LG neurone, continuous perfusion 
of TTX (arrowhead) resulted in a depolarization and a change in both the type and 
frequency of action potentials. The chart speed was momentarily increased 
immediately prior to and following TTX in order to demonstrate spike profiles. The 
true amplitude of action potentials was attenuated by the frequency-response 
characteristics of the pen recorder. (B) Recording from a different TTX-treated LC 
neurone showing that the effects of the somatostatin analogue, seglitide, persisted 
in TTX. Note that seglitide evoked a prominent hyperpolarization and abolished 
TTX-resistant calcium spikes, the latter often failed to completely recover despite the 
fact that membrane potential returned to pre-drug values. The lower trace indicates 
the current injection protocol used to estimate membrane input-resistance. (C) 
Fully-resolved spikes taken from points X and Y in (A), note the lower amplitude and 
slower time course of the calcium spike in TTX.
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However, the mean hyperpolarizations produced by 300 nM somatuline and SS28 
were lower than those produced by SS14, seglitide or octreotide (Figure 5.11) 
although this difference was not statistically significant. The N-terminal fragment 
of SS28, SS28(i -i 2), was devoid of activity up to a concentration of 1 pM (n = 4 
neurones).

Responses to the synthetic analogues were longer lasting than those to either of 
the endogenous peptides. This disparity became more obvious at higher 
concentrations and was particularly prominent with somatuline which, at 300 nM, 
typically produced hyperpolarizations which lasted more than 20 min (Figure 
5.12).

Several short-chain, cyclic somatostatin analogues, including octreotide and 
somatuline (Maurer et al, 1982; Walker et al, 1987) have previously been shown 
to be potent opioid p receptor ligands. In view of the potent hyperpolarizing 
effects of p receptor agonists such as normorphine (Pepper and Henderson, 
1980) on neurones of the LC, it was of interest to determine whether the actions 
of the short-chain somatostatin analogues could be attributed to an action at p- 
receptors. The hyperpolarizing effects of, octreotide (100 nM, n = 3 neurones) 
were not blocked by naloxone (1 pM, Figure 5.13), whereas the opioid antagonist 
greatly reduced responses to DAMGO (10-30 nM, n = 3, Figure 5.13) which is a 
high affinity opioid p-receptor agonist (Handa etal., 1981).
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Figure 5.11. Concentration-response curves for the hyperpolarizing effects of 
somatostatin analogues on LC neurones. The concentration-response relationship 
for SSI4 ( ■  ) is compared to (A): somatuline { 4  ) (B): SS28 { ▼ ); (C): seglitide 
( e ) and (D): octreotide { ▲ ). Responses to 300 nM Tyr^^-SS14 ( O ) and 
SS28(i_i2) { □  ) are also shown in (B) The data points represent the mean ± s.e. 
mean (except where error bars are masked by the symbol). Number of experiments 
shown in parentheses.
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Figure 5.12. Comparison of hyperpolarizing responses to somatuline, octreotide, 
SS28 and seglitide on a single LC neurone. The preparation was not treated with 
TTX, somatuline abolished regenerative action potentials and, apart from the 
occasional spike, the neurone remained quiescent for the remainder of the 
experiment (resting membrane potential = -58mV). Responses to somatuline were 
slow in onset and extremely long lasting, approximately 15 min of the recording has 
been omitted for clarity (dotted line). The values adjacent to the left of the remaining 
traces indicate the elapsed time between successive drug applications, intervening 
sections of trace omitted for clarity. The downward pen deflections in the last three 
traces represent the electrotonic response of the membrane to hyperpolarizing 
current pulses (0.2 nA) and indicate the marked reductions in membrane input- 
resistance associated with the peak of the hyperpolarizing response to each 
agonist.
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Figure 5.13. Hyperpolarization of LC neurones by octreotide is not due to an action 
at opiate p-receptors. (A): Membrane response of a spontaneously firing LC 
neurone to the opiate p-receptor agonist, DAMGO and octreotide. (B): A 
subsequent application of DAMGO to the same neurone, during the continuous 
perfusion of naloxone, was largely ineffective, whereas the response to octreotide 
was unaffected. The current pulse protocol used to assess membrane input 
resistance is shown beneath each membrane potential trace. The chart record 
represents a continuous recording which has been broken for clarity.
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5.3.2.3. Cells of the nucleus of the trigeminal tract.

The nucleus of the mesencephalic tract of the trigeminal nerve (Me5) lies adjacent 
to the LC at its lateral border. These neurones were occasionally and accidentally 
impaled whilst attempting to record from LG neurones. The electrophysiological 
characteristics of these neurones were completely different to those of LC 
neurones, the two neurone types were easily differentiated. Nonetheless, it was 
of interest to examine the effects of somatostatin on neurones within this nucleus, 
if only because of its proximity to the LC.

Intracellular recordings of three Me5 neurones revealed very different 
electrophysiological characteristics to LC neurones. These three cells had resting 
membrane potentials which ranged between -48 and -53mV and showed 
spontaneous, extremely high frequency bursts of action potential discharges 
interspersed by silent periods which varied considerably in duration. Membrane 
input resistances were extremely low (20 - 36 MO) and the injection of electrotonic 
hyperpolarizing pulses revealed a prominent delayed rectification (Figure 5.14). 
The effects of SSI4 (100 nM -1 pM) and clonidine (30 - 100 nM) were examined 
on all three neurones but neither dnjg effected membrane potential or modified 
the electrical characteristics of the neurone in any obvious way.

5.3.2.4. Ionic basis of the somatostatin hyperpolarization.

The large hyperpolarizations evoked by 300 nM SSI4, SS28 and the three 
synthetic analogues were always associated with a decrease in the apparent input 
resistance of the neurone as assessed from the amplitude of the voltage 
deflections to hyperpolarizing current pulses injected through the electrode. This 
effect was not due to the hyperpolarization per se since it was not reversed by 
manually clamping the membrane potential back to pre-drug levels by positive 
current injection (Figure 5.15).
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Figure 5.14. Membrane characteristics of an Me5 neurone. The top trace shows 
the membrane potential responses elecited by the injection of d.c. pulses (protocol 
shown in centre trace). Note the pronounced anomalous rectification associated 
with strong hyperpolarizing commands and the high frequency of regenerative 
action potentials in response to depolarizing current. These electrophysiological 
characteristics were quite different to those of nearby LC neurones. The lower 
Figure shows a graphical representation of the voltage-current relationship for 
both peak ( ■  ) and steady-state ( # ) potentials, solid symbols are those data 
points which are included in the top trace. The dotted line represents a least- 
squares regression analysis through the first 8 points of the steady-state curve 
and was used to estimate the input-resistance (R|n) of the neurone. Bath 
application of SSI4 (1 pM) failed to modify any of the electrophysiological 
characteristics of this neurone.
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Figure 5.15. The decrease in membrane input-resistance induced by 
somatostatin analogues is not a consequence of membrane hyperpolarization. 
The Figure shows the membrane potential record (top trace) of a TTX-treated (300 
nM) LC neurone and the effects of a single bath application of octreotide (1 pM for 
1 min). The peptide completely abolished regenerative calcium spike activity, 
hyperpolarized the membrane and decreased the input-resistance by ~ 20%. The 
effect on input-resistance was not reversed by 'manually' clamping the membrane 
potential at pre-drug level by the injection of depolarizing current (current protocol 
shown in lower trace).

The hyperpolarizing response to somatostatin peptides was studied in more detail 
in several neurones by constructing voltage/current relationships. Figure 5.16 
shows the results of one such experiment with seglitide (300 nM) in which 
currents of increasing amplitude were injected into the neurone. When the results 
of several such experiments were analysed, seglitide (300 nM) and octreotide 
(300 nM) decreased membrane input-resistance by 33 ± 6% {n = 3) and 37 ± 4% 

{n = 4), respectively (values are means ± s.e. mean). When the actual membrane 

potentials were plotted as a function of current amplitude before and during drug 

response, the effects of both seglitide and octreotide had apparent reversal 
potentials of -103 mV. This value is close to the equilibrium potential for 
potassium (-94.8 mV) predicted by the Nernst equation for an extracellular 
potassium concentration of 3.25 mM and an estimated intracellular potassium 

concentration of 140 mM.
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Figure 5.16. Effect of seglitide on the membrane response of an LC neurone to 
cathodal current injection. Superimposed, digitised computer records of membrane 
responses (top traces) to current pulses of different amplitude (bottom traces) 
before (A) and during the peak (B) of the hyperpolarizing response to bath 
application of seglitide (300 nM), which in this instance was -23 mV. Some of the 
current pulses used during the experiment and their respective membrane 
responses have been omitted for clarity. (0): Graphical representation of the data 
shown in (A) and (B), voltage deflections are plotted as a function of injected 
current. Note that the rectification seen in the control ( ■  ) voltage-current plot is 
increased during seglitide ( □  ). Regression analysis of the linear region of each 
curve (initial 4 points) indicated that seglitide decreased slope-resistance from 289 
M ^ to 195 MÜ. (D): The voltage-current data in (A) and (B) are plotted with respect 
to the actual membrane potential attained during each current pulse. The point at 
which the control ( ■  ) and seglitide ( □  ) curves cross indicates a reversal potential 
o f -103 mV.
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Several potassium channel antagonists were evaluated in order to further 
examine the nature of the potassium conductance involved in the somatostatin 
response. Thus, the effects of the sulphonylureas, glibenclamide and 
tolbutamide, the maxi-K channel blocker, charybdotoxin and the small- 
conductance calcium-activated potassium channel blocker, apamin, were 
examined on the somatostatin response in the LC. Neither glibenclamide (10 pM, 
= 1 neurone) nor tolbutamide (100 pM, n = 2 neurones) had any overt effects on 
LC neurone activity nor did they antagonise the effects of 8814 (300 nM, Figure 
5.17).

Apamin (1-3 pM), but not charybdotoxin (30 nM), decreased the duration of the 
spike after-hyperpolarization, decreased the amplitude of the AHP following a 
burst of action potentials evoked by depolarizing current injection, and increased 
the frequency of spontaneous action potentials (Figure 5.18). This effect of 
apamin has been seen previously in LC neurones (Osmanovic et al., 1990) and 
suggests that the so-called 'small iKCa channel is involved in the after
hyperpolarization which follows an action potential. However, neither of these 
iKCa blockers alone, or in combination, produced any convincing antagonism of 
the response to 300 nM 8814 (n = 3 neurones, e.g. Figure 5.18).

Hyperpolarizations to 8814 were blocked by barium chloride, which is known to 
block potassium conductances (see review by Castle et a!., 1989). Changing the 
normal perfusate to one containing 500 pM barium depolarized the membrane, 
accelerated neurone firing frequency and antagonised the hyperpolarizing 
response to 8814 (n = 3 neurones. Figure 5.18). Interestingly, somatostatin was 
still capable of inhibiting regenerative calcium spikes in barium-treated slices 
(Figure 5.18).
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Figure 5.17. Hyperpolarizations to somatostatin are not antagonised by the 
sulphonylurea, tolbutamide. (A): Control response of a spontaneously firing LG 
neurone to a bath application of SSI4. (B): A subsequent response to SSI4 
obtained from the same cell in the presence of tolbutamide (100 pM). The top trace 
in each pair indicates the membrane potential response which consisted of 12 and 
16 mV hyperpolarizations (control and tolbutamide, respectively, each measured 
from spike threshold) and an associated inhibition of cell firing. The lower trace is a 
rate meter record of the cell's firing frequency (Hz) and more clearly demonstrates 
the slow recovery from the effects of the peptide.
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Figure 5.18. Effects of apamin, charybdotoxin and barium chloride on the 
hyperpolarizing response to somatostatin. (A): Hyperpolarizations to bath applied 
SSI 4 (300 nM, solid bar) before (left trace, amplitude = 28 mV) and during (right 
trace, amplitude = 24 mV) a combined application of apamin and charybdotoxin. 
The toxins were applied to the slice for approximately 20 min prior to the second 
SSI 4 perfusion and produced a 5 mV depolarization (estimated from spike 
threshold). (B): Ratemeter record of firing frequency in (A). The initial firing 
frequency prior to SSI 4 was 1.2 Hz, this showed only partial recovery to a new 
level of 0.5 Hz following inhibition by SSI 4, but was accelerated to 1.1 Hz by the 
application of apamin and charybdotoxin. (C): Current injection protocol.
Hyperpolarizing current (0.2 nA, 200 ms) pulses were injected through the 
electrode every 10 s in order to monitor membrane input-resistance. These were 
changed to a depolarizing pulse (0.3 nA, 400 ms, upward pen deflection) in order 
to assess the effects of apamin and charybdotoxin on spike accommodation and 
burst after-hyperpolarization. (D). Figure showing oscilloscope traces, at fast 
sweep speed, of activity during and immediately following the stimulation of the 
cell by depolarizing current injection at points X and Y in (A). X shows the control 
condition immediately prior to perfusion of the toxins, note that cell firing 
undergoes accommodation (spike amplitude is truncated due to high gain) during 
the 400 ms pulse and that the spike train is followed by a prominent membrane 
hyperpolarization. The procedure was repeated at point Y in trace (A) when cell 
firing had stabilised during perfusion with apamin and charybdotoxin. The same 
stimulation parameters produced a greater number of spikes with less 
accommodation and a reduced amplitude after-hyperpoiarization. Subsequent 
experiments revealed that these effects were due entirely to apamin, 
charybdotoxin alone resulted in no obvious changes in cell characteristics. (E): A 
recording from a different LC neurone showing the effects of barium chloride. Left 
panel shows a control response to bath applied octreotide (300 nM, soiid bar), the 
hyperpolarization was associated with a complete supression of cell firing which 
recovered only after membrane depolarization resulting from the addition of BaClg 
(500 pM) to the perfusate (right panel). Barium completely abolished the 
hyperpolarizing response to octreotide, yet the peptide was still able to produce a 
long lasting depression of ceil firing. The time calibration shown at the bottom of 
the Figure applies to all traces except those in (D).
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5.3.2.S. Voltage-damp experiments.

Four LC neurones were voltage-clamped in order to examine the ionic 
conductances underlying the membrane hyperpolarizing effects of somatostatin, 
in ail cases {n -  4 neurones) the peptides evoked outward, voltage-dependent 
currents which were maximal around normal resting membrane potential (-60 to 
-40 mV) and which showed a tendency toward inward rectification at very negative 
(-80 to -100 mV) voltages (Figure 5.19). Apparent reversal potentials were more 
negative in voltage- than current-clamped neurones (range -110 to -120 mV, n = 3 
neurones).

5.3.3. Hippocampal CA1 neurones.

5.3.3.1. Extracellular studies of the population spike.

Low frequency stimulation of the Schaffer collateral/commissural pathway (Figure 
5.24A) evoked population depolarizations of CA1 pyramidal neurones (Figure 
5.20) the amplitude of which remained stable for long periods. Seglitide (1 pM) 
and baclofen (1 pM) both significantly reduced the population spike amplitude (46 
and 60%, respectively), SSI 4 (1 pM) inhibited the same response but to a much 
smaller extent (19%) which only just bordered on statistical significance, 
somatuline (1 pM) was without effect (Figures 5.20 and 5.21).

5.3.3.2. Intracellular recordings from CA1 pyramidal neurones: Current clamp.

Intracellular current-damp recordings were made in 56 CA1 neurones, the 
majority of neurones recorded with 3 M KAc electrodes were quiescent or fired 
occasional anode-break or spontaneous action potentials. Spontaneously active 
neurones were generally more prevalent with KCI electrodes. Such activity may 
have been due to GABAergic mediated I PSPs which were depolarizing because 
of internal chloride loading and of sufficient amplitude to reach spike threshold or, 
conceivably, due to damage resulting from the impalement. Resting membrane 
potentials did not differ between neurones recorded with KAc or KCI electrodes, 
the mean value from 27 recordings, in which accurate estimates could be 
obtained, was! -65.9 ± 6.1 mV.
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Figure 5.19. Membrane current responses to seglitide in a voltage-clamped LC 
neurone. The cell was voltage-clamped at a holding potential (Vh) of -50mV and 
continuously perfused with aCSF containing 3 pM TTX. (A): Voltage command 
pulses, 500 ms duration, were applied to +50, +30, +20, -10, -40 and -80 mV, as 
indicated top to bottom in the left-hand column (intermediate command potentials 
have been omitted for clarity). The resulting membrane currents are shown for the 
control condition (centre column) and during the peak response to an application of 
seglitide (300 nM, right-hand column). Note that seglitide evokes an outward 
membrane current (dotted iines indicate zero current level) and abolishes calcium 
spike activity (seen as oscillations at the leading edge of top-centre traces) during 
strong depolarizing commands. (B): Graphical representation of the data in (A) in 
the form of a current/voltage plot, where ( ■  ) = control current and ( •  ) = current 
during 300 nM seglitide. Note the inward rectification associated with the current 
during seglitide.
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Figure 5.20. Effects of somatostatin, seglitide and somatuline on hippocampal 
CA1 population depolarizations evoked by stimulation of the Schaffer 
collateral/commissural pathway. Population depolarizations are shown as 
negative (downward) voltage deflections following stimulus artefacts (arrowheads). 
Stimulus intensity was increased to obtain a maximal response (shown for A only) 
and then reduced to obtain stable responses which were approximately 50% of 
maximum. The Figure shows control, drug (1 pM) and recovery responses 
obtained from three separate hippocampal slices, (A) = SS14; (B) = seglitide and 
(0) = somatuline. Note that the evoked responses were substantially inhibited by 
seglitide, only slightly reduced by SS14 and unaffected by somatuline.
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Figure 5.21. Effect of somatostatin analogues and baclofen on the amplitude of 
hippocampal CA1 population depolarizations evoked by stimulation of the Schaffer 
collateral/commissural fibres. The Figure shows the mean (± s.e. mean) 
amplitudes (mV) of population depolarizations prior to ( □  ) and during 1 pM 
applications of 8814 ( 0  ), somatuline ( E  ), seglitide ( S  ) and baclofen 
( ■  ). The number of slices used for each treatment is indicated in parentheses 
above respective paired columns. Statistical comparisons were performed using a 
one-tailed Student's t test for paired data, significant differences are quoted as 
follows: * = P<  0.08; ** = P < 0.01 ; *** = P < 0.001.

Action potentials, either evoked or spontaneous, were characteristically brief and 
of large amplitude (firing threshold ~ -55 mV), often overshooting zero potential by 

30 mV or more (Figure 5.22). Membrane input-resistances, estimated from the 
slope of the linear part of voltage/current plots, were found to be = 66 ± 14 M^l 
(mean ± s.e. mean, n = 27, e.g. Figure 5.22). Large amplitude, hyperpolarizing 

d.c. current injections revealed anomalous rectification in the membrane voltage 
response (Figure 5.22).
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Figure 5.22. Membrane characteristics of a typical hippocampal CA1 neurone. The 
top trace shows the membrane potential responses elicited by the injection of d.c. 
pulses (protocol shown in centre trace, resting membrane potential = -64mV). The 
lower Figure shows a graphical representation of the voltage/current relationship, 
solid symbols represent those data points duplicated in the traces above. The line 
describes a least-squares regression analysis fitted through all of the data points 
and indicates a membrane input-resistance (R|n) of 47M^.
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CA1 pyramidal neurones were found to be relatively insensitive to somatostatin, 
high concentrations (300 nM -1 pM) of the peptide or its analogues were required 
to elicit responses which were characteristically of low amplitude j ( <  -6 mV) variable 
between neurones and profoundly desensitising. These problems prevented a 
systematic, quantitative comparison of the potencies of somatostatin and its short- 
chain analogues and also prevented detailed mechanistic studies. 
Desensitisation, in particular, presented considerable difficulties due to its long 
duration which, in practice, allowed only a single response to be obtained from 
any given tissue slice. Hence, exhaustive pharmacoiogical studies were not 
undertaken. Representative responses to 1 pM applications of SS14, seglitide, 
octreotide and to 3 pM somatuline are shown in Figure 6.23, the effects on 
several such neurones are summarised in Table 5.3. The effects of 1 pM 
somatuline were particularly variable, when tested on five neurones at this 
concentration the peptide hyperpolarized two (by 3 and 1 mV, respectively) and 
failed to effect the remaining three.

To be able to discern such small changes in membrane potential with any degree 
of certainty required particularly stable recordings, this was often possible with 
CA1 neurones. However, there were a few cases where responses were 
ambiguous, either due to noisy or drifting baselines, in such instances the 
recording was terminated and the data rejected.

Surprisingly, even low amplitude hyperpolarizations to somatostatin analogues 
were generally accompanied by an obvious decrease in the input-resistance of 
the neurone (e.g. Figure 5.23). When the magnitude of these effects was 
compared for each of the peptides there were no statistically significant 
differences. Thus, the combined mean decrease in input-resistance, for all of the
peptides (1 pM) was estimated to be 21.5 ± 5.8% (n = 11 neurones).

(±)-Baclofen was examined on several neurones and the response compared to 
that evoked by a somatostatin peptide. In contrast to the situation in the VMH, the 
effects of the GABAb agonist on CA1 neurones were of similar amplitude to those 
evoked by the peptides (mean hyperpolarization ± s.e. mean = 3.3 ± 0.5 mV at 1
pM, n = 4 and 6.6 ± 1.7 mV at 3 pM, n = 4).
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Figure 5.23. Membrane hyperpolarizations of hippocampal CA1 neurones in 
response to somatostatin analogues. The Figure shows responses obtained from 
five different CA1 neurones following bath applications (1 pM for 1 min, solid bars) 
of (A) SSI 4; (B) SS28; (C) seglitide; (D) octreotide and (E) somatuline. The 
downward deflections of the pen recorder indicate the membrane potential response 
to the injection of hyperpolarizing current pulses. Hyperpolarizing responses 
induced by the peptides were consistently associated with clear reductions in 
membrane input-resistance. The 'noisy' baselines in (B), (D) and (E) are due to a 
high frequency of depolarizing spontaneous PSPs which were not effected by the 
peptides. Arrowhead in (A) indicates temporary cessation of hyperpolarizing pulse 
during stimulation of the Schaffer collateral/commissural fibres. Resting membrane 
potentials were (A) -59mV; (B) -66mV; (C) -60mV; (D) -61 mV and (E) -SSmV.
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Table 5.3. Summary of effects of somatostatin analogues on hippocampal
pyramidal neurones

Analogue Concentration
(pM)

Hyperpolarization
(mV)

No. neurones 
tested

No. neurones 
responding

SSI 4 1 3.0 ± 0.4 10 10
SS28 1 1.8 ±0.8 4 4
Seglitide 1 4.6 ±1.2 4 4
Octreotide 1 3.8 ± 0.6 7 7
Somatuline 1 1.3* 7 2
Somatuline 3 5.0 ±1.3 5 5

Data represent the mean values ± s.e. mean (except *).

5.3.S.3. Effect of somatostatin peptides on synaptically evoked responses.

Stimulation of the Schaffer collateral/commissural path via bipolar tungsten 
electrodes placed in the stratum radiatum evoked the characteristic response 
complex. When recorded intracellularly in CA1 neurones this consisted of an 
initial EPSP followed by an IPSP. The amplitudes of the EPSP/IPSP synaptic 
responses were dependent upon stimulation intensity (Figure 5.24). At low 
intensities the EPSP was predominant, as the intensity was increased the IPSP 
became more apparent. This so-called input-output relationship was examined for 
each neurone in order to establish the stimulation intensity at which the response 
was maximal but not supramaximal. SS14 and seglitide were examined for their 
effects on the EPSP/IPSP complex.

The effects of SS14 (1 pM) were examined on four neurones, these cells 
responded with membrane hyperpolarizations ranging from 2 to 6 mV. In all 
cases, however, the EPSP was apparently unaffected (although the presence of 
superimposed action potentials made this difficult to quantify) whilst the IPSP was 
either slightly reduced or unaffected (Table 5.4 and Figure 5.25).
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Figure 5.24. Input-output relationship for intracellularly-recorded synaptic 
potentials in hippocampal CA1 pyramidal neurones. (A): Schematic
representation of the hippocampal slice preparation demonstrating the 
arrangement of the stimulating and recording electrodes for studying synaptic 
transmission between the terminals of the Schaffer collateral/commissural fibres 
and the CA1 pyramidal cell bodies. (B): Intracellularly recorded EPSP/IPSP 
complexes from a CA1 cell following low frequency (0.1 Hz) stimulation of the 
Schaffer collateral/commissural fibres at several different intensities. (C): Input- 
output curve for the IPSP components of the responses shown in (B).

180



The effects of seglitide were examined at 1 and 3 p.M. At the lower concentration 

the situation was similar to that described above for SS14, the neurone 

responded to the analogue with a slight membrane hyperpolarization (1.5 mV) 
and the synaptic response was not affected. At the higher concentration of 3 pM, 

seglitide evoked a more obvious hyperpolarization (5 mV) and also decreased the 

amplitude of the evoked IPSP (Table 5.4 and Figure 5.25). The lack of an effect 

of somatostatin on synaptic transmission, in the absence of a direct postsynaptic 

effect on the pyramidal cells themselves, suggests that the peptide does not act, 

in any significant manner, to modulate transmitter release at the Schaffer 

collateral/commissural fibre terminals.

Table 5.4. Effects of somatostatin and seglitide on synaptic transmission in the
hippocampus

Peptide [pM] Membrane
hyperpolarization

(mV)

Control
IPSP
(mV)

Drug
IPSP
(mV)

SSI 4 1 2.0 6 .0 4.5
1 3.0 7.0 7.0
1 3.0 7.0 7.0

1 6.0 4.0 4.0

Seglitide 1 1.5 5.5 5.0

3 5.0 7.0 4.0

Responses are shown for individual neurones

181



Control
(A)

10mV

100 ms

A

Drug

A

(B)

lOmV

100ms

(C)

lOmV

100ms

Figure 5.25. EPSP/IPSP synaptic potentials evoked in hippocampal CA1 
neurones by stimulation of the Schaffer collateral/commissural fibres. The Figure 
shows responses recorded from three neurones before and during perfusion of
(A) seglitide (1 pM), (B) SS I4 (1 pM) or (0) seglitide (3 pM). In (A), seglitide 
neither hyperpolarized the membrane nor effected the amplitude of the IPSP. In
(B), SSI4 reduced the IPSP (control = 7.9 mV, drug = 7.0 mV) but also 
hyperpolarized the membrane by 2 mV. In (0), this higher concentration of 
seglitide attenuated the IPSP (control = 7.0 mV, drug = 5.2 mV) but also 
hyperpolarized the membrane by 3 mV. Truncated action potentials are 
superimposed on the EPSPs in (A) and (0), these prevented the accurate 
determination of EPSP amplitude. Dashed lines represent resting membrane 
potential.
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5.3.3.4. Voltage clamp experiments.

The effects of somatostatin peptides on potassium conductances were evaluated 

in four voltage-clamped CA1 neurones. Three of these neurones responded to 
octreotide (1 pM) with a small outward current (mean ± s.e. mean = 77 ± 21 pA at 

holding potentials of -40 to -50 mV, e.g. Figure 5.26). An outward potassium 

current of this amplitude would be anticipated to result in a 3.5 mV 
hyperpolarization (assuming a membrane input-resistance of 50 M ^) recorded in 

current-damp and is within the range of values obtained from such experiments 

(see Table 5.2). Somatostatin (300 nM) was applied to the remaining neurone 

and appeared without effect, although it is conceivable that the response was too 

small to be resolved.

In a series of preliminary experiments, designed to examine the possible direct 

effect of somatostatin on caldum channel currents, the peptide was examined 

under conditions which were manipulated in order to block potassium currents. 

Somatostatin (300 nM) produced a substantial antagonism of the inward current 

evoked by a 500 ms depolarizing command pulse to -10 mV from a holding 

potential of -50 mV (Figure 5.27). This experiment was recorded using a modified 

extracellular perfusate containing 5 mM TEA and 2 mM Ba^+ (the latter replacing 
the usual 2 mM Ca2+) and TTX (1 pM) but with a KCI electrode. Under these 

conditions it was considered highly unlikely that all potassium conductances had 

been totally eliminated.

Subsequent experiments were, therefore, performed under conditions which 

would ensure a more extensive block of potassium currents. For example, when 

the same modified aCSF was used in conjunction with a CsCI-filled electrode instead 

of KCI, the attenuation of barium currents by somatostatin was more modest. 
Under these conditions somatostatin (1 pM) reduced the inward current by 27 ± 

4.9% (mean ± s.e. mean, n -  4 neurones from 4 slices, e.g. Figure 5.28). A 

similar effect was produced by 300 nM seglitide (mean antagonism = 27%, n = 2 

neurones from different slices. Figure 5.29).
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Figure 5.26. Effect of octreotide in a voltage-clamped hippocampal CA1 neurone. 
(A): Application of 1 pM octreotide (solid bar) evoked an outward potassium 
current in a cell clamped at -60 mV. (B): Current-voltage relationship for the same 
neurone before ( e ) and during ( ■  ) octreotide. Note that the effect of octreotide 
was voltage-dependent.
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Figure 5.27. Effect of somatostatin on calcium channel currents in a voltage- 
clamped hippocampal GA1 neurone. The Figure shows superimposed traces of 
inward currents induced by 40 mV step-depolarizations from a holding potential of 
-50 mV. Barium was used as the charge carrier and the electrode was filled with 
3 M KCI. Bath application of SSI4 (300 nM) attenuated the inward current during 
the voltage command pulse and completely abolished the tail currents upon 
repolarization but was without any obvious effect on the holding current. Partial 
recovery of the response was obtained after washing the peptide out of the bath.
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Figure 5.28. Block of inward calcium channel currents by somatostatin. (A): 
Influx of barium through voltage-sensitive calcium channels in a voltage-clamped 
hippocampal CA1 neurone. The currents (top trace) were evoked by a step 
depolarization (400 ms duration) from a holding potential of -64 mV to -4 mV. 
SS14 (1 pM) produced a small and reversible attenuation of the response, 
C = predrug control, W = recovery after washing out SS14. (B): Current-voltage 
(l/V) relationship for the responses shown in (A); ( ■ )  = control, ( •  ) = during 
SS14, ( A ) = recovery. The tissue was then perfused with CdClg (200 pM) to 
completely block all inward current. After a period of 30 min, the l/V curve was 
repeated immediately prior to ( □  ) and then during ( O ) SS14 (1 pM). The 
peptide failed to evoke any measurable outward current or to have any obvious 
effect on leakage current.
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Figure 5.29. Block of inward calcium channel currents by seglitide. (A): Influx of 
barium through voltage-sensitive calcium channels in a voltage-clamped 
hippocampal CA1 neurone. The currents (top trace) were evoked by a step- 
depolarization (400 ms duration) from a holding potential of -60 mV to 0 mV. 
Seglitide (SEG, 300 nM) produced a substantial and reversible attenuation of the 
response, C = predrug control, W = recovery after washing. (B): Current-voltage 
(l/V) relationship for the responses shown in (A); ( ■  ) = control, ( e ) = during 
seglitide, ( A ) = recovery. Note that seglitide effects the inward current response 
at all voltage command potentials.
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In all of these experiments there was no measurable outward potassium current 
during perfusion of the somatostatin peptides. This is iilustrated further in Figure 
5.28 in which the effects of somatostatin were examined on the potassium 
currents evoked at different command potentials after applying Cd^+ (200 pM) to 
block all calcium channel activity. However, the somatostatin (1 pM) effect on the 
inward barium current was no longer evident when the concentration of TEA was 
increased to 20 or 30 mM in conjunction with either 2 or 5 mM barium (n = 4 
neurones). These latter experiments question the credibility of a direct action of 
somatostatin peptideë on calcium channei activity in CA1 pyramidal neurones; the 
difficulties involved in the interpretation of these data are discussed in detail in the 
following section.

There have been a number of reports of a potentiating effect of somatostatin on 
the M potassium current (Im) recorded from CA1 hippocampal neurones (Pittman 
and Siggins, 1981; Watson and Pittman, 1988a) and dorsoiateral septal neurones 
(Twery et al., 1991). Several experiments were performed in order to examine 
this possibility. Im, recorded under voltage-damp, is an inwardly-relaxing outward 
potassium conductance, evoked by hyperpolarizing pulses from relatively 
depolarized (-40 mV) holding potentials. Six voltage-damped CA1 neurones were 
examined for Im, in ali but two of these the current was either absent or so small 
as to be immeasurable. Octreotide (1 pM) evoked smail outward currents (80 and 
100 pA) in both of the neurones identified as having Im, but In neither case did the 
peptide appear to augment the conductance. The possible effects of other 
somatostatin peptides were not examined because of the difficulties in obtaining a 
consistent M-current.

5.4. DISCUSSION.

5.4.1. Neurone characteristics.

There appeared to be evidence for at least two neuronal populations within the 
VMH which were differentiated according to whether they were quiescent or 
active. The spontaneously active (Type 2) neurones appeared to be further 
subdivisible according to membrane time-constant duration and input-resistance, 
which may be an indication of differences in neurone size and/or extent of 
dendritic arborisation.
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Further work would be required to substantiate or refute this suggestion. 
However, there are problems associated with defining neuronal populations based 
on membrane properties. For example, the possibility of input-resistance being 
compromised by damage from the intracellular electrode cannot be ruled out 
entirely. Therefore, differences in membrane input-resistance and capacitance 
may simply reflect differing degrees of membrane damage. The fact that patch- 
clamped cells, both in tissue culture and in slices, almost invariably have very high 
input-resistances (unpublished observations) tends to support this idea.

In defense of neuronal heterogeneity, there is electrophysiological (Minami et al., 
1986), pharmacological (Boden and Hill, 1988; Boden and Ashford 1992) and 
cytologlcal (see Section 5.1) evidence for subtypes of VMH neurone. But, in any 
event, there was no evidence in the present study to suggest that subpopulations 
of VMH neurones were differentially sensitive to somatostatin peptides, as has 
been suggested to be the case for CCK (Boden and Hill, 1988).

The In vitro electrophysiological properties of LC neurones of the rat have been 
previously described in detail (Williams et al., 1984; Andrade and Aghajanian, 
1984; Osmanovic and Shefner, 1987 & 1990; Alreja and Aghajanian, 1991). The 
membrane characteristics of neurones recorded during the present experiments 
compare favourably with these previous reports. Thus, all LC neurones, which 
would be defined as "typical" according to the criteria described by Williams et al. 
(1984), were spontaneously active and exhibited discharge frequencies which 
were comparable to those quoted in the studies of Andrade and Aghajanian 
(1984) and Williams et al. (1984). A small number (3 out of 40) of atypical 
neurones, once again as defined by Williams et al. (1984), were encountered in 
the anterior LC. These latter neurones failed to fire spontaneous action 
potentials, did not respond to either clonidine or somatostatin and were not 
studied further. Other membrane properties, such as action potential threshold 
and input-resistance were very similar to those described by Williams et al. (1984) 
and Osmanovic and Shefner (1990). It is interesting, however, that rat LC 
neurones appear to differ in some respects from their guinea-pig counterparts. 
Guinea-pig LC neurones appear to have considerably lower input-resistances, are 
generally not spontaneously active in vitro and do not show anomalous 
rectification (Henderson etal., 1982). In agreement with Osmanovic and Shefner, 
(1987), the LC neurones in the present study showed clear time-dependent 
anomalous rectification which persisted whether KAc or KCI electrodes were used 
for the recordings.
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LC neurones were substantially different to adjacent Me5 neurones which were 
also occasionally impaled during the course of these experiments. The general 
unresponsiveness of Me5 neurones to glutamate (Henderson et a/., 1982) and 
opiates (Guyenet and Aghajanian, 1977) can also be extended to include 
somatostatin and related analogues.

The membrane characteristics of hippocampal GA1 pyramidal neurones were 
different to VMH, LC or Me5 neurones. CA1 membrane potential, for example, 
was more negative than the corresponding value estimated for VMH neurones 
and considerably more so than that of LC neurones. CA1 input-resistances were 
also somewhat lower and more consistent than those associated with the 
neurones from other brain regions.

5.4.2. Physiological and pharmacological studies.

The primary aim of these experiments was to identify functional correlates of the 
different binding sites suggested from radioligand binding experiments. This 
would require, at the very least, a quantitative comparison of the effects of the 
endogenous somatostatin peptides to those of the short-chain analogues. 
However, there were a number of obstacles to this favoured approach. For 
example, defining receptor subpopulations based on differences in agonist affinity 
is fraut with problems and there can be little doubt that more conclusive data 
would have been generated from the use of potent and selective antagonists. It 
may reasonably be assumed that significant efforts have been devoted towards 
developing such antagonists but, as yet, this has proven to be an elusive goal.

Progress was also severely hampered by a pronounced receptor desensitisation 
to the effects of somatostatin and its analogues in all brain regions studied, except 
the LC. Desensitisation appeared to be homologous, i.e. neurones which were 
desensitised to SSI 4 were also unresponsive to the short-chain anaiogues but 
not to pharmacologically unrelated substances which produced similar responses 
e.g. baclofen on hippocampal and VMH neurones, clonidine on LC neurones. 
The cross-desensitisation of responses to the fuil-length endogenous peptides 
with those of the short-chain analogues suggested that the responses were 
elicited by the same receptor.

The apparent lack of desensitisation in the LC does not necessarily imply that the 
receptors expressed by LC neurones were resistant to desensitisation. Rather,
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the effects of the peptides on these neurones were so pronounced that the 
concentrations required to eiidt clear, consistent and quantifiable responses were 
low enough to avoid the desensitisation associated with responses in the VMH or 
hippocampus. This may reflect the high density of somatostatin receptors in the 
LC compared to other brain regions.

This explanation may prove to be appropriate for the VMH, since the 
hypothalamic nuclei in general show comparatively low densities of binding sites, 
even after procedures designed to 'desaturate' those receptors which may have 
endogenous ligand bound (see Chapter 4). In contrast, the CA1 and subicular 
regions of the hippocampus display binding site densities which are not far 
removed from those seen in the LC. At least superficially, this suggests that 
differences in receptor density may not, in itself, explain the variability in the 
magnitude of somatostatin responses between different brain regions. However, 
the very high density of closely aligned neurones in these regions may give the 
illusion of high receptor density when, in fact, the number of receptors per cell 
may be quite small.

Other explanations for the small responses in CA1 and VMH include possible 
differences in the cellular localisation of the receptors (i.e. soma vs. dendrites), 
receptor-effector coupling efficiency and/or the properties of the ion channels 
themselves. The weak responses to somatostatin observed in hippocampal CA1 
neurones are, however, in agreement with previous reports (Watson and Pittman, 
1988a and b; Joels etal., 1990).

These problems notwithstanding, it is possible to make several empirical 
observations concerning the likelihood of binding site differences translating into 
true receptor heterogeneity. The single most interesting observation to emerge 
from these experiments was the clear, unambiguous demonstration that the short- 
chain analogue, somatuline, was as potent as the endogenous peptides SSI4 
and SS28 in hyperpolarizing LC neurones. Responses to somatuline were also 
found to be considerably longer lasting than any of the other peptides. It was 
assumed that this was due to an enhanced resistance of the analogue to 
breakdown within the slice, but this hypothesis was not tested, for example, by 
comparing the duration of responses to the endogenous peptides in the presence 
of peptidase inhibitors.
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Somatuline was initially described as being a pituitary-selective somatostatin- 
receptor agonist (Heiman etal., 1987). Patently, this claim is now untenable and 
the observed effects of this peptide analogue in the LC may turn out to have 
important implications for somatostatin receptor nomenclature (see Chapter 7).

The low of affinity of somatuline for hippocampal CA1 binding sites (Chapter 4) 
suggested that this peptide should be without effect on the electrophysiological 
properties of CA1 neurones. The lack of effect of somatuline on the extracellularly 
recorded population-depoiarization of CA1 neurones appeared to confirm this 
assumption. However, intracellular recordings did reveal some CA1 neurones to 
be responsive to somatuline, although the hyperpolarizations to this analogue did 
appear weaker and more variabie than those elicited by the other analogues in 
the CA1. These apparent inconsistencies may reflect the fact that high 
concentrations of peptides were required to eiicit measurable responses in CA1 
neurones and, as such, may have been beyond the range in which it was 
reasonable to expect demonstrable differences in efficacy.

The affinities of SSI4, SS28, seglitide and octreotide, predicted from 
autoradiographic experiments, suggested that it should be possible to evoke 
electrophysiological responses in CA1 neurones with peptide concentrations in 
the low to mid nM range, indeed, Watson and Pittman (1988b) demonstrated 
hyperpolarizations of rat hippocampal CA1 neurones to prolonged applications of 
somatostatin at concentrations as iow as 1 pMI Ciose examination of their 
published figures, however, reveals little evidence to suggest that the peptide 
responses at low concentrations were concentration-reiated. Attempts to repeat 
their experiments proved unsuccessful and there have been no comparable 
claims by other investigators examining the effects of somatostatin on CA1 
neurones.

The apparent differences in somatostatin potency between electrophysioiogical 
and autoradiographic experiments may be due to the different conditions 
employed. Radioligand binding experiments, almost without exception, use 
conditions which are optimised to achieve high-affinity binding and are, therefore, 
almost universally non-physiological. It is not unreasonable to suggest that such 
artificial conditions may lead to over-estimations of affinity. Furthermore, it is not 
clear how receptor occupancy relates to response amplitude in the 
electrophysiological experiments. A combination of factors may, therefore, have
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consorted to prevent the unequivocal demonstration of differences in potency 
between somatuline on the one hand, and the remaining peptides on the other.

Recordings from VMH neurones generally were more fruitful than those from CA1 

neurones. Pronounced desensitisation remained a problem in this brain region. 
The responses to somatostatin anaiogues were larger than those elicited by the 
same peptide concentrations in CA1 neurones although, on the whole, they 
remained smaller and more variable than those obtained from LC neurones. 
Somatuline, again, stood out from the other analogues in that the 
hyperpoiarizations elicited were significantly smaller than those evoked by other 
peptides, in several instances somatuline failed to produce any response on 
neurones which were subsequently shown to be responsive to somatostatin. 
These observations imply that genuine differences may exist between the 
somatostatin receptors in the LG and the VMH. It is not possible to say from the 
present data whether these differences apply to ail hypothalamic nuclei.

The complete abolition by pertussis toxin of the inhibitory responses to both 
somatostatin and baclofen in the VMH is in accord with the widely accepted view 
that a G protein is involved in coupling receptor activation by these agonists to the 
cellular effector mechanism(s). The ADP-ribosyiation of an inhibitory G protein by 
pertussis toxin has been previously shown to block the effects of somatostatin on 
potassium and calcium conductances, as well as the inhibitory effects of the 
peptide on adenylate cyclase activity (see Chapter 1). There have been only two 
reports of somatostatin responses being resistant to pertussis toxin: the 
somatostatin-induced hyperpoiarization of rat dorsolateral septal neurones (DLSN, 
Twery et al., 1991) and the augmentation of Im in hippocampal CA1 neurones 
(Schweitzer et a/., 1989). This is not to say that these latter responses are G 
protein independent, since pertussis toxin sensitivity is not a sufficient criterion for 
inhibitory G protein involvement (Breitwieser, 1991). indeed, they raise the 
interesting possibility that somatostatin receptors may be capable of coupling to 
different G protein subclasses (see Chapter 1). Assuming, albeit prematurely, that 
the pertussis toxin-resistant effects of somatostatin reported by Twery etal. (1991) 
and Schweitzer etal. (1989) are, indeed, mediated by a G protein then one such 
candidate for such an effect may be the pertussis toxin-insensitive G protein, Gp. 
Gp mediates ACh-induced stimulation of phosphoiipase C and phospholipase A2 

(see Breitweiser, 1991) and appears to be capable of modifying atrial potassium 
channei function by an indirect effect involving the generation of arachidonic acid 
metabolites (Breitwieser, 1991). It remains to be seen whether such an effect
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can explain the action of somatostatin in the DLSN and on Im, but in support there 
is at least one preliminary indication of an effect of somatostatin on 
phosphoinositide metabolism in hippocampal tissue (Shaffer and Dokas, 1989). 
Clearly, the elucidation of the precise G proteins involved in coupling somatostatin 
receptors to various intracellular processes will command significant attention and 
will involve combined electrophysiological and biochemical approaches.

5.4.3. The ionic basis of the somatostatin hyperpoiarization.

Hyperpoiarizations to somatostatin and the short-chain analogues were generally 
associated with a decrease in membrane input-resistance. This was the case 
even with hippocampal GA1 neurones where hyperpoiarizations were usually only 
a few mV. This attenuation of input-resistance was not a direct consequence of 
membrane hyperpoiarization since returning the potential back to pre-drug levels 
by current injection did not restore the input-resistance in either VMH or LC 
neurones.

The effects on input-resistance occurred whether KCI or KAc solutions were used 
within the electrodes and suggested an effect on potassium conductance. More 
direct evidence in favour of this was provided by other experiments. The reversal 
potential of the somatostatin hyperpolarizing response in current- and voltage- 
clamped LC neurones, together with its sensitivity to barium ions and the outward 
direction of the current recorded under voltage-clamp are all consistent with an 
effect on a potassium conductance. There is also overwhelming evidence in 
favour of this from other published studies of the electrophysiological effects of 
somatostatin peptides in in vitro preparations. Thus, an increased conductance 
to potassium ions has been suggested to underly the somatostatin-induced 
hyperpoiarizations of vagal motorneurones In the rat brainstem (Nabekura et a/., 
1989), guinea-pig submucous plexus neurones (Mihara et ai., 1987; Tatsumi et 
al., 1990), neurones of the dorsolateral septal nucleus (Twery and Gallagher, 
1989) and gerbil LC neurones (OIpe et ai., 1987). An identical mechanism has 
been proposed to explain the effects of somatostatin on cultured neurones (Inoue 
et ai., 1988; Wang et ai., 1989 and 1990).

Whilst there may be a general concensus of support for potassium being the 
major, if not the only, ionic species involved in the mediation of the 
hyperpolarizing response to somatostatin, there is some debate as to the precise 
potassium channel involved. A specific inward rectifier (Mihara et ai., 1987; Inoue
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et al., 1988; Pennefather et al., 1988), ATP-dependent potassium channel, Ikatp 
(Fosset et al., 1988), a calcium-activated potassium channel, Ikcb {White et al., 
1991) and the M-current (Moore et al., 1988; Jacquin et al., 1988) have ail been 
implicated, it was only possible to test which of these mechanisms applied in the 
case of LC neurones. Only in the LC, was the somatostatin response robust 
enough to permit a detailed study which required repeated peptide applications to 
a single neurone.

There is no published evidence to suggest that Ikatp channels are expressed by 
rat LC neurones. The unlikely role of such a conductance being responsible for 
the observed effects of somatostatin peptides in the present experiments was 
explored by evaluating the effects of specific blockers of Ikatp> tolbutamide and 
glibenclamide (Trube et al., 1986; Sturgess et al., 1988; Zunkler et al., 1988). 
Tolbutamide has previously been shown to block the hypoglycaemia-induced 
opening of central Ikatp channels, whereas glibenclamide was ineffective (Ashford 
et al., 1990). The lack of effect of either tolbutamide or glibenclamide on the 
somatostatin-induced hyperpoiarization of LC neurones suggests that Ikatp is 
unlikely to play a key role in the somatostatin response.

Likewise, the persistence of the somatostatin response during blockade of both 
large- and smali-conductance Ikcs channels with charybdotoxin (Pennefather et 
al., 1985, review by Garcia etal., 1991) and apamin (Miller etal., 1985; Biatz and 
Magieby, 1986; Kawai and Watanabe, 1986; Schwindt et al., 1988; review by 
Garcia et al., 1991), respectively, suggests that a calcium-activated potassium 
conductance is not involved (in agreement with inoue et al., 1988). A key role for 
Im must also be considered unlikely since this conductance was not identifed in 
any of the voltage-clamped LC neurones.

The present data suggest, therefore, that the somatostatin hyperpoiarization of rat 
LC neurones results from an enhanced inwardly-rectifying outward potassium 
conductance, as described by others (Mihara et al., 1987; inoue et al., 1988; 
Pennefather etal., 1988).

5.4.4. Effect of somatostatin on calcium conductances.

There have been several reports in the literature suggesting that somatostatin can 
act directly to inhibit inward calcium fluxes in a pertussis toxin-sensitive manner 
Such an effect has been demonstrated in a variety of cell cultures (Lewis et al..
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1986b; Tsunoo et al., 1986; Lui ni et al., 1986; Reisine et al., 1988; Rosenthal et 
al., 1988; Mollard etal., 1988; Lussier etal., 1991a; Taussig etal., 1992) including 
LC cultured neurones (Inoue etal., 1988), in acutely dissociated superior cervical 
ganglion neurones (Ikeda et ai, 1987; Ikeda and Schofield, 1989a & b) and in 
isolated guinea-pig atria (Quirion etal., 1979; Diez et ai, 1985). It was, therefore, 
of interest to determine whether somatostatin had a similar effect on central 
neurones in a brain slice preparation.

In the rat hippocampus, somatostatin attenuated inward calcium currents when 
conditions were modified in an attempt to minimise an indirect effect via a 
potassium conductance. The degree of attenuation of depolarization-induced 
inward calcium current in voltage-clamped GA1 neurones was variable but 
appeared to persist in cases where there was no demonstrable effect on outward 
potassium currents. However, these experiments are difficult to interpret because 
of problems associated with the efficiency of space clamp when using a single 
microelectrode voltage-clamp technique. In essence, it must be considered 
unlikely that membrane potential at distal dendritic regions of the neurone could 
be considered to be adequately clamped when relying on a point source of 
current injected into the neurone soma.

The use of potassium channei blockers is likely to have improved the eiectrotonic 
distance over which the membrane may be considered to be adequately clamped. 
Unfortunately, it is still not possible to say with any degree of certainty, whether ail 
of the calcium current emanates from the somatic membrane or more distant 
dendritic membrane. If the latter turns out to be the case, then the crucial 
question is how much outward potassium conductance is required to bring about 
a significant attenuation of inward calcium. It is likely, given the extreme 
sensitivity of voltage-sensitive calcium channels to counteracting potassium 
conductances, that this would amount to only a few pA. It is only possible to rule 
out, unequivocally, a contaminating potassium conductance by replacing ail 
potassium in the external and intracellular solutions with impermeant ions. 
Unfortunately, the brain slice preparations did not tolerate such manipulations, it 
remains a possibility, therefore, that distal portions of the dendritic tree were 
inadequately clamped and that "unseen" potassium currents entering through 
these membrane regions were responsible for the observed effects on inward 
calcium. The generally smaller attenuation of calcium recorded in neurones 
exposed to high (20 and 30 mM) concentrations of TEA is in accord with this 
suggestion.
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5.4.5. Evidence for a presynaptic effect on calcium channei activity.

The possibility of a direct inhibition of voltage-dependent calcium influx by 
somatostatin in certain types of neurone raises the possibility of additional 
presynaptic effects of the peptide which would have been missed in the above 
experiments. The well characterised synaptic morphology of the hippocampus 
suggested that this structure may provide an ideal means of evaluating the 
possibilty of a presynaptic effect. Indeed, a presynaptic site of action would 
explain the disappointing postsynaptic responses recorded from CA1 neurones. It 
was envisaged that the experiments on evoked population depolarizations of CA1 
neurones, by stimulation of the Schaffer collateral/commissural pathway, would 
capitalise on both presynaptic and postsynaptic effects simultaneously. A 
reduction in synaptic efficiency, either alone or in combination with a direct 
hyperpolarizing postsynaptic effect on CA1 neuronal membrane potential, would 
be predicted to attenuate the amplitude of the recorded population 'spike'. Of 
course, the drawback to this approach is the inability to make conclusions 
concerning the relevant contributions of each of the two mechanisms. 
Nevertheless, the possibility of presynaptic and postsynaptic effects of 
somatostatin peptides combining to elicit a robust response, at relatively low 
peptide concentrations, was attractive. However, this turned out not to be the 
case. Although somatostatin did reduce population spike amplitude the 
magnitude of the effect bordered on statistical significance and required nM 
concentrations of peptide. Seglitide was more efficacious, confirming the general 
observation that this short-chain analogue possessed increased potency 
compared to the full length tetradecapeptide. Interestingly, somatuline appeared 
to be completely devoid of activity.

The terminals of Schaffer collateral/commissural fibres are known to form 
excitatory synapses directly onto the dendritic arborisations of CA1 pyramidal 
neurones and at the same time to dispatch collaterals which synapse with 
GABAergic inhibitory interneurones (Palacios et al., 1981; Somogyi et ai, 1983; 
Lambert et ai, 1991). Depending upon the precise location of somatostatin 
receptors, it may be envisaged that putative presynaptic effects may involve 
either, (i) a reduction in release of excitatory transmitter leading to inhibition of 
CA1 neuronal excitablility or, (ii) conversely, a reduction in GABAergic tone, via an 
action on feedforward and/or feedback inhibitory interneurones, which would 
increase CA1 neuronal excitability. It is also conceivable, although unlikely, that
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both of these effects could operate simultaneously, the observed final response 
being an integral of two opposing actions.

The lack of an effect on the EPSP/IPSP synaptic potential recorded intracellularly 
in CA1 neurones in the absence of a direct postsynaptic hyperpoiarization argues 
against a significant presynaptic modulatory role for somatostatin at these 
hippocampal synapses. It should be stated, however, that a small effect on the 
EPSP specifically, may have been missed due to superimposed action potentials. 
A substantial reduction in the amplitude of the EPSP can be ruled out because 
such an effect would be anticipated to result in an increased IPSP amplitude and 
this was not observed. Whilst it is possible to pharmacologically isolate these two 
components of the synaptic response (Collingridge etal., 1988; Home and Kemp, 
1991) such additional experiments were not undertaken because it was 
considered that they were unlikely to reveal anything other than small effects. 
These experiments suggest that somatostatin acts predominantly postsynaptically 
and inhibits the population spike evoked by Schaffer collateral/commissural 
stimulation by directly hyperpolarizing CA1 neurones.

The lack of effect of somatostatin on synaptic transmission in the CA1 region of 
the hippocampus and on, what were presumed to be, spontaneous depolarizing 
I PSPs in the VMH, does not rule out the possibilities of such an effect in other 
brain regions. Evidence in favour of presynaptic receptors being restricted to 
discrete locations within the CNS has been provided by a number of transmitter 
release studies. Thus, somatostatin has been found to inhibit veratridine or 
potassium-evoked pH]GABA release from rat striatum (Meyer at a!., 1989), to 
inhibit potassium-evoked glutamate and pH]ACh release from rat caudate - via an 
indirect stimulatory effect on dopamine release (Americ at a/., 1986; Arneric and 
Reis, 1986) and to directly inhibit the electrically-evoked release of 
pH]noradrenaline (but not that of either pH]dopamine or pH]5-HT) from rat 
hypothalamic slices (Gothert, 1980). In all of the above experiments, the effects 
of somatostatin were modest (~ 30% maximal inhibition) and occurred at peptide 
concentrations of 300 nM to 1 pM. Interestingly, somatostatin did not effect the 
potassium-evoked release of pH]ACh from rat hippocampal synaptosomes until 
toxic (600 pM) concentrations were attained (Nemeth and Cooper, 1979) which 
lends a measure of support for the present lack of effect on synaptic transmission 
in hippocampus. Furthermore, there are doubts as to whether the material being 
released in such experiments is from physiologically relevant Intracellular pools.
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In summary, these electrophysiological experiments permit severai tentative 
conclusions regarding the possibility of receptor subtypes for somatostatin in the 
rat CNS. The receptors in the LC appear to be different to those in the 
hippocampus and VMH. Somatuiine was clearly as potent as the other 
somatostatin peptides in the LC, but this appeared not to be the case in the VMH 
or in the majority of hippocampal CA1 neurones. However, unequivocal 
conclusions would require comparisons of concentration-response relationships 
for each of the analogues in each brain area. This was not possible because of 
the relatively small effects of somatostatin peptides in both the VMH and CA1, 
coupled with a pronounced desensitisation phenomenon.

The response to somatostatin in ali of these areas was one of membrane 
hyperpoiarization, there were no examples of the depolarizing responses 
recorded by others (Renaud et a/., 1975; Dodd and Keily, 1978; Mueiler at a/., 
1986; Scharfman and Schwartzkroin, 1988). The hyperpoiarization appears to be 
the consequence of an increased conductance to potassium which is inwardiy 
rectifying at negative membrane potentials. There was limited evidence to 
support an additional direct effect on inward calcium current in voltage-damped 
CA1 neurones and in barium-treated LC neurones. However, these postsynaptic 
effects were not refiected by a presynaptic effect on calcium fiux which would be 
anticipated to reduce neurotransmitter reiease and, thereby, inhibit synaptic 
transmission in the hippocampai CA1 region.
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6 .  E lECTROPHYSIOLOGICAL e ff e c t s  OF SOMATOSTATIN 
PEPTIDES ON CLONAL GH, CELLS IN CULTURE

6.1. INTRODUCTION.

Radioligand binding studies, including the autoradiographic experiments discussed 
in Chapter 4, have consistently indicated a single homogeneous class of 
somatostatin binding sites in pituitary (see citations in Chapters 3 and 4). These 
binding sites are equally sensitive to full length somatostatin peptides and short- 
chain analogues and, therefore, differ from their brain counterparts. Consequently, 
it was clearly of interest to compare the functional responses to somatostatin 
analogues obtained in brain to those in pituitary.

Careful consideration was given to the choice of pituitary preparation. Ideally, the 
most appropriate preparation would be that of a pituitary tissue slice taken from rats 
of the same age and strain used for the electrophysioiogical and radioligand 
binding experiments described previously. Initial experiments, therefore, examined 
the possibility of recording responses to somatostatin in pituitary slices using 
conventional intracellular recording techniques. However, repeated attempts to 
record from pituitary cells within thin tissue slices resulted in only a single 
successful intracellular recording in which somatostatin (100 nM) evoked a 20 mV 
hyperpolarization. Unfortunately, the fine-tipped glass microelectrodes used for 
such recordings were highly susceptible to breakage by the tough membranes 
surrounding individual pituicytes.

Alternatively, it was envisaged that the tight-seal whole-ceii variant of the patch 
clamp technique (Hamill et ai, 1981) could be used to record responses from either 
intact pituitary tissue, acutely dissociated pituicytes, primary cultured pituicytes or 
from clonal cell lines of pituitary origin. All of these options were considered, but 
the possibility of using cultures of clonal cell lines appeared particularly attractive. 
Several pituitary-derived cell lines have been extensively characterised both in 
terms of their electrophysiology and in their responses to somatostatin and, at least 
theoretically, presented the possibility of a uniform population of cells expressing 
somatostatin receptors. They also offered the additional advantage of being easier 
to prepare and maintain than primary cultures. Of the several clonal cell lines 
available, GH3 cells were selected for these experiments because they were readily 
available from commercial sources.
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GH cell variants are all derived from a single pituitary tumour (MtT.W5) which was 
induced in a female rat by X-ray irradiation. Clones isolated from this tumour gave 
rise to two cell lineages: GHi and GH3, all additional commonly used variants (e.g. 
GHi2Ci, GH4C1) were subsequently derived from these two original cell lines 
(Bancroft, 1981). GH3 cells have been shown to secrete GH and PRL, both of 
which are immunologically indistinguishable from the authentic hormones 
secreted by rat pituitary (Yu etal., 1977; Tashjian et a!., 1970). Furthermore, the 
secretion of these hormones can be regulated by addition to the growth medium 
of a variety of hormones which regulate pituitary secretions in the intact rat. Thus, 
secretagogues such as VIP (Koch and Schonbrunn, 1984), bombesin 
(Westendorf and Schonbrunn, 1982) GRP (Lussier et al., 1991b) and TRH 
(Yajima etal., 1986; Brunet-de Carvalho etal., 1989) which are known to increase 
GH and PRL secretion from pituitary, also do so from GH3 cells. Furthermore, in 
both celi types these secretions are inhibited by somatostatin (Westendorf and 
Schonbrunn, 1982; Koch and Schonbrunn, 1984; Epelbaum et al., 1987; 
Lamberts etal., 1989; Yajima etal., 1986).

Clonal GH cells, therefore, would appear to represent an ideal model system in 
which to elucidate the electrophysioiogical and biochemical mechanisms 
underlying somatostatin's effects on pituitary function. Considerable research 
effort from a number of laboratories has significantly increased understanding of 
these mechanisms. It is now clear that somatostatin can influence the secretory 
activity of GH3 cells and certain phenotypes of native pituitary cells by three 
possible transduction mechanisms. Firstly, somatostatin inhibits VIP-induced 
stimulation of PRL release by inhibiting the stimulation of membrane adenylate 
cyclase and the consequential elevation of intracellular cAMP levels induced by 
the secretagogue. This appears to be the direct result of a G protein mediated 
effect on the enzyme itself (Koch and Schonbrunn, 1984; Epelbaum etal., 1987), 
and not due to a stimulation of phosphodiesterase activity since the effects of 
somatostatin persist in the presence of the phosphodiesterase inhibitor, IBMX 
(Dorflinger and Schonbrunn, 1983). A similar inhibitory effect on adenylate 
cyclase has been reported to explain the effect of somatostatin on ACTH release 
from a mouse anterior pituitary clonal cell line, AtT-20 (Reisine, 1985) and insulin 
secretion from rat pancreatic islet cells (Sussman et al., 1987). Secondly, and in 
common with its effect on neurones (see Chapters 1 and 5) somatostatin also 
gates potassium channels in pituitary cell membranes. This effectively drives the 
membrane potential towards the potassium equilibrium potential, Ek, the resulting 
hyperpolarization inhibits regenerative calcium spiking activity in pituicytes
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(Yamashita et al., 1986; Mollard et al., 1988; Chen et al. 1990a; Sims et al., 
1991), GHg cells (Rosenthal etal., 1988; Mollard etal., 1988; Barros etal., 1991), 
AtT-20 cells (Pennefather et al., 1988) and pancreatic Islet p-cells (Pace and 
Tarvln, 1981) and, hence, reduces the Influx of calcium (Schlegel etal., 1987). A 
somatostatln-lnduced reduction In Intracellular free-calclum concentration ([Ca^+]i) 
has also been shown using the caldum-sensltlve dyes, quln-2 , lndo-1 and fura-2 , 
(Schlegel etal., 1984; Nilsson et ai, 1989; Relslne, 1990; Lussier et ai, 1991a). 
This Is thought to underly the peptide's Inhibitory effects on calcium-dependent 
secretion. Thirdly, somatostatin appears to be able to Inhibit calcium channel 
activity directly. I.e. under conditions where potassium conductances have been 
eliminated (Lewis et ai, 1986b; Lulnl et ai, 1986; Rosenthal et ai, 1988; Mollard 
et ai, 1988; Nussinovitch 1989; Chen et ai, 1990b). Both the effects on 
potassium and calcium channels are G protein mediated, although It Is by no 
means certain whether the same G protein Is responsible.

The ability to modulate both potassium and calcium channels Independently has 
prompted many studies to determine which of the two effects Is physiologically 
relevant. The most comprehensive studies have been undertaken by Schonbrunn 
and co-workers. Reducing extracellular calcium concentrations ([Câ +]@) 
prevented the reduction In [Ca^+]i by somatostatin but did not effect the peptides 
ability to hyperpolarlze GH4C1 cells. In contrast, eliminating the driving force for 
potassium efflux by raising [K+]o blocked the effects of somatostatin on both 
membrane potential and [Ca^+]|. Further experiments performed In a number of 
laboratories. In which either potassium or calcium fluxes were Independently 
manipulated, also suggested that the primary lonotropic effect of somatostatin 
was an Increased conductance to potassium and that the effects on [Ca^+]i were 
secondary to membrane hyperpolarization (Mollard et ai, 1988; Pennefather et 
ai, 1988; Koch et ai, 1988). Furthermore, these lonotropic effects of 
somatostatin have been shown by several groups to be Independent of the 
peptide's effects on adenylate cyclase (Koch et ai, 1988; Mollard et ai, 1988; 
Rosenthal et ai, 1988). Thus, although somatostatin Is capable of activating at 
least three Independent transduction pathways In GH-secretIng cells, the 
predominant mechanisms appear to Involve a potassium conductance and 
adenylate cyclase Inhibition. It has been demonstrated that the Inhibitory effects 
of the peptide on hormone secretion can occur through both of these pathways 
Independently (Koch and Schonbrunn, 1988).
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In view of the fact that the primary electrophysioiogical consequence of 
somatostatin receptor activation in GH cells is a membrane hyperpolarization it 
was decided to use this response to compare the effects of SS14 and SS28 to 
those induced by the short-chain analogues. It was envisaged that the clonal GH3 

cells would provide a continuous supply of responsive cells and that membrane 
hyperpolarization would represent a quantifiable response from which 
concentration-response curves for each analogue could be constructed.

6.2, METHODS.

6.2.1. GH3 cell cultures: preparation and maintenance

Frozen stocks of GH3 cells were purchased from the American Tissue Type 
Collection (ATGO cell line reference COL 82.1). They were reconstituted by 
rapidly thawing in a 37®C water bath and suspended in a growth medium of the 
following composition: Hams F10 medium 82.5%; foetal calf serum, 2.5%; horse 
serum, 15%; L-glutamine 2 mM (all constituents purchased from Flow 
Laboratories, UK). The resulting suspension was plated into 50 ml plastic culture 
flasks and cultured in an incubator at 37®C using room air supplemented with 5% 
CO2. The culture medium was replaced at 3 - 4 day intervals by aspirating the 
spent medium into conical tubes. Suspended cells were recovered by gentle 
centrifugation (2000 rpm for 4 - 5 min) and re-suspended in fresh medium. The 
cultures were divided every 6 - 7 days by repeating the above procedure but 
diluting the suspension two-fold and seeding into fresh culture flasks. Aliquots of 
cells were frozen in liquid nitrogen at regular intervals to ensure a supply of 
material throughout the passage cycle.

For electrophysioiogical experiments, GH3 cells were sub-cultured onto sterile 
glass coverslips in 35 mm 6-well plastic culture plates and maintained in the same 
culture medium until required. At the time of the experiment individual coverslips 
were transferred to a glass-bottomed perspex recording chamber which was 
mounted on the stage of a Nikon Diaphot inverted microscope (Figure 6.1).

Cultures were observed using phase contrast optics at 400x magnification and 
were continuously perfused with a simplified salt solution of the following 
composition: NaCI, 149 mM; KCI, 4.14 mM; CaCl2, 2 mM; MgCl2, 2 mM; Hepes 

(base) 10 mM and D-glucose 11 mM (pH 7.4). In several experiments this 
solution was supplemented with 5% horse serum and 1% foetal calf serum. All 
experiments were carried out at room temperature (range 19 to 21 °C).
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Figure 6.1. Experimental apparatus and arrangement for recording electrophysioiogical responses from cell cultures. Cultures were grown 
on glass coverslips and transferred to the perfused recording chamber (0) which was mounted on the stage of a inverted microscope. The 
patch pipette (P) and headstage assembly (H) are also indicated.



6.2.2. Whole-cell current-clamp recordings.

Membrane potential was recorded in individual cells using the tight-seai, whoie-ceil 
variant of the patch-damp technique (Hamill et al., 1981). Signals were amplified 
using an EPC-7 amplifier (List-Eiectonic) in the current-clamp (CC) mode. Patch 
pipettes were pulled from thin-wailed borosilicate glass (GC120TF, Clark 
Eiectromedicai, UK) using a Mechanex electrode puller (BBOH, Switzerland). 
Pipettes had resistances between 5 -10  MÎ2 when filled with either of the solutions 
listed in Table 6.1, they were not additionally fire-polished nor treated to reduce 
capacitance.

Table 6.1. Composition of patch-pipette solutions

Sait Solution PI Solution P2
(mM) (mM)

K-Aspartate 80 120
KCi 50 20
EGTA 10
Hepes 10 10
MgCI2 1 1
MgATP 3 2
cAMP 1
GTP 0.5

EGTA was prepared as a potassium salt using KOH and adjusted to pH 7.3 with 
HCI. ATP, cAMP and GTP were prepared separately as stock solutions (100 pM), 
aliquoted and frozen at -30°C, they were added to the main solution on the day of 
the experiment and kept refrigerated at 4°C. The final pH of both solutions was 
adjusted to 7.3.

Contact between pipette and cell was established using a hydraulic micro- 
manipuiator (Narishige) which enabled movement in three planes. A high 
resistance (typically > 10 GÎ2) pipette-to-membrane seal was formed after the initial 
contact by the application of gentle suction to the pipette assembly. With the 
amplifier in voitage-ciamp mode, a pipette potential of -80 mV was applied and the 
capacitance transients generated in response to a 10 mV, 20 ms depolarizing pulse 
(5 Hz) were minimised using the C-fast cancellation potentiometer on the EPC-7. 
Series resistance compensation was not applied. Transition to whole-ceii recording 
mode was achieved by the application of further suction in order to rupture the
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membrane within the pipette orifice. Pipette potential was then returned to zero 
and the amplifier switched to CC mode.

Drugs were applied to cells either by localised pressure ejection from fine-tipped 
(5-10 pm) multibarrel pipettes or by fast perfusion from large-tipped (4 - 500 pm) 
capillaries. In either case, one of the barrels was filled with the external salt 
solution used to perfuse the culture, this acted as a control for pressure or flow 
artefacts.

6.3. RESULTS.

Over 150 GH3 cells were recorded during the course of these experiments. 
Morphological and electrophysioiogical characteristics varied considerably, cell 
diameters ranged between 10 - 22 pm (mean ± s.d. = 17 ± 2.4, n = 68), some of 
these were spherical and phase-bright while others were irregular and non- 
refractive. Resting membrane potentials also showed considerable variability 
(mean ± s.d. = -38 ± 7 mV, n = 106), approximately 60% of cells showed 
spontaneous, regenerative, TTX-resistant spikes (Figure 6 .2), the remaining 40% 
were considered quiescent although many showed rhythmical, low-amplitude 
oscillations in membrane potential. Sensitivity to somatostatin did not correlate 
with any of the above morphological or electrophysioiogical characteristics. 
Rather, it appeared as though sensitivity to the peptide developed several cell 
divisions after thawing from frozen stocks and was maintained only transiently. 
Freezing subcultures at the period of maximum sensitivity did not guarantee a 
maintained responsiveness upon reconstitution.

In those cultures which were responsive to somatostatin, approximately 30% of 
the total cell population were effected. In all cases the responses elicited by 
somatostatin analogues were membrane hyperpolarizations (Tables 6.2 & 6.3) 
together with a reduction or cessation of action potential activity in spontaneously 
active cells and a decrease in input-resistance (Figure 6 .2). Depolarizing 
responses were never observed. Two pipette solutions were tried in an attempt to 
improve the quality of responses and the number of responsive cells. Neither of 
the solutions listed in Table 6.1 appeared to offer any advantages in this respect.
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Figure 6.2. Somatostatin hyperpolarizes GH3 cells and inhibits regenerative action 
potentials. A brief (1 s) application (double arrowhead) of 8814 (1 pM) from a 
pressure pipette hyperpolarized the membrane and inhibited action potential activity in 
a GH3 cell. Membrane potential prior to 8814 application was -54 mV, the peptide 
induced a 10 mV hyperpolarization and decreased the input-resistance (2.3 G^2) of 
the cell by 26%, as estimated from the voltage deflections evoked by the injection of 
current pulses (10 pA, 200 ms - downward pen deflections). Note that the 
subsequent pressure ejection of aC8 F (single arrowhead) from an adjacent pipette 
barrel fails to elicit a response. At the right of the trace the chart speed was 
temporarily increased to illustrate the typical low-amplitude, slow action potentials 
generated by these cells (amplitude ~ 30 mV, these were not attenuated by the 
frequency-response characteristics of the pen recorder).

In preliminary experiments, the effects of somatostatin analogues were compared 
by brief (1 -5  s) pressure-pipette applications. Pressure ejection offered several 
advantages over drug perfusion, several brief responses could be elicited on a 

single cell by using a multibarrel pipette and recordings were generally more 
stable using this method of drug application. Control ejections of aC8 F were 

routinely tested but never elicited a response. Each of the peptides appeared 
equieffective when administered in this way (Table 6 .2 , Figure 6.3).
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However, the main disadvantage of the technique is the uncertainty over the 
concentration of peptide achieved at the celi membrane and, therefore, 
quantitative potency comparisons were not possible.

Table 6.2. Hyperpoiarizing responses in GH3 ceils to pressure-ejected peptides.

Analogue 
[1 pM]

Hyperpolarization 
(Mean ± s.e. mean)

No. of cells tested

SSI 4 9.4 ± 0.8 14
SS28 7.5 ±0.7 4
Seglitide 8.0 ± 0.5 4
Somatuline 9.4 ±1.0 5

in order to obtain more accurate potency comparisons, subsequent applications 
were made using large bore (tip diameter ~ 30 pm) perfusion pipettes placed 
within 50 pm from the celi. The flow rate from these pipettes was sufficiently fast 
to ensure equilibration at known peptide concentrations. Peptides were tested at 
100 and 300 nM, lower concentrations evoked smaller and more variable 
responses. Statistical analysis of the responses obtained with 100 and 300 nM 
peptide concentrations revealed no significant differences, suggesting that 100 
nM was the maximal effective concentration. Consequently, the data obtained at 
both of these concentrations was pooled (Table 6.3).

Table 6.3. Hyperpoiarizing responses in GH$ ceils to perfused peptides.

Peptide Concentration
(nM)

Hyperpoiarization 
(mean ± s.e. mean)

No. of cells 
tested

SS14 100-300 10.0 ±3.9 21
SS28 100-300 7.3 ± 4.0 7
Seglitide 100 10.2 ±3.2 9
Somatuline 100-300 6.4 ± 2.4* 7

♦ = Significantly different from SSI 4, P < 0.05 (ftest).
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Figure 6.3. GH3 cell hyperpolarizations to pressu re-pipette applications of 
somatostatin analogues. The trace shows a continuous recording from a single 
spontaneously active GH3 cell (resting membrane potential -  -61 mV) which was 
exposed to successive applications of SS I4, seglitide, somatuline and SS28. 
Each peptide was applied from a different barrel of a multibarrel pressure-pipette. 
Peptide concentrations within the barrels were 1 pM and ejection pressure was 5 
psi in each case, the total tip diameter was ~ 10 pm and applications were of 5 s 
duration.

Table 6.3 shows that there were considerable variations in the responsiveness of 
GH3 cells to somatostatin peptides. Responses to SSI4, for example, ranged 
from 4 to 19 mV. This variability, coupled to the unpredictable sensitivity to 
somatostatin between different culture platings, effectively ruled out the possibility 
of complete concentration-response curves for each of the analogues. 
Furthermore, even in those cells which were particularly responsive to the 
peptides, full concentration-response curves were never obtained, either due to 

premature breakdown of the pipette-membrane seal or to the gradual loss of 

responsiveness with time.

A preliminary account of these experiments was presented at the Second 
International Symposium on Somatostatin, Montreal, Canada, 1989 (Appendix II).
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6.4. DISCUSSION.

The electrical characteristics of GH3 cells and the hyperpoiarizing effect of 
somatostatin were in agreement with previous reports (Mollard et al., 1988; 
Rosenthal etal., 1988) and these observations were extended further in that the 
short-chain analogues were shown to elicit similar responses.

Approximately 60% of GH3 cells recorded during these experiments showed 
spontaneous action potential discharges. The action potential frequency in these 
cells has previously been shown to depend on the interplay between two 
potassium conductances, a voltage-sensitive current ( I k v )  which resembles 
A-current in some of its characteristics, and a calcium-activated current (iK(ca). 
Barros et al., 1984). These two currents have different roles, thus, Ikv appears to 
be important in determining the inter-spike interval and lK(ca) is involved in 
membrane repolarisation following an action potential (Barros et al., 1984). 
Assuming that the calcium required for secretory processes enters the cell during 
the action potential phase (Schlegel etal., 1987) then modification of either Ikv or 
iK(ca) might be anticipated to also modify secretion. Indeed, this appears to be the 
case. TRH, for example, has been reported to attenuate Ikv in GH3 cells resulting 
in an increase in action potential frequency (Dubinsky and Oxford, 1985) which 
presumably underlies the promotion of secretion by this hormone. Until recently, it 
was not known precisely which potassium conductance was responsible for the 
antisecretory effects of somatostatin on pituitary cells. However, using the 
nystatin perforated-patch protocol. White et al. (1991) have now demonstrated 
that these effects in GH4C1 cells are almost certainly due to a sustained increase 
in the activity of lK(ca) channels resulting from somatostatin-induced 
dephosphorylation of the channel protein itself or an associated regulatory 
protein.

A particularly frustrating finding during the course of these experiments was the 
apparent unresponsiveness of many cells to somatostatin. This proved to be a 
difficult parameter to quantify because cells from any given culture appeared to 
suddenly acquire sensitivity to the effects of the peptide and then abruptly revert 
back to their former insensitive state within a few days in culture. Generally, it 
appeared as though the period of sensitivity was greatest within a few days after 
reconstitution from frozen stocks and that this declined with time in culture, a 
similar observation has been reported by Rosenthal et al. (1988). It is not 
possible to say from these experiments whether the variations in responsiveness
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were due to time-dependent changes in the expression of somatostatin receptors 
or due to changes in the G protein coupiing efficiency, it is also possible that 
changes in cell phenotype occurred with time and at face value this seems to be 
an absurd suggestion for a clonal ceil line. However, GH3 ceil cultures have 
previously been shown to consist of at least two, or possibly three cell 
phenotypes, classified as somatotrophs or mammotrophs depending on whether 
GH or PRL, respectively, is the major secretory product (Boockfor and Schwarz, 
1988).

Other possible explanations for variations in somatostatin responsiveness have 
been reported in the literature. Thus, Moiiard et al. (1988) claimed that the 
inclusion of sera in the external perfusate was essential for a maintained 
responsiveness and also increased the number of cells responding to 
somatostatin. Attempts to repeat these findings were unsuccessful, the addition 
of calf and horse sera to the perfusate did not transform unresponsive ceils into 
responders nor did it modify the responses obtained in those ceils which were 
already receptive to somatostatin. Various pipette solutions were also evaluated. 
The inclusion of GTP in the electrolyte has been claimed to be an essential 
requirement in pipette solutions when recording somatostatin responses from 
several types of cultured cells (Yamashita et a/., 1988; De Weilie et a/., 1989; 
Lewis and Ciapham, 1989), although others apparently find it unnecessary (Lewis 
et a/., 1986b; Tsunoo et a/., 1986; Lui ni et al., 1986; Rosenthal et al., 1988; 
Pennefather etal., 1988; Wang etal., 1989; Chen et al., 1990a). In the present 
experiments responses to somatostatin were obtained regardless of whether GTP 
was included in the patch pipette or not. Furthermore, preparing the pipette 
solution in an aqueous GH3 ceil lysate, which has previously been claimed to 
impart vital cytosolic factors and improve responsiveness to TRH and 
somatostatin (Dufy etal., 1986; Mollard etal., 1988) did not present any obvious 
advantages.

The apparent indifference to the pipette electrolyte solution may have been due to 
a property of the pipettes themselves. GH3 celi membranes appeared to be 
particularly fragile when compared to other celi types e.g. rat cerebrocorticai ceils, 
dorsal root ganglion ceils and NG108-15 ceils. Consequently, high resistance (G 
A) pipette-to-membrane seals which were robust enough to withstand several 
solution changes were more easily obtained with relatively narrow-tipped pipettes. 
It is possible, therefore, that pipette-tip geometry was such that rapid dialysis of 
the intracellular cytoplasm did not occur. A similar explanation has been offered
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by Pennefather et al. (1988) to explain the fact that GTP or ATP were apparently 
not required for somatostatin effects in their experiments. With hindsight, an 
altogether better approach to these experiments would have been to use the 
nystatin perforated-patch technique (Horn and Marty, 1988) as applied by White 
et al. (1991). This procedure avoids intraceliuiar dialysis and overcomes 
ambiguities which must be considered likely to result following the replacement of 
the normal cytoplasm with an artificial salt solution, no matter how elaborate the 
latter might be.

The fact that all of the above manipulations failed to improve the overall 
responsiveness of GH3 cells to somatostatin severely hampered attempts to 
compare the potency of somatostatin and the short-chain analogues. Complete 
concentration-response curves were not feasible and, indeed, have not been 
reported in any previous studies in which the electrophysioiogical effects of 
somatostatin have been examined on cultured cells. Pressure ejection of 
peptides evoked responses of similar amplitude. However, when applied by fast 
perfusion from capillaries, at concentrations (100 - 300 nM) which were likely to 
have been at the peak of the concentration-response curve, somatuline appeared 
to be less efficacious than SSI4, SS28 or seglitide. In view of the similar 
responses obtained by pressure ejection, it seems likely, bearing in mind the 
considerable variability in responsiveness between GH3 ceils, that the apparent 
lower potency of somatuline when applied by fast perfusion is artefactual and a 
consequence of the small number of cells studied. Indeed, in at least two of the 
seven cells perfused with somatuline the responses were within the range 
obtained with somatostatin itself.

In summary, the substantial cell to cell variability in responsiveness to 
somatostatin together with the very brief periods of expression or G protein 
Coupling of somatostatin receptors combined to prevent accurate potency 
determinations. On balance, it appears likely that somatuline and seglitide were 
as efficacious as the endogenous peptides SSI 4 and SS28 in their ability to 
hyperpolarlze GH3 ceils. In support of this, both of these somatostatin analogues 
have previously been shown to be more potent than somatostatin in inhibiting GH 

release from In vitro preparations of anterior pituitary (Veber et al., 1984; Heiman 
etal., 1987).
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7. UMMARY AND CONCLUSIONS

A large number of published reports from different laboratories have suggested that 
there are heterogeneous binding sites for somatostatin. The results of the 
radioligand binding experiments discussed in Chapters 3 and 4 appeared to 
substantiate this view. However, in the face of all of these receptor binding 
experiments there have been comparatively few functional studies to substantiate 
or refute the idea of receptor subclassification.

Functional studies are crucially important in receptor classification because 
radioligand experiments measure binding sites, and not physiologically active 
receptors. A considerable number of experiments were, therefore, undertaken with 
the aim of critically examining the electrophysioiogical effects of somatostatin and 
related analogues, in an attempt to identify possible functional correlates of the 
apparently different subclasses of somatostatin binding sites.

Despite these efforts, the functional relevance of the different binding sites remains 
speculative and several key questions remain unanswered. If it is accepted that 
there are somatostatin receptors (SSa) which are particularly sensitive to short- 
chain, conformationally-constrained anaiogues, and counterparts (SSb) which are 
analogue-resistant, as seems likely from an overwhelming number of studies 
including the present worl̂ , then what are the functional roles subscribed by these 
two sites?

The present electrophysioiogical experiments demonstrated that SS14 and SS28 
were apparently no more potent than either seglitide or octreotide. This 
observation assumes particuiar relevance in the case of hippocampal CA1 cells, as 
the CA1 was the only brain region to possess more SSb than SSa sites. The 
similar potencies of SS14, SS28, seglitide and octreotide suggests that the 
hyperpoiarizing responses evoked by the peptides on these cells must be mediated 
by a receptor with a similar affinity for both endogenous and short-chain analogues, 
i.e. the SSa site. However, it is more difficult to say whether the hyperpoiarizing 
response is mediated exclusively by SSa receptors. In hippocampus, neurones 
which were desensitised to either seglitide or octreotide also failed to respond to 
subsequent applications of SS14. If SSb receptors contributed towards membrane 
hyperpoiarization it might be argued that SS14 should continue to elicit a response 
under such conditions.
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To accept, for the sake of argument, that SSa receptors are solely responsible for 
membrane hyperpoiarization prompts a further question; are these receptors 
homogeneous as once thought? The apparent regional differences in potency 
seen with somatuline suggests that this may not be the case. This analogue was 
clearly the most discriminating of the short-chain somatostatin peptides. 
Electrophysiologically, somatuline was comparable to SS14 in terms of potency at 
the LC receptor, but appeared to be weaker in the hippocampus and VMH. 
However, this situation was made more complex by the fact that some neurones 
in both hippocampus and VMH did respond to this analogue at concentrations 
similar to those required to elicit a response to SS14. A more convincing case 
could have been presented had it been possible to demonstrate a reverse profile 
with a different peptide analogue. The autoradiographic data published by Martin 
et al. (1991) would suggest that CGP 23-996 may show such a profile. Thus, on 
the basis of their data, it might be predicted that this peptide analogue should 
have little effect on LC neurones but should hyperpolarlze hippocampal neurones. 
However, receptor classification based entirely on the use of agonists, either in 
functional or radioligand binding assays, will always be equivocal. Definitive 
experiments must await the arrival of potent and selective antagonists for each of 
the apparently different receptors.

If the electrophysioiogical responses to the short-chain somatostatin analogues 
are indeed due to an action at SS^ sites, then why are high concentrations 
required to elicit such small responses? It could be argued that all of the 
electrophysioiogical responses obtained in the present experiments were due to 
an action at the SSb sites, since the peptide concentrations required to elicit 
responses were, with the possible exception of the LC, in the range of affinities 
that the analogues showed for SSb sites in binding experiments. It is difficult to 
present irrefutable evidence to discount this alternative explanation, but there are 
several reasons to suggest it may not be the case:

• As discussed in Chapter 4, affinities predicted from binding experiments are 
likely to be over-estimated due to optimisation of assay conditions.

• There is no way of assessing the level of receptor occupancy required to elicit 
a membrane hyperpoiarization of a given amplitude. For example, should it 
be the case that virtually all available receptors are required to be occupied by 
an agonist in order to elicit a measurable membrane potential response, then 
this could have the effect of further dissociating the parameters of affinity and
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efficacy. The measured potency in such a functionai assay wouid depend on 
the intrinsic activity of the agonist and, in the case of partial agonists, would be 
lower than anticipated from binding experiments. None of the peptide 
analogues of somatostatin appear to behave as partial agonists in assays 
designed to evaluate their neuroendocrine antisecretory activity (Bauer et al., 
1982; Veber etal., 1984; Heiman etal., 1987). Furthermore, seglitide and L- 
363,301 did not behave as partial agonists on the field-stimulated rat 
anococcygeus preparation (Chapter 2). However, this does not rule out such a 
possibility for their other neuronal effects.

• The true amplitude of a response to a particular level of receptor occupancy 
may be attenuated by desensitisation and the magnitude of this effect wouid 
presumably be related to agonist concentration.

• The receptors mediating the membrane potential response may be situated at 
sites distal to the cell soma. If this is the case then the true magnitude of a 
response evoked by any given concentration of agonist may be attenuated 
when recording, for example, somatic potentials.

Any of these factors, either alone or in combination, may, therefore, account for 
the observed responses being due to an action at SSa receptors although at 
concentrations more appropriate for SSb receptors.

What, then, are the functionai roles of the short-chain analogue-insensitive sites? 
it is tempting to speculate that these sites may be located on glial cells. This 
hypothesis is attractive for two reasons. Firstly, the proportion of analogue- 
sensitive sites represents only about 30 - 40% of the total receptor population in 
CA1, this may explain the apparent paradox of weak peptide responses in a 
region with considerable receptor density. Secondly, and even more speculative, 
a possible somatostatin effect resulting in an increased potassium conductance in 
giiai ceils may explain some of the TTX-resistant excitatory effects on neuronal 
activity observed in certain laboratories.

Clearly, this thesis has provided no evidence to support such an effect on giiai 
cells, nor is there any evidence in the literature claiming such an action on giiai 
cell potassium conductances. However, it is interesting to note that there are 
reports of somatostatin binding sites on astrocytes (Krisch et al., 1991) and 
somatostatin has been shown to inhibit adenylate cyclase activity in glial cells
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1984 & 1985; Gebicke-Haerter et al., 1988). Furthermore, octreotide inhibited the 
high affinity binding of somatostatin-gold conjugate to astrocytes but only at 
concentrations {> 10 îM) which correspond to its affinity at SSb sites (Krisch et a!., 
1991). Finally, Raynor and Reisine (1992) have demonstrated an inhibitory effect 
of somatostatin on adenylate cyclase activity in striatal membranes, which was not 
mimicked by seglitide - suggesting an action at SSb sites, and which at least 
conceivably could represent an effect on glial cells. It is now a recognised and 
accepted fact that these non-neuronal cells are not merely passive components in 
the nervous system but under certain circumstances can influence neuronal 
behaviour.

In summary, all available evidence seems to point to growing support for multiple 
somatostatin receptor subtypes. The currentiy adopted SSa/SSb distinction may 
prove to be an oversimplification since there is considerable evidence, albeit 
circumstantial, to suggest that SSa receptors are heterogeneous. As has been the 
case in so many other pharmacological classification attempts for other receptor 
systems, conclusive, unequivocal proof of receptor heterogeneity will only be 
forthcoming either when the appropriate pharmacological tools become available or 
when molecular biology provides evidence in the form of sequenced clones. 
Significant progress has already been made, several laboratories have recently 
reported the successful cloning and expression of functional somatostatin receptors 
which are either the short-chain analogue-sensitive type (Kluxen etal., 1992; Rens- 
Domiano etal., 1992) or short-chain analogue-insensitive (Li etal., 1992). As more 
cloned receptors become available, their sensitivity to short-chain analogues, 
distribution in the CNS as revealed by In situ hybridisation, and their successful 
long-term expression in stable cell lines, preferably of nervous system origin, will 
provide answers to some of the most pressing questions. The complexities relating 
to differences in function and G protein coupling of proposed somatostatin receptor 
subtypes will then surely begin to unfold.
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lPPENDIX I: DRUG AND CHEMICAL SOURCES 

PEPTIDES:

SS14; SS28; SS28 î.,2) and D-Trp® SS14: purchased from Bachem.

Seglitide (also called MK-678 or L-363,588) and L-363,301 : obtained from MSDRL 
Rahway.

Octreotide (SMS 201-935): gift from Dr. J-C. Reubi (Sandoz Ltd., Basie, 
Switzerland).

Somatuline (DC 13-116): gift from Dr. D.H. Coy (Tulane University, New Orleans, 
USA).

D-Ala^, Me-Phe^ Gly-oi® enkephalin (DAMGO): purchased from RBI inc. 

Charybdotoxin: purchased from the Peptide institute (U.K.).

Apamin and ieupeptin: purchased from Sigma.

(3-[125|] iodotyrosyi^i) SSI4 ([^25|]jyrii.$si4, specific activity -2000 Ci. mmoM): 

purchased from Amersham international.

Peptides were prepared as 10 mM stock solutions in water which was pre-gassed 
with nitrogen, aiiquotted and frozen at -30°C until required. A fresh aliquot was 
used for each experiment. [^^i]Tyr^^-SS14 was dissolved in distilled water 
containing 0.1% BSA, aiiquotted and frozen at -30°C until required.

MISCELLANEOUS DRUGS:

Naloxone; tolbutamide; carbamylcholine chloride (carbachoi); bacitracin; 
phosphoramidon, aprotinin; adenosine 3':5'-cyciicmonophosphate (cAMP, Tris sait); 
adenosine-5'-triphosphate (ATP, magnesium salt) and (-)-noradrenaiine: all purchased 
from Sigma.

Guanosine-5'-0-(3-thiotriphosphate) [GTPyS]: purchased from Calbiochem.
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Glibenclamide; isoguvacine hydrochloride; quisqualic acid and (-)-baclofen: purchased 
from RBI Inc. as ^  s*Lf.c/v_

Morphine hydrochloride: purchased from May and Baker.

Guanethidine monosulphate (Ismelin): purchased from Ciba.

Pertussis toxin: purchased from Porton Products.

BULK CHEMICALS:

Salts used in the preparation of aCSF solutions were all of analytical grade and 
purchased from either BDH Ltd. or Fisons Ltd.

Cadmium chloride; barium chloride; tetraethylammonium chloride; caesium chloride 
polyethylenimine; bovine serum albumin: purchased from Sigma.

Hepes and Tris buffers: purchased from Sigma.
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APPENDIX II: PUBLICATIONS.

1] Taken from: Br. J. Pharmacol., (1987), 90 (proceedings supplement), 106P.

IN H IB IT IO N  OF ELECTRICALLY-EVOKED CONTRACTIONS OF THE RAT 
ANOCOCCYGEUS BY SOMATOSTATIN AND TWO CYCLIC ANALOGUES

T Priestley* and G N Woodruff, Merck Sharp & Dohme Research Laboratories, 
Neuroscience Research Centre, Terlings Park, Harlow, Essex
The naturally occurring cyclic tetradecapeptide, somatostatin-14 (SS-14), has 
previously been shown to inhibit electrically evoked contractions of the rat vas 
deferens, guinea-pig ileum and rabbit ear artery (Cohen et al, 1978). We have 
investigated the inhibition of electrically-evoked contractions of the rat 
anococcygeus muscle by SS-14, the N-terminally extended molecule SS-28 and two 
synthetic cyclic-hexapeptide analogues (Pro-Phe-DTrp-Lys-Thr-Phe) (l) and 
(N.Me.Ata-Tyr-D-Trp-Lys-Val-Plie) (II), which have potent inhibitory effects on 
growth hormone, insulin and glucagon-release in vivo (Veber et al, 1984).
Anococcygeus muscles were removed from male Sprague-Dawley rats (250-350g) as 
described by Gillespie (1972). Muscle pairs were separated, mounted in 3ml 
organ baths and arranged for isometric recordings. Preparations were 
continuously perfused (Iml.min"^) with a gassed (95X02, 5XCO2 ) modified, 
Krebs-Henseleit solution at 37°C (composition in mM: NaCl 118; KCI 4.74; CaCl2  
2.54; KH2PO4 1.19; MgSO^ 1.20; Glucose 11). Transmural field stimulation was 
applied at lOHs for 1 s every 20 s, unless otherwise stated.
Electrically-evoked contractions of the anococcygeus were inhibited in a
concentration-related manner by SS-14, SS-28, and the two cyclic hexapeptides. 
Concentration-response curves to each agonist were simultaneously analysed using 
a four parameter logistic equation as described by DeLean et al (1978). Using 
this protocol the following plCgg values (mean + s.e.mean) were obtained: II =
8.34 + 0.04 (n-4); SS-28 - 7.50 + 0.06 (n=4); SS-14 - 7.41 + 0.10 (n=4); I =
7.21 + 0.05 (n“3). The plCgg values for SS-28, SS-14 and I were found not to
differ significantly (P>0.05), however, II was significantly (P<0.001) more 
potent than SS-14, mean 8.6-fold (6.76-10.96, log-normally distributed data). 
Maximum inhibitions did not differ significantly between any of the agonists, 
mean » 73.9% (n=15). Both maximum response and the potency of SS-14 varied 
inversely with external calcium concentration and stimulation frequency. None 
of the analogues produced any direct increases in muscle tone, in concentrations 
up to 10"^M and neither SS-14 (3xlO”^M) nor I (3xlO“^M) had any effect on 
increases in tone induced by bath application of noradrenaline (3xl0"^-10"^M). 
When guanethidine (3xlO"^M) and carbachoi (10”^M) were added to the perfusate to 
produce an increase in muscle tone, field stimulation (5Hz. 1 s trains every 
50 s) elicited a relaxation (Gillespie, 1972). SS-14 (10"°M) weakly but
consistently inhibited the relaxation response (mean inhibition, 18%, n=4).
Inhibition of the contractile response in the anococcygeus by somatostatin 
presumably involves the presynaptic regulation of noradrenaline release.
However, the mechanism underlying the inhibition of electrically-evoked 
relaxations is at present obscure. These experiments have provided the first 
data on the autonomic pharmacology of compounds I and II and the first evidence 
of a presynaptic role for somatostatin in the rat anococcygeus.
Cohen M L, Rosing E, Wiley K S & Slater I H (1978) Life Sci 23, 1659-1664 
DeLean A, Munson P J & Rodbard D (1978) Am J Physiol 235, E97-E102 
Gillespie J S (1972) Br J Pharmac 45, 404-416 
Veber D F (1984) Life Sci 34, 1371-1378
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Br. J. Pharmacol. (1988), 94,87-96

The inhibitory effect of somatostatin peptides on the 
rat anococcygeus muscle in vitro

T̂. Priestley & G.N. Woodruff

Merck Sharp and Dohme Research Laboratories, Neuroscience Research Centre, Terlings Park,
Eastwick Road, Harlow, Essex, CM20 2QR.

1 Electrically evoked contractions of the rat anococcygeus muscle were inhibited in a 
concentration-dependent manner by somatostatin-14 (SS14), -28 (SS28) and two synthetic 
hexapeptide analogues: L-363,301 (Fro-Phe-D-T rp-Lys-Thr-Ph'e) and L-363,586 (N-Me- 
A*la-Tyr-D-Trp-Lys-Val-Phe), with pIC^o values of 7.41,7.38,7.07 and 8.34, respectively.
2 The inhibitory effects of SS14 were dependent on stimulation frequency and external caldum ion 
concentration. Calcium behaved as a non-competitive antagonist of SS14, it reduced the maximal 
inhibitory effect of the peptide and at a concentration of 5.08 mM it significantly affected the pIC^o 
value.
3 SS14 (3 X 10" ̂ M) did not affect the tonic actions of bath-applied noradrenaline in the absence 
of field stimulation.
4 The effects of SS14 persisted in naloxone (10" ̂ M) and were, therefore, not due to an action at 
opiate receptors. Furthermore, experiments involving the lyophilisation of bath contents, showed no 
evidence to support an indirect mechanism involving the release of an endogenous inhibitory sub
stance.
5 High concentrations (10"’ m) of SS14 or L-363,301 inhibited the relaxation response evoked by 
electrical stimulation of guanethidine (3 x 10"*M)-treated preparations.
6 These results are consistent with similar actions of SS14 on other smooth muscle preparations 
and are presumed to reflect a presynaptic inhibition of transmitter release by a direct action on 
somatostatin receptors. The antagonistic efifect of calcium on this response is discussed with refer
ence to a possible role in receptor desensitization.

Introduction

Somatostatin is a cyclic tetradecapeptide originally 
isolated from bovine hypothalamic tissues (Brazeau 
et al., 1973) and so-named because of its potent 
inhibitory efiects on the secretion of growth 
hormone (somatotropin). It is now recognized that 
the originally isolated somatostatin-14 (SS14) is only 
one of a family of related peptides which are widely 
distributed throughout the mammalian body (see 
reviews by Reichlin, 1983; Delfs & Dichter, 1985; 
Epelbaum, 1986). In addition to potent neuroendo
crine actions (Arimura & Fishback, 1981; Dileepan 
& Wagle, 1985) somatostatin peptides have diverse 
biological effects commensurate with their wide
spread distribution. One such effect is a  striking 
ability to inhibit evoked and spontaneous contrac
tions of smooth muscle preparations in vitro, includ-

‘ Author for correspondence.

ing the rat (Cohen et al., 1978; Magnan et al., 1979; 
Vizi et a i, 1984) and mouse (Meyers et a i, 1981) 
vas deferens, the guinea-pig ileum (Cohen et a i, 
1978; Kromer & Woinof^ 1981; Yau et a i, 1983; 
McIntosh et a i, 1986) and the rabbit ear artery 
(Cohen et a i, 1978). We now describe a similar inhib
itory action of somatostatin on electrically-evoked 
responses in the rat anococcygeus muscle in vitro.

The in vitro anococcygeus muscle preparation has 
certain advantages over the other in vitro smooth 
muscle preparations: firstly, it is known that the con
tractile response to electrical stimulation is exclu
sively mediated by the neurogenic release of 
noradrenaline (Gillespie, 1980). Furthermore, when 
noradrenergic transmission is blocked and muscle 
tone raised by guanethidine, relaxations are elicited 
in response to electrical stimulation (Gillespie, 1972). 
It is possible therefore, to evaluate the effect of drugs

© The Macmillan Press Ltd 1988
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on two mutually antagonistic responses within the 
same tissue. In the present series of experiments we 
have compared the actions of the endogenous 
somatostatin peptides SS14, somatostatin-28 (SS28) 
and somatostatin-28(i.i2) (SS28(i.i2)) with two 
synthetic cyclic hexapeptide analogues, 
Fro-Phe-p-Trp-Lys-Tfar-Phie (L-363,301, Veber et of., 
1981) and N-Me-Aia-Tyr-o-Trp-Lys-Val-Phe (L- 
363,586, Veber et al^ 1984) on the electrically-evoked 
responses in the rat isolated anococcygeus muscle. 
These novel hexapeptide analogues have previously 
been shown to inhibit the binding of [ ‘^®I]-Tyr‘ ‘- 
somatostatin to brain cortical membranes (Veber et 
ai, personal communication) and are more potent 
than somatostatin as inhibitors of growth hormone, 
insulin and glucagon release (Veber et al^ 1984).

A preliminary account of this work has been 
published elsewhere (Priestley & Woodruff, 1986).

Methods

Male Sprague-Dawley rats (300-350 g) were killed by 
a blow to the head followed by exsanguination. Ano
coccygeus muscles were surgically removed by the 
procedure of Gillespie (1972). Isolated muscle pairs 
were separated, mounted in conventional 3 ml organ 
baths and arranged for isometric recordings under 
an initial resting tension of 0.5 g. Preparations were 
continuously perfused at a rate of 1 ml min"  ̂ (except 
during drug application periods) with a gassed (95% 
O ;, 5% CO2) modified Krebs-Henseleit solution at 
37“C (composition in h i m : NaCl 118, KCI 4.74, 
CaClz 2.54, KH2PO4 1.19, MgSO* 1.20, glucose 11). 
Transmural field stimulation was applied through 
platinum electrodes at a rate of 1 0 80V for I s  
every 10 s for the contractile response and 5 Hz, 80 V 
for Is  every 50s for the relaxation response. In the 
latter case preparations were treated with either gua
nethidine (30/xm)  alone or in combination with car
bachoi (10/xm) in order to increase resting muscle 
tone and abolish the contractile response. Muscle 
tension was continuously monitored on a Kipp and 
Zonen chart recorder.

Peptides were prepared as stock solutions in dis
tilled water and stored at — 20°C. Drug solutions 
were applied to the tissue between stimulation 
periods and in a volume not exceeding 30/xl.

Lyophilisation procedure

In some experiments the bath fluid was removed and 
rapidly frozen in liquid nitrogen. Frozen samples 
were lyophilised at 4°C and the resulting powder 
stored under dessicant at — 20”C until required. The 
lyophilised material was dissolved in 0.45 ml distilled 
water immediately before use and stored on ice.

Drugs

All of the chemicals used in the preparation of 
Krebs-Henseleit solutions were of analytical grade 
(B D ^. Somatostatin-14, -28 and -28(i.,2) were 
obtained from Bachem UJC.; in eadi case purity was 
assessed by FAB mass-spectrometry and peptide 
content was measured by amino add analysis. The 
^nthetic hexapeptide somatostatin analogues, 
Pro-Phe-D-Trp-Lvs-Thr-Ph*e (L-363.301) and 
N-Me-Ala-Tjrr-D-Trp-Lys-Val-Pne (L-363,58Q were 
obtained from Merck Sharp and Dohme, West Point 
Laboratories. Guanethidine monosulphate was 
diluted from a 10 mg ml solution in saline (Ismelin, 
Ciba). The remaining drugs used were: morphine 
hydrochloride (May & Baker), naloxone hydro
chloride (Endo Laboratories) and (—)-noradrenaline 
hydrochloride (Sigma).

Data analysis and statistics

Concentration-response curves for somatostatin ana
logues were generated on a VAX computer using an 
iterative procedure called ‘Allfit’ (DeLean et cd̂  
1978) which enabled the simultaneous statistical 
analysis of several curves. Variance ratios of the 
slope and maximal inhibition parameters were 
assessed for statistical significance using an F-test. 
Potency estimations are quoted as mean pICso 
values (defined as: the negative logarithm of that 
concentration of agonist required to produce a 
50%-maximum inhibition of the contraction 
response) ±  standard error of the mean (s.e. mean). 
Potency ratios were calculated for each analogue 
compared to somatostatin-14 and ratios are quoted 
with their respective standard errors from which sta
tistical significance was evaluated using Student’s t 
test.

Results

Inhibition of electrically-evoked contractions

SS14 (10~^m) produced a marked but transient inhi
bition of the contractile response to electrical stimu
lation, the degree of inhibition waned even if the 
peptide was left in contact with the tissue (Figure 1). 
When a similar application was repeated 20 min 
after washing out the first, the inhibitory effects of 
the peptide were greatly diminished and, indeed, 
showed only partial recovery after a further 60 min 
period (Figure 1). In subsequent experiments this 
pronounced tachyphylaxis was overcome by washing 
out somatostatin analogues immediately upon 
obtaining the maximal inhibition at any given con
centration and by leaving a period of I h  between 
applications. Using this protocol it was possible to
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Figure 1 Continuous chart record showing the inhibition of electrically-evoked contractions of the anococcygeus 
muscle by somatostatin-14 (SSI4). The preparation was stimulated at a frequency of 10Hz for I s  every 20s, the 
resulting contractions are represented as upstrokes on the pen recorder. SS14 (10"* m ) was added to the bath for a 
duration illustrated by the arrows. The preparation was then washed at a rate of 5 ml m in " ' for 1 min followed by 
1 ml m in " ' until the next application. Note the pronounced tachyphylaxis to a second 10“ *m application of SSI4. 
A further application of 10“* M, made 1 h 20 min after the first, still showed signs of tachyphylaxis.

obtain reproducible responses over several hours. 
Preparations which were desensitized to SSI4 
showed cross-desensitization to SS28 and the hexa
peptide analogues.

Concentration-response curves were constructed 
for SSI4, SS28, L-363,301 and L-363,586, in each 
case concentrations of peptides were applied in a 
pseudorandomised order. Preparations were exposed 
to no more than six applications of any one peptide. 
Best-fit lines were computed from concentration- 
response data for each analogue (Figure 2) using the 
method of DeLean et al. (1978); this procedure also 
enabled the calculation of the pIC$o values for each 
analogue, as listed in Table 1, together with potency 
ratios compared to SS14.

Effect o f bacitracin on the response to somatostatin

The effect of the enzyme inhibitor, bacitracin 
(20 /igml“‘), was examined on three preparations.

Bacitracin was without effect on the contractile 
response. However, when perfused for at least 
20 min, subsequent responses to an ICjq concentra
tion (4 X 10“ ® m) of SSI4 were potentiated by over 
19% (mean control response ± s.e. mean = 36 ± 7.8, 
response after bacitracin = 43 ±  10.3, n =  3) 
although this failed to reach statistical significance at 
the 5% level.

Lack o f effect o f somatostatin on bath-applied 
noradrenaline

Applications of (—)-noradrenaline (3 x 10“ ®- 
10“* m ) to unstimulated preparations produced 
concentration-related and sustained increases in 
tension. The responses to exogenous noradrenaline 
were not modified by a 30 s prior exposure to 
3 X 10“ ^M SS14 (Figure 3). One hour intervals 
separated combined SS14 and noradrenaline appli
cations in order to avoid desensitization to the 
peptide. Similar experiments with L-363,301

Table 1 Effect of somatostatin analogues on the contractile response to electrical stimulation

Maximum %
inhibition P/C jot Potency ratio*

Analogue n (mean) (mean ±  s.e. mean) mean ( — s.e. mean, 4-s.e. mean)

SS14 7 65 7.41 ±  0.04 1
SS28 6 68 7.38 ±  0.05 1.07 (0.92, 1.25)
SS28(i _,2) 4 7
L-363,301 5 74 7.07 ±  0.09 0.45 (0.36, 0.56)
L-363,586 4 75 8.34 ±  0.04 8.45 (7.27, 9.83)tt

t  Values from fitted lines.
* Calculated with respect to somatostatin 14. 
t f f =  14.1, P <  0.0001. 
n =  No. of animals.
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Figure 2 Ccncentration-rcsponsc curves showing the 
inhibitory effect of somatostatin analogues on the con
tractile response. Best-fit curves were computed for 
SS14 (■ ), SS28 ( • ) ,  L-363,301 (T) and L-363,586 (A), 
according to the method of DeLean et al. (1978). Slopes 
of the fitted lines did not differ significantly from each 
other or from unity.

(3 X 10 ''m) also failed to show any effect on 
responses to (—)-noradrenaline (not shown).

Effect o f lyophilized bath fluids

Applications of reconstituted lyophilized bath 
fluids (100/tl) obtained from untreated anococcygeus 
preparations, inhibited the contractile response to 
electrical stimulation, in contrast to the reported 
situation in the guinea-pig ileum (Vizi et a i,  1984). 
Similar applications of lyophilized bath fluids from 
anococcygeus preparations previously exposed to 
SS14 (1 0 “ ®m) produced greater reductions in the 
contractile response (Figure 4). The extra inhibitory 
effect of the bath fluid from SS14-exposed prep
arations was eliminated by prior desensitization of 
the tissue with a high concentration (1 0 “ ^m) of SS14 
(Figure 4).

Table 2 Lack of effect of naloxone on the inhibi
tory response to somatostatin

% inhibition of contractile 
response (mean ± s.e. mean) 
Control Naloxone {10~^ m) n

c
CD0)
E
o
M
+1O)
co
Mc2
cmo5

0.01 0.1
[Noradrenaline] jxm

SS14(4 X 10-*M) 
Morphine (10"* m )

n =  No. of animals.

36 ±  7.8 
0.8 ± 0.8

37 ±  9.0

Figure 3 Concentration-response curve for the tonic 
effects of bath applied ( —Fnoradrenaline in the absence 
of field stimulation. Peak contractile force (g tension) is 
plotted against ( — )-noradrenaline concentration for 
control (# )  and somatostatin-14 (SS14)-treated (■ ) 
preparations. In the latter case SS14 (3 x 10" ’ m ) was 
added to the bath 30 s before ( —)-noradrenaline.

Effect o f antagonists

In order to address the possibility that the inhibitory 
effects of somatostatin on the contractile response 
were mediated by opiate receptors, preparations 
were exposed to naloxone (10“*m, 5-10min). The 
high concentration of naloxone failed to modify the 
inhibitory effects of an ICjo concentration 
(4 X 10“ ® m ) of SS14 (Table 2). Furthermore, the p- 
receptor opiate, morpWne, failed to demonstrate any 
appreciable somatostatin-like activity against the 
contractile response, at concentrations up to 10“*m 
(Table 2).

Effect o f varying stimulation frequency

The contractile response and inhibitory effects of 
SSI4 were influenced by stimulation frequency. 
Reducing the frequency from 10 Hz to 5 Hz attenu
ated the mean (±s.e. mean) contractile response 
(from 3.06 ± 0.35 g to 2.09 ± 0.3 g, n = 6) and poten
tiated the inhibitory response to 10“ ^m SS14
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LbF/SSLbF/SS

Figure 4 Trace illustrating that the inhibitory response to somatostatin is not secondary to the release of an 
endogenous inhibitory substance. The trace shows a single chart record which has been broken for clarity. Lyophi
lized bath fluid (Lbf) was obtained from a separate anococcygeus preparation and freeze-dried as described in 
Methods, the resulting powder was reconstituted in 0.45 ml distilled water immediately before use. The addition of 
100/d of Lbf to the bath (duration indicated by the arrows) evoked an inhibitory response. Application of Lbf from 
an anococcygeus preparation which had been exposed to 10“ ® m somatostatin 14 (SS14) (LbfySS), produced a larger 
inhibitory response. The preparation was then desensitized to SS14 by two 10~‘ m applications, following which 
Lbf/SS (100/il) evoked a response of comparable magnitude to the previous Lbf application. The greater inhibitory 
response to Lbf from preparations which had been exposed to SSI4 was, therefore, abolished by desensitization to 
SS14. Furthermore, inhibitory responses to Lbf were mimicked by 100/il of a solution of NaCl, K Q  and C aC lj, 
calculated to contain the same ionic concentrations as reconstituted Lbf (not shown).
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Figure 5 Effect of varying stimulation frequency on 
the inhibitory response to 10"’ m somatostatin-14 
(SS14). The figure shows % inhibition by 10"’ m SS14 
of the contractile response as a function of stimulation 
frequency. Each point represents the mean value from 
six separate preparations, with s.e. mean shown by ver
tical lines. In order to avoid desensitization, intervals of 
1 h separated SSI4 applications.

(Figure 5). Increasing the stimulation frequency to 
20 Hz increased the mean contractile force 
(4.02 ± 0.46 g, n = 6) and attenuated the degree of 
inhibition produced by 10"’ m SS14 (Figure 5).

Effect o f varying external calcium concentration

Concentration-response curves to SS14 were con
structed at three different external calcium concen
trations. 0.63 m M , 2.54 m M  and 5.08 m M . In high 
calcium (5.08 m M ) perfusates the concentration- 
response curve to SSI4 was displaced slightly to the 
right (Figure 6c) and the maximum inhibitory effect 
was significantly reduced (Table 3). In low calcium 
(0.63 m M ) solutions the opposite effect was observed, 
thus the concentration-response curve to S S I4 was 
slightly shifted to the left with a significant increase 
in maximum. Only the high calcium perfusate signifi
cantly affected the pICjo value for the inhibition of 
the evoked contraction by SS14 (Table 3).

Calcium also appeared to influence the degree of 
desensitization to SS14. In high calcium solutions 
the inhibitory response was particularly transient 
(Figure 6b). It should be noted, however, that these 
experiments were performed under conditions which 
were not ideal since, as with the frequency experi
ments, the magnitude of the contractile response to 
field stimulation was profoundly affected by manipu
lations of external calcium concentrations (Table 3).
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Figure 6 Effect of calcium on responses to 
somatostatin-14 (SS14). (a) Chart record showing the 
effect of 10"*M SS14 (arrows) on the contractile 
response to electrical stimulation in 0.63mM Ca^*. (b) 
Effect of 10"*M SS14 (arrows) in 5.08mM Ca^^. Note 
that increasing the Ca^* concentration reduces both 
the amplitude and duration of the inhibitory response 
to the peptide, (c) Concentration-response curves for 
inhibition of the contractile response by SS14 in 
0.63 mM (A), 2.54 mM (■ ) and 5.08 mM (# )  Ca^^ per
fusates. The curves are fitted lines generated by the 
‘Allfit procedure, the parameters are given in Table 3.

Experiments on the relaxation response

When preparations were treated with carbachol 
(10"®m ) and/or guanethidine (3 x 10"’ m ) ,  baseline 
tension was increased and the contractile response to 
electrical stimulation was replaced by a relaxation 
response. Both SS14(10"*m) and L-363301 (10"^M) 
inhibited the relaxation response (Figure 7). 
However, SS14 was clearly less efficacious against 
the relaxation response, a concentration of 1 0 ~ * m  

produced an 18% inhibition (mean, n = 4) whereas 
this same concentration inhibited the contractile 
response by 65% (mean, n = 7). Extensive 
concentration-response evaluations were not under
taken because of pronounced tachyphylaxis and 
because the relaxation response was poorly main
tained. Indeed, it was often possible to study the 
effects of only a single peptide application on any 
given tissue.

Discussion

SS14 and SS28 were shown to be potent inhibitors of 
the electrically-evoked contractile response of the 
isolated anococcygeus muscle of the rat, with similar 
pICjo values in the nanomolar range (Table I). The 
hexapeptide analogues L-363,301 and L-363,586, 
which have previously been found to possess 
somatostatin-like neuroendocrine properties (Veber 
et a!., 1984), also inhibited the contractile response. 
L-363,301 was slightly, but not significantly, less 
potent than SS14 or SS28, whereas L-363,586 was 
more than 8 fold more potent than the naturally 
occurring peptides (Table I). Interestingly, the rank 
order of potency (L-363,586 > SS14, SS28 > L- 
363,301) does not correlate with the reported neuro
endocrine profile of these compounds as inhibitors of 
growth hormone-, insulin- or glucagon-release 
(Veber et a!., 1984). Previously, the inhibitory 
potency of a number of somatostatin analogues on 
gastric acid secretion in the cat has been shown to 
correlate with their inhibitory effects on the field- 
stimulated mouse vas deferens (Meyers et a i ,  1981).

Table 3 Effect of varying external Ca^* on contractile force and its inhibition by somatostatin-14

(mM)

0.63
2.54
5.08

Slope

1.47 ±  0.30 
2.97 ±  0.77 
1.80 ±  0.27

7.47 ±  0.09 
7.41 ±  0.04 
7.22 ±  0.02tt

Maximum
inhibition

Contraction 
amplitude (g)

90.5 ±  4.0* 0.41 ±  0.08
64.8 ±  4.6 1.85 ±  0.12
49.8 ±  5.8t 2.35 ±  0.21

Each value is quoted as the mean ±  s.e. mean, where n = number of animals used.
* t =  3.72, d.f. = 9, P <  0.005 with respect to  normal (2.54mM) Ca^*. 
t  t =  2.05, d.f. =  10, P <  0.05 with respect to normal (2.54mM) Ca^^. 
t t  t = 3.54, d.f. =  10, P <  0.01 with respect to norm al (2.54him) Ca^^.
Slopes of the curves did not differ significantly from each other or from unity (P >  0.05).
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Figure 7 Inhibition of the electrically-evoked relax
ation response by (a) somatostatin-14 (SS14, 10"*m) 
and (b) L-363,301 (10"* m ). The preparation was treated 
with guanethidine (3 x 10"*m) and stimulation param
eters modified (5 Hz for 1 s every 50 s) in order to obtain 
consistent relaxation responses. TTie peptides were 
applied for the duration indicated by the arrows, relax
ation responses are represented by downstrokes of the 
pen. The figure shows responses of two separate prep
arations.

lliüÉ

L-363,586, for the inhibition of gastric acid secretion. 
Thus, L-363,301 is approximately 50% as potent as 
SS14 in the cat (Hirst et a l^ 1984) and dog (A.V. 
Schally, personal communication) in vivo gastric acid 
assays. Such a potency ratio compares favourably 
with that obtained in the present experiments. It is 
tempting to speculate, therefore, that inhibitory 
potency of SS14 analogues on the rat anococcygeus 
may also correlate with their potencies for the inhibi
tion of gastric acid secretion.

SS28(j_,2) was essentially devoid of activity at 
concentrations up to 3 x 1 0 " (Table 1), consistent 
with similar findings of inactivity on the guinea-pig 
ileum (McIntosh et aU 1986) as well as electrophysi- 
ologically in the hippocampus (Watson & Pittman, 
1986) and from radioligand binding experiments 
(Moyse et a/., 1984). The physiological role of this 
N-terminal fragment of SS28 therefore remains 
unclear, despite an intense immunohistochemical 
visualisation in rat hypothalamus and pancreas 
(Benoit et al., 1982).

In common with numerous other reports in the 
literature (for example. Vizi e£ a l,  1984; McIntosh et 
a l, 1986) the inhibitory response to somatostatin 
was subject to pronounced tachyphylaxis. Prep
arations which were intentionally desensitized to 
SS14 showed cross-desensitization to SS28 and the 
hexapeptide analogues. Tachyphylaxis appeared to 
be a calcium-dependent phenomenon since sensi
tivity to the inhibitory effect of SS14 (10"® m ) was 
restored more quickly in desensitized preparations 
perfused with low (0.63 mM) calcium solutions than 
those maintained in high (5.08 h im )  calcium per
fusates (data not shown). The transient nature of the 
inhibitory response in high calcium and the dimin
ished maximum inhibition (Figure 6b) may reflect 
ongoing receptor desensitization.

M etabolic s tab ility

Endogenous SS14 and SS28 peptides are known to 
be substrates for the catabolic activity of endopep- 
tidases, the Trp®-Lys’ bond being particularly sus
ceptible (Marks et al., 1976). Accordingly, the 
inhibitory effects of 4 x 10"® m  SS14 (approximate 
ICjo) were consistently but non-significantly poten
tiated by the peptidase inhibitor, bacitracin. It must 
be considered unlikely, therefore, that the inhibitory 
response to SS14 was due to the formation of an 
active metabolite.

Mechanism o f  action

This observation has prompted the suggestion that 
the receptors involved in the mediation of these two 
responses may be the same (Hirst et a l, 1980). Data 
are available for the potency of L-363,301, but not

The mechanism by which somatostatin exerts its 
inhibitory actions on smooth muscle contractions 
has been suggested by several authors to involve, at 
least empirically, the presynaptic inhibition of trans-
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mitter release (Guillemin, 1976; Cohen et a i, 1978; 
Furness & Costa, 1979, Magnan et al^ 1979; Vau et 
al., 1983). The present experiments have provided 
circumstantial evidence in support of a  similar pre
synaptic action on the anococcygeus; firstly, SS14 
(3 X 10" ̂ M) failed to modify the effects of bath- 
applied noradrenaline (Figure 3); secondly, the 
inhibitory response to 10“ ’ M SS14 was markedly 
affected by the stimulation frequency; and thirdly, 
the inhibitory potency of SS14 varied inversely with 
the concentration of calcium in the extemW per
fusate. Taken together, these three characteristics 
suggest a presynaptic action (Marshall et al., 1979) 
and have been previously established, to varying 
extents, for other purported presynaptic effects such 
as the inhibitory actions of clonidine (Doxey & 
Everitt, 1977; Magnan et al., 1979), baclofen (Ong et 
al., 1986), adenosine (Dowdle & Maske, 1980) and 
morphine (Illes et a l, 1980) on smooth muscle prep
arations. Furthermore, it is unlikely that somato- 
statins* action on the anococcygeus represents the 
postsynaptic modulation of a transmitter other than 
noradrenaline since there is overwhelming evidence 
to suggest, at least in vitro, that the contractile 
response is due solely to the neurogenic release of 
this catecholamine (Gillespie, 1980).

Several reports in the literature have suggested 
that somatostatin (Terenius, 1976) and particularly 
some short-chain analogues (Pelton et al., 1985) may 
exert their effects by an action at opiate ;i-receptors. 
This was clearly not the case on the anococcygeus 
for two reasons; firstly, the prototypic ^-receptor 
agonist, morphine (10“ * m ), failed to mimic the 
inhibitory actions of somatostatin and secondly, the 
opiate antagonist, naloxone, at a concentration 
(10“ *m) assumed to exert a non-selective antagonist 
action at all opiate receptors (Kosterlitz et a l, 1985), 
failed to attenuate the inhibitory effects of somato
statin. This observation is consistent with similar 
findings in the guinea-pig ileum (Kromer & Woinoff, 
1981). A separate study using the guinea-pig ileum 
suggested an indirect mechanism of action of 
somatostatin, involving the release of an unidentified 
endogenous inhibitory substance (Vizi et a l, 1984). 
This is patently not the case in the anococcygeus 
since similar experiments involving the lyophi- 
lization of bath contents failed to demonstrate any 
inhibitory effects which could not be explained 
entirely in terms of the high ionic strength imparted 
by the reconstituted bath fluid or residual, presum
ably undegraded, SS14 (see legend Figure 4).

The role o f calcium ions

The precise mechanism involved in the inhibitory 
effect of somatostatin may be intimately related to

calcium mobilization. Indeed, there is substantial 
evidence from both biochemical (Curry & Bennet, 
1974; Oliver, 1976; Sdiofield & Bicknell, 1978) and 
electrophysiological (Quirion et al., 1979; Diez et a l, 
1985; Luini et al., 1986; Tsunoo et al., 1986) studies 
to suggest that somatostatin interferes with Üie entry 
of calcium into cells and/or its intracellular avail
ability. In the present experiments, calcium was 
found to act as a non-competitive inhibitor of 
somatostatins* action (Figure 6c). A similar effect 
resulted if magnesium ions were omitted from the 
perfusate (data not shown). These observations are 
consistent with recent reports that somatostatin 
binding to pancreatic acinar cell membranes is both 
calcium-dependent (Susini et al., 1985) and is attenu
ated by a calcium-activated phosphoUpid-dependent 
protein kinase (Le. protein kinase C, Matozaki et a l, 
1986; 1987). Furthermore, somatostatin binding to 
acinar cell membranes is regulated by cholinomime
tic drugs (Esteve et al., 1984) which are known to 
increase intracellular calcium (WUliams, 1980) and to 
stimulate protein kinase C (Worley et a l, 1987). 
Whilst further experiments would be required to 
confirm the existence of a  similar regulatory mecha
nism in the anococcy^us, such a mechanism would 
explain the antagonistic actions of the calcium in the 
present experiments. However, an important caveat 
in the interpretation of experiments involving 
calcium ion manipulations is necessary because of 
the marked effects such manoeuvres have on con
tractile force (Table 3).

Experiments on the relaxation response

A comprehensive evaluation of the inhibitory actions 
of somatostatin on the relaxation response was not 
undertaken because of the labile nature of the 
response, compounded further by a pronounced 
tachyphylaxis to the effects of the peptide. High con
centrations (^10/xm) of SS14 have previously been 
reported to antagonize the tonic effects of carbachol 
on the unstimulated mouse anococcygeus (Gibson et 
al, 1984). This effect was not confirmed by the 
present study, in whidi concentrations of either SS14 
or L-363,301 up to 10 failed to effect baseline 
tone but did attenuate the relaxing effect of field 
stimulation on guanethidine-treated preparations. 
Whilst it has been demonstrated that the relaxation 
response is neurogenic in origin (Gibson & James, 
1977), the nature of the transmitter substance(s) 
involved remains unclear (Gibson & James, 1977; 
Hunter et a l, 1984, Bowman, 1984). Accordingly, it 
is only possible to speculate that the inhibitory effect 
of somatostatin peptides involves a presynaptic 
modulation of transmitter release.
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In conclusion, therefore, it has been shown that 
somatostatin and related peptides exert a  potent 
inhibitory action on both the contraction and relax
ation responses in the anococcygeus. The physiologi

cal relevance of these observations would be clarified 
by the immunohistodiemical demonstration of 
somatostatin-like peptides in neurones of the rat 
anococcygeus muscle.
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The na tu ra lly  occurring som atosta tin  pep tides ,  somatostatin-14 (SS14) and 
somatostatin-28 (SS28) have been compared to  two synthetic  short chain analogues 
L-363,586 and 0C13-116 in  t h e i r  a b i l i t y  to  hyperpolarise  p itu ita ry-derived  clonal GH3 
c e l l s  maintained in c e l l  c u l t u r e .

The whole c e l l  va r ia t ion  of the  patch clamp technique was used to record the membrane 
potentia l of individual GH3 c e l l s .  The c e l l s  were grown on polylysine-coated 
coverslips and continuously perfused with a HEPES buffered a r t i f i c i a l  cerebrospinal 
f lu id  (aCSF) containing 4.14mM KCl. Peptides were applied to c e l l s  e i t h e r  by
pressure e jec t io n  from a m u l t ib a r re l  p ip e t te  o r  by perfusion from a broad t i p  (ca 
30uro) p ipe t te  placed c lose  to  the  c e l l .  Brief ( I s )  pressure p ipe t te  ap p lica tions
(luM) of each of the above peptides re su l ted  in a slow hyperpolarisation which peaked 
several seconds l a t e r .  Each of the  peptides appeared equipotent when administered in 
th i s  way, mean hyperpo lar isa tions (mV) were as follows: SS14 = -9.4 (n = 14); SS28 =
-7.5 (n = 4); L-363,586 = -8 (n = 4 ) ;  0C13-116 = -9 .4  (n = 5). However, superfusion
of known concentrations of the  peptides over c e l l s  revealed 0C13-116 to  be 
s ig n if ican tly  less  po ten t .  Thus, SS14, SS28 and L-363,586 a l l  appeared to possess 
comparable potencies, mean hyperpo la r isa t ions  (mV) a t  lOOnH were 11.2 (n = 11), 9.5 
(n = 4) and 9.9 (n = 9 ) ,  r e s p e c t iv e ly .  0C13-116 was approximately 10-fold weaker, 
mean hyperpolarisations (mV) a t  lOOnH = 3.7 (n = 5) and a t  luH = 9.5 (n = 2).

These re su l ts  demonstrate t h a t  the sh o r t  chain analogues L-363,586 and 0C13-116 a re  
capable of evoking a funct ional response in GH3 c e l l s  s im i la r  to th a t  produced by the 
natural ligands, SSI4 and SS28. 0C13-116 appears to  be a fu l l  but weaker agonis t a t
th is  receptor.

The authors thank Or 0 H Coy fo r  the sample of 0C13-116.
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Summary—The electrical properties of neurones within the ventromedial hypothalamic nucleus of the rat 
were studied in an A: vitro ^ce preparation, using conventional intracellular recording techniques. A 
detailed analysis of 36 intracellular recordings appeared to suggest 3 cell types, based on membrane 
capacitance and resistance characteristics, confirming previous reports of a diversity of cell types within 
this nucleus. The responsiveness of each cell type to exogenously-applied baclofen and somatostatin was 
also investigated. The inhibitory responses to both of these drugs were concentration-related (over the 
range 100 nM to 1/iM), tetrodotoxin-resistant and consisted of a membrane hyperpolarization 
(mean ± SEM = 6.7 ± 1 and 10.7 ±lmV for 1/iM somatostatin and baclofen, respectively) and an 
associated reduction in the firing frequency of spontaneously active cells. These agonist-evoked responses 
probably represented direct postsynaptic actions but they were not restricted to any single type of cell. 
Evidence for an additional presynaptic effect of baclofen was also obtained. Responses to baclofen were 
extremely robust and readily quantihable, whereas those to somatostatin showed pronounced long-lasting 
desensitization, which was particularly marked at larger concentrations. These data support previous 
contentions, based on in vivo studies, that somatostatin and GABA are likely to participate in the control 
of complex functions by the ventromedial hypothalamic nucleus.

Key words—ventromedial hypothalamus, somatostatin, baclofen, GABA, electrophysiology, brain slice, 
receptors.

The ventromedial nucleus, largest of the tuberal 
nuclei in the mediobasal hypothalamus, is thought to 
participate in a number of higher functions of the 
brain including aggression and emotional behaviour, 
feeding and obesity and the regulation of endocrine 
hypophyseal secretions (see Morgane and Panksepp, 
1980). y-Aminobutyric acid (GABA) and somato
statin are among the many aminergic and peptidergic 
transmitters that have been implicated in one or more 
of these activities by an action involving the ventro
medial hypothalamic nucleus. Interest in GABA be
gan with an early demonstration of an avid uptake 
mechanism for the tritiated amino acid (Makara, 
Rappay and Stark, 1975) and more recently by in vivo  
experiments, which have suggested a role for GABA^ 
receptors in the regulation of food intake (Kamatchi, 
Veeraragavan, Chandra and Bapna, 1986) and affec
tive behaviour (Hansen and Ferreira, 1986). Prelimi
nary observations from this laboratory (Newberry 
and Priestley, 1988) demonstrated that the selective 
GABAa receptor agonist, isoguvacine, had powerful 
inhibitory actions on extracellularly-recorded single 
unit activity in the ventromedial hypothalamic nu
cleus. Although there has been no demonstration of 
GABAb binding sites within the ventromedial hypo
thalamic nucleus, there is evidence to suggest that 
GABAb receptors, within this nucleus, may be in
volved in thermogenesis (Addae, Rothwell, Stock and
NP3I/2-A

Stone, 1986) and in the regulation of gastric motility 
(Wood, Addae, Andrews and Stone, 1987).

Somatostatin is a tetradecapeptide which is per
haps best known for its regulation of growth hor
mone secretion, an action which may, at least in part, 
be mediated within the ventromedial hypothalamic 
nucleus (Martin, 1972; Bemardis and Frohman, 
1971). The peptide has also been found to affect 
feeding behaviour (Ho, Chem and Lin, 1989), by an 
action involving the ventromedial hypothalamic nu
cleus. These reports are supported by the demon
stration of somatostatin-like immunoreactivity in 
axons and axon terminals within the ventromedial 
hypothalamic nucleus (Hokfelt, Efendic, Johannsen, 
Luft and Arimura, 1974; Bennett-Clarke, 
Romagnano and Joseph, 1980) and the presence of 
somatostatin mRNA within neurones of the ventro
medial hypothalamic nucleus (Kiyama and Emson, 
1990). However, autoradiograpWc studies o f the 
hypothalamus have consistently demonstrated only a 
very sparse density of binding sites within the ventro
medial hypothalamic nucleus, for radiolabelled so
matostatin peptides (Uhl, Tran, Martin and Snyder, 
1985; Leroux, Gonzalez, Laquerriere, Bodenat and 
Vaudry, 1988; Krantic, Martel, Weissman and 
Quirion, 1989).

The ability of a single nucleus to apparently influ
ence such diverse aspects of body function has led to
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the idea of specialized cells within the ventromedial 
hypothalamic nucleus. Indeed, several detailed cyto- 
logical studies of this nucleus have consistently 
demonstrated the presence of morphologically differ
ent cell types (Takeichi and Noda, 1974; Millhouse, 
1978; Van Houten and Drawer, 1978), observations 
which have been substantiated by the identification of 
2 (Murphy and Renaud, 1969; Boden and Hill, 1988) 
or 3 (Minami, Oomura and Sugimori, 1986) cell 
types, based on electrophysiological characteristics. 
In support of specialization, it has recently been 
demonstrated that the effects of cholecystokinin 
(CCK) are restricted to a particular subset of neur
ones in the ventromedial hypothalamic nucleus 
(Boden and Hill, 1988).

The specific aim of the present study was to 
determine whether two pharmacologically unrelated 
substances, such as baclofen and somatostatin, which 
nevertheless have mechanistically very similar mem
brane effects, act on clearly identifiable cell types, 
within a single hypothalamic nucleus. Particularly 
interesting in this regard would be the demonstration 
that some or all of the behavioural effects of baclofen 
and somatostatin were the result of an action on 
neurones with demonstrably different electrophysio
logical characteristics. With this in mind, the follow
ing account describes a detailed quantitative 
evaluation of the intracellular effects of the GABAb 
agonist, baclofen (^-(p-chlorophenyl)GABA) and of 
somatostatin in an in  v itro  slice preparation of the 
ventromedial hypothalamic nucleus.

METHODS

Prepara tion  o f  slices o f  hypothalamus

Male Sprague-Dawley rats (80-130 g) were decap
itated and the brain rapidly removed. A block of 
tissue (approx 5 mm), containing the ventromedial 
hypothalamic nucleus, was cut from the brain using 
a razor blade. This was then glued onto a glass slide, 
using cyanoacrylate cement and transferred to the 
submerged stage of an Oxford Vibratome. The tissue 
block was submerged in a salt solution of the follow
ing composition (mM): NaCl, 124; KCl, 2; KH2PO4, 
1.25; MgCl;, 2; CaClz, 2; NaHCOj, 25; D-glucose, 11. 
The solution was continuously gassed with a mixture 
of 95%0 ;/5%C02  to maintain a buffered pH of 7.4. 
Slices were cut from the block of tissue at a thickness 
of 350 ̂ m  and, after additional trimming, were trans
ferred to a similarly gassed holding chamber. Electro
physiological recordings were performed on 
individual slices, which were mounted on a sub
merged nylon gauze platform within a perspex 
recording chamber (approx volume 0.3 ml) and con
tinuously perfused (approx 1 ml min"') with the same 
gassed salt solution described above but at a tempera
ture of 33°C. Drugs were applied to the slice by bath 
perfusion.

In tra ce llu la r recordings

Intracellular recordings were performed using an 
Axoclamp 2A amplifier, signals were filtered at a 
cut-off frequency of 3 kHz. Electrodes were pulled 
from borosilicate or aluminosilicate glass (GC120F 
and SMIOOF, respectively, Clark Electromedical), 
using a Brown Flaming puller (Sutter instruments); 
they were backfilled with either 3M KCl or 3M KAc. 
Electrode resistances varied according to the electro
lyte used but generally were between 50-100 MO. 
Electrodes which showed excessive rectification or a 
tendency to block after impalement were discarded. 
Digitized signals were recorded on tape and sub
sequently analysed off-line using SCAN software 
(J. Dempster, University of Strathclyde, U.K.). Input 
resistances of the cells were calculated from the linear 
regression of current-voltage relationships, obtained 
by injecting hyperpolarizing current pulses of varying 
amplitudes into the cell and measuring the resulting 
voltage deflection.

Drugs

Somatostatin-14 was purchased from Bachem 
U.K., dissolved as a 1 mM stock solution in distilled 
water, aliquotted and frozen at — 30°C until required, 
a fresh aliquot was used for each experiment.
( — )Baclofcn was purchased from Research Bio
chemicals Inc.

RESULTS

Intracellular recordings were made from a total of 
36 neurones within the ventromedial hypothalamic 
nucleus, 28 of these cells were studied in greater 
detail, the results o f this analysis appeared to indicate 
3 types of cell with differing electrophysiological 
profiles. The 3 categories of cells were differentiated 
primarily on their membrane time constants. The 
properties of the 3 cell types are summarized in Table 
1. Time constants were determined from the exponen
tial function, fitted to the time taken to fully charge 
the membrane capacitance, following the injection of 
hyperpolarizing electrotonic current pulses. Type 1 
cells were generally quiescent cells which, apart from 
immediately following penetration, showed little 
tendency to fire spontaneous action potentials but 
occasionally showed anode-break spikes (Fig. 1). 
These cells also had smaller membrane input resist
ances, shorter membrane time constants and shorter 
afterhyperpolarizations than the other categories; 
they were also the most infrequently encountered of 
the 3 types of cell, representing only 11% of cells in 
the present study. Type 2 cells were defined as being 
spontaneously active, having prominent, lengthy af
terhyperpolarizations (Fig. 1), long membrane time 
constants and large input resistances. Type 3 cells 
resembled Type 2 cells in many of their characteristics 
(Fig. 1). They differed in that they had significantly 
longer membrane time constants, large input resist
ances and were usually spontaneously active. In
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Table I. Analysis of action potential characteristics

Cell
type

Spike
amplitude

(mV)

Membrane 
time constant 

(msec)

Firing
frequency

(Hz)
Ampl.
(mV)

AHP
Dur.

(msec)

Input
resistance

(MCI)

Membrane
potential

(mV) R
1 54±7 I I ± 3 0 12±1 61 ±20 180 ±21 59±1 3
2 66±3 18±1 8 ± 1 13 ±1 109 ±17 290 ±34 57±2 11
3 69±3 34±2* 9 ± 3 n ± i 207 ±37 400 ±31 t 63±2 14

Data represent means ± SEM. where n >= the number of cells studied.
AHP = Spike afterhyperpolarization, Ampl. = amplitude. Dur. = duration.
*Significantly different from Types 1 and 2, P < 0.02. fSigniRcantly different from Types 1 and 2, P < 0.05.

approximately 45% of cases, the afterhyperpolariza
tions of Types 2 and 3 cells comprized both fast and 
slow components. In Types 2 and 3 cells the large 
membrane resistance conferred a high sensitivity of 
action potential frequency to the membrane poten
tial, such that the injection of small hyperpolarinng 
d.c. currents of constant amplitude (0.01 nA, the 
smallest current possible with the Axoclamp HS2 
headstage), resulted in clear reductions in spike fre-

B

Fig. 1. Examples of the spike profiles of 3 different types of 
cell encountered in the present study. (A) A Type 1 neurone, 
which was quiescent throughout the recording period, ex
cept for the occasional anode break spike following a 
hyperpolarizing test pulse, as shown, (B) A Type 2 neurone, 
showing a relatively constant firing rate, governed by the 
rate of recovery from an afterhyperpolarization of medium 
duration. (C) A Type 3 neurone, which showed a constant 
rate of discharge throughout the recording period, each 
action potential was followed by a very lengthy biphasic 
afterhyperpolarization, comprizing fast and slow com
ponents. Vertical scale bars in each record represent 25 mV, 

the horizontal scale bars correspond to 80 msec.

quency (not shown). The majority of recorded cells in 
these 2 categories showed a high frequency of post
synaptic potentials (PSP’s), regardless of whether 
KCl or KAc was used within the electrode, this 
activity persisted after treatment with tetrodotoxin 
(TTX) treatment but was abolished by bicuculline 
(10 ^M , n =  3 cells) (Fig. 2).

Baclofen produced concentration-related hyper
polarizations (Fig. 4) in all Types 1,2 and 3 neurones 
of the ventromedial hypothalamic nucleus tested (19 
cells). In non TTX-treated Types 2 and 3 cells, this 
was always associated with a concentration-related 
reduction in frequency of action potentials (Fig. 3), 
there were also occasions where small concentrations 
of baclofen did not produce an overt effect on the 
membrane potential but still resulted in an obvious 
decline in spike frequency. Hyperpolarizations, pro
duced by 1 or greater concentrations of baclofen 
were almost always associated with a significant 
decrease in cell input resistance (e.g. Fig. 3). The 
effects of baclofen persisted in TTX-treated cells and 
the GABAb agonist appeared to reduce the frequency 
of TTX-resistant PSP’s, whenever present (Fig. 2).

The effects of somatostatin were more variable 
than those of baclofen but likewise were not restricted 
to any one category of cell. When applied at 1 /rM the 
peptide hyperpolarized all of the neurones of the 
ventromedial hypothalamic nucleus which were 
tested (12 cells, e.g. Fig. 3), as with baclofen this was 
associated with a reduction in the frequency of action 
potentials in non TTX-treated Types 2 and 3 cells, 
although the effect was often less dramatic than 
with the GABA agonist. As was also the case with 
baclofen, small concentrations of somatostatin 
occasionally resulted in a slowing of the spike 
frequency, without any overt effects on membrane 
potential. The effects of somatostatin persisted in 
TTX-treated cells but, unlike baclofen, the peptide 
did not appear to reduce the frequency of TTX-resist
ant PSP’s (Fig. 2). Hyperpolarizations produced by 
1 /iM  somatostatin were often associated with a 
reduction in cell input resistance, although this was 
often less marked than that seen with baclofen. 
Responses to somatostatin showed pronounced 
desensitization which prevented the construction of 
concentration-response curves on the same cell. 
However, when evaluated on different cells, using the 
response obtained to the initial application of the 
peptide, hyperpolarizations to somatostatin were 
found to be concentration-related (Fig. 4).
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Control Drug

A#

B

lOmV

20s

Fig. 2. Effects of bicuculline, baclofen and somatostatin on postsynaptic potentials (PSP’s) recorded 
intracellularly from neurones of the ventromedial hypothalamic nucleus. In each record, PSP’s are 
represented by the irregular upward deflections, arising from the baseline noise, the larger downward 
deflections represent the membrane potential response to electrotonic hyperpolarizing current pulses, 
injected at regular intervals in order to estimate membrane resistance. The figure shows periods of activity, 
prior to administration of drug (control) and during the perceived peak of the response to drug (drug).
(A) Bicuculline (10 /iM) completely abolished PSP activity, without any effect on the membrane potential 
or input resistance. The PSP’s returned after washing out bicuculline (not shown). (B) ( — )-Baclofen 
(I fiM) reduced the frequency of medium and larger amplitude PSP’s and hyperpolarized the membrane 
without, in this particular cell, any obvious effect on membrane input resistance. (C) Somatostatin (1 /iM) 
hyperpolarized the membrane and decreased the input resistance but did not produce any perceptible 
change in PSP activity. The recordings were obtained from 3 different cells, all preparations were treated 
with TTX (3 /iM) to abolish regenerative sodium spikes and the electrodes were filled with 3M KCl. The 

scale bar at the bottom of the figure applies to all records.

DISCUSSION

Ce// characteristics 
The present study has provided further evidence in 

support of neuronal heterogeneity within the ventro
medial hypothalamic nucleus. In agreement with 
recently published results (Boden and Hill, 1988), 
there was strong evidence for at least two distinct 
populations, 1 type of cell (designated here as Type 
1) being quiescent and having comparatively short 
membrane time constants, the remaining cells were 
spontaneously active, with longer time constants. 
This second group of cells could be further sub
divided on the basis of the duration of membrane 
time constant which, in turn, may be an indication of 
differences in cell size and/or extent of dendritic 
arborization. The long membrane time constants 
were also reflected by very large input resistances for 
both Types 2 and 3 cells. In other respects, however.

all 3 types of cell were similar, for example, amplitude 
of action potentials, membrane potential and after
hyperpolarization characteristics were found not to 
differ significantly. The apparent differences being the 
result of damage from the intracellular electrode 
cannot be entirely ruled out, although there is sup
portive evidence from a previous electrophysiological 
study to suggest at least 3 different cell types (Minami 
et a/., 1986).

Approximately half of the cells in both Types 2 and 
3 categories showed a prominent biphasic afterhyper
polarization, consisting of both fast and slow com
ponents. The remaining cells showed only the slow 
component. The biphasic nature of the afterhyperpo
larization seen in some cells suggests that it may be 
comprised of at least two underlying conductances. 
The fact that not all Types 2 and 3 cells showed a 
biphasic afterhyperpolarization, may reflect cell to
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Fig. 3. Intracellular recordings from spontaneously active neurones of the ventromedial hypothalamic 
nucleus, showing the effects of baclofen and somatostatin. The top trace in each pair shows the membrane 
potential. Upward deflections are action potentials, the amplitude of which was truncated by the 
frequency-response characteristics of the pen recorder. The more regular downward deflections represent 
the response of the membrane to electrotonic hyperpolarizing current pulses, the amplitude and timing 
of which are shown in the lower trace in each record pair. (A) ( -  )-Baclofen (BAG), (B) somatostatin 
(SS) were applied for 1 min (horizontal bar), each agonist hyperpolarized the membrane and inhibited 
spontaneous action potential activity. The recording shown in (A) was from a Type 2 cell that in (B) was 
classified as Type 3. The response to baclofen was associated with a clear decrease in input resistance.

The scale bars on the right of the figure apply to both traces.

cell variations in the degree of expression of the ion 
channels, underlying these conductances. It is also 
conceivable that the fast component may have been 
obscured in some neurones by the frequency- 
response characteristics of individual electrodes, 
although every effort was made to exclude such a 
possibility.

Pharmacological studies

Baclofen consistently hyperpolarized and inhibited 
the activity of neurones of the ventromedial hypo
thalamic nucleus, responses to the analogue of 
GABA were both reproducible and quantifiable. The 
consistency of the responses, observed between differ-

(19)12

9

6

3

0
1.00.1 0.3

( (-)-BACLOFEN) 
(A/M)

B
(12)

8

6

4

2

0
1.00.1 0.3

(SOMATOSTATIN)
(A/M)

Fig. 4. Concentration-response curves for the membrane hyperpolarizing effects of baclofen and 
somatostatin. Mean (±SEM , number of observations in parentheses) amplitudes of the hyperpolarizing 
responses are plotted as a function of increasing concentrations of either ( — )-baclofen (A) or somatostatin
(B). Note that 0.1 and 0.3//M of the agonists produced hyperpolarizations o f comparable amplitude, 
increasing the concentration to 1 //M, resulted in only a small additional effect in the case of somatostatin 

but a significantly larger hyperpolarization in the case of baclofen.
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ent cells within a single slice and between slices from 
different rostro-caudal loci, suggests a relatively uni
form distribution of GABAb receptors within the 
ventromedial hypothalamic nucleus. This may not be 
the case for somatostatin receptors. There was con
siderable cell to cell variability in the magnitude of 
the response to a given concentration of the peptide, 
particularly at larger concentrations. This may partly 
be the result of varying degrees of desensitization and 
partly due to differences in the number of receptors 
expressed by different cells. Variation in the density 
of receptors must be considered to be likely since 
autoradiographical studies of the hypothalamus of 
the rat have consistently demonstrated a compara
tively sparse density of binding sites within the 
ventromedial hypothalamic nucleus (Uhl et al., 1985; 
Leroux et a l, 1988; Krantic et al., 1989). The present 
experiments found no evidence to suggest that the 
effects of either baclofen or somatostatin were medi
ated by specific types of cell within the ventromedial 
hypothalamic nucleus, since responses to each of 
these agonists were obtained from representatives of 
each of the three putative cell types.

Hyperpolarizing responses to 1 /iM of either 
baclofen or somatostatin were usually accompanied 
by a decrease in the input resistance of the cell, which 
persisted when the membrane potential was returned 
to its resting level by injection of current. The magni
tude of the effect on input resistance varied consider
ably from cell to cell, however, in the light of pre
vious studies with both baclofen (Gahwiler and 
Brown, 1985) and somatostatin (Inoue et a i, 1988; 
Pennefather, Heisler and Macdonald, 1988), it must 
be considered likely that this reflected an increased 
potassium conductance. Furthermore, in both cases 
this was considered to represent a postsynaptic re
sponse, since the hyperpolarizations persisted in the 
presence of TTX. However, presynaptic effects have 
also been reported for baclofen (Inoue, Matsuo and 
Ogata, 1985; Green and Cottrell, 1988). This may 
also apply in the ventromedial hypothalamic nucleus, 
since the frequency of observed PSP’s, which reflect 
the spontaneous release of transmitter from pre
synaptic terminals, was reduced by the GABA ana
logue. In the case of somatostatin, the direct 
inhibition of voltage-dependent calcium influx 
(Lewis, Weight and Luini, 1986; Inoue et al., 1988), 
suggests an additional possibility of a presynaptic 
effect. However, this seems unlikely in the ventro
medial hypothalamic nucleus, since the peptide did 
not appear to affect spontaneous depolarizing PSP’s.

A number of intracellular recordings appeared to 
indicate an inhibitory effect on spontaneous cell firing 
by somatostatin or baclofen, without any obvious 
effect on the membrane potential of the cell. Such an 
effect has been seen previously with somatostatin in 
the locus coeruleus and has been attributed to a 
prolongation of the spike afterhyperpolarization 
(Olpe, Steinmann, Pozza and Haas, 1987). Although 
similar effects on the afterhyperpolarization were seen

in the present experiments, it would appear that this 
was secondary to a membrane hyperpolarization 
which was small enough to be obscured by the 
frequency of action potentials. This was, perhaps, not 
surprising since the very high input resistance of 
Types 2 and 3 cells ventromedial hypothalamic nu
cleus is likely to confer an extreme sensitivity to even 
membrane currents of small amplitude.

In conclusion, the present in vitro experiments have 
provided further evidence that neurones within the 
ventromedial hypothalamic nucleus are hetero
geneous and are sensitive to inhibition by drugs, 
acting at either GABA, or somatostatin receptors. 
This is in accord with previous indications, suggesting 
a role for these receptors in the regulation of complex 
functions by the ventromedial hypothalamic nucleus. 
However, the effects of somatostatin and baclofen did 
not appear to be restricted to any electrophysiologi- 
cally definable types of cell, suggesting that at least 
some of the diverse functions subserved by the 
ventromedial hypothalamic nucleus may be mediated 
by neurones, which are morphologically and physio
logically indistinguishable.
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