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ABSTRACT

The ultradian rhytlun of growth honnone (OH) secretion from the anterior pîtuitary

gland is ultimately controlled by the complex interaction of two hypothalamic honnones,

a sthnulatory OH-releasing factor (ORF), and an inhibitory honnone, somatostatin (SRIF).

Both are released episodically into the hypophyseal portal circulation. Recent in 1'itl'O

studies suggest that SRIF may not only be inhibitory to OH secretion, but that under

different temporal conditions, SRIF may act in a positive manner to influence OH release,

aIthough the mechanism(s) is not known. Moreover, there is a paucîty of data in l'il'o

regarding the temporal interactions of SRIF and ORF in OH regulation.

In the present study, we used the long-acting SRIF anaIog, octreotide, as a probe

hl both the nonnal and mutant dwarf rat to 1) further cIarify the temporaI nature of the

SRIF/ORF interplay in OH regulation in l'il'o, and 2) defme possible mechanisms of

action of SRIF in generating the ultradian rhytlun of OH secretion characteristic of tt,,~

nonnal maie rat. Administration of octreotide [25 IIg (n=6) and 50 IIg (n=6) Lv.] to free

moving, chronically cannulated adult male rats resulted in an aimost complete obliteration

of spontaneous OH pulses for 3 hours, with gradual recovery obsel"!ed 3-6 hours after

injection. Rats pretreated with octreotide Lv. [25 IIg (n=6); 50 IIg (n=9)] and subsequently

challenged with ORF (Il1g Lv.) exhibited reduced OH responsiveness to exogenous ORF

at 1 hour post treatment. In contrast, preexposure to octreotide for 3 hours resulted in a

2-3 fold enilancement in OH responsiveness to ORF (expressed as the mean ± SEM OH

area under the curve - 25 IIg: 4537 ± 428; 50llg: 3851 ± 367 ng/nù/30 min), compared

to controls (n=9) pretreated with nonnaI saline (2032 ± 490 ng/nù/30 min; P<O.02). The

concomitant administration of native SRIF-I4 (50 IIg Lv.) and ORF (l IIg Lv.) to rats

preexposed for 3 hours to either octreotide [25 IIg (n=6); 50 116 (n=6)] or nonnal saline

(n=6) resulted in a sinli1ar degree of SRIF-14-mediated inhibition of ORF-induced OH

release 5 min post injection. However, this short-acting inhibition was followed by a

striking postsuppression rebound release of OH which was 14- to 16-fold higher in the

octreotide-pretreated rats (25 IIg: 3673 ± 841; 50 IIg: 4099 ± 796 ng/ml/40 min) compared
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to nonnal saline-pretreated controls (254 ± 114 ng/nù/40 min: P<O.OO 1). In contrast, wc

report that preexposure to octreotide (n=6) in a strain of dwarf rats, whil'h shows a

selective reduction in pituitary GH synthesis and storage, failed to signilictultly enhance

GRF-induced GH release (50 pg: 22.0 ± 5 vs 13.1 ± 4 ng/ml in controls (n=9): NS).

These results demonstrate that, in the nonnal adult male rat, a 3-hour period of

exposure to the long-acting SRIF analog, octreotide, is suflicient to markedly enhance OB

responsiveness to GRF il1 vivo. Our findings suggest thm SRIF pretremment promoles Ihe

accumulation of pilUitary GH stores in a readily releasable pool so that subsequent OR!'

challenges can exert an accentuated effect on pituitary sOlnatotrophs. Such a cooperative

interaction of the two neuropeptides may be important for optimizing pulsatile GI-I

secretion and, consequently, somatie growth. While it is also possible Ihm chronil'

octreotide exposure produces SRIF receptor downregulation, our preliminary il1 ,\'il/l

hybridization experiments of hypothalamic SRIF receptor subtype mRNAs do not provide

support for this view.
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RÉSUMÉ

La sécretion de l'honnone de croissance (OH) par l'hypophyse est controlée par

l'interaction complexe de deux honnones hypothalamiques: la somatocrinine (ORF), à

effet stimulant, et la somatostatine (SRIF), à effet inhibitrice. Ces deux neuropeptides sont

déchargés à un rythme régulier dans la circulation hypothalamique hypophysaire.

De récentes analyses il/ l'itro ont suggéré que SRIF ne jout pas simplement un rôle

inhibitoire dans la sécretion de OH, mais que sous des conditions temporelles différentes,

SRIF pourrait influencer d'une manière positive la sécretion de OH, toutefois le (les)

méchanisme(s) ne sont pas connus. D'ailleurs il y a peu de resultats il/ vivo concernant

ces interactions temporelles entre SRIF et ORF dans la régulation de la sécretion de OH.

Dans ce projet-ci, l'octreotide, un analogue de SRIF, est utilisé comme sonde, chez

le rat nonnal et le rat nain, pour: 1) mieux comprendre l'interaction temporelle entre SRIF

et ORF dans la régulation de la secretion de OH il/ vivo; 2) deterrniner le (les)

mechansisme(s) d'action de SRIF pour creer le rythme "ultradien" de OH chez le rat mâle

adulte nonnal. L'administration d'octreotide [25 pg Lv. (n=6) et 50 pg Lv. (n=6)] chez

des rats mâles adultes et mobiles, munis de cannules intracardiaques, abaisse

complètement les hausses spontannées de la sécrétion de OH pendant 3 heures, suivi d'un

retour graduel au cycle nonnal durant les prochaines 3 à 6 heures après l'injection.

Lorsque des rats sont prétraités à l'octreotide [25 pg (n=6) et 50 pg (n=9)], une injection

de ORF (1 pg Lv.) un;: heure après le prétraitement, abaisse la réponse du OH. Par contre,

une injection de ORF 3 heures après le prétraitement entrâine un très forte hausse de la

sécretion de OH (25 pg: 4537 ± 428; 50 pg: 3851 ± 367 ng/ml/30 min), soit 2 à 3 fois

le taux mesuré chez les rats prétraités avec une solution saline (n=10)(2032 ± 490

ng/m1/30 min, P<0.02). Cependant, nos études chez le rat nain démontrent qu'il n'y a pas

d'augmentation significative de la réponse de OH au ORF chez ceux prétraités à

l'octreotide (n=6)(50 pg: 22.0 ± 5) par rapport aux rats prétraités avec la solution saline

(n=9)(13.l ± 4 ng/ml; NS).

Lorsque de la SRIF-14 originale (50 pg Lv.) est administrée de façon concomitante

avec ORF chez des rats prétraités pendant 3 heures à l'octreotide [25 pg (n=6) ou 50 pg
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(n=6)] ou à une solution saline (n=6), l 'lIction inhibitoire de SRIF-14 sur 1'1I~tion

stimulante de GRF sur GH est compamble pour les trois groupes de rats durant les

premières cinq minutes après l'injection. Toutefois, cet effet inhibitoire à court tcnne est

suivi d'une sécrétion post-inhibitoire mnrquante de GH soit de 14 à 16 fois plus élevée

chez les rats prétraités à l'octreotide (25 )lg: 3673 ± 841: 50 )lg: 4099 ± 796 ng/I11I/40

min) que ceux prétrllÎtés avec III solution saline (254 ± 114 ng/1111/40 min: P<O.OOI).

Ces résultats nous démontrent qu'un prétmitement d'une durée de 3 heure., live,

une substance analogue à SRIF est suffisant pour lIugmenter la réponse du GH llll GRF

illl'il'o chez des rats mâles adultes normaux. Ceci suggère que le prétl1lilelllenlllve~ SRIF

favoriserait une accumulation des réserves hypophysaires de GH et 'lu 'ensuite, une

stimulation avec GRF aurait un effet plus marqué sur les somlllotrophes hypophysllires.

Cette interaction coopérative des deux peptides pourait être imporllUlle pour optimiser III

sécretion de GH, et, donc, la croissance. Tout en reconnaisslUlt III possibilité que le

traitement chronique avec octreotide pourrait causer une désensibilislltion des récepteurs

de SRIF, nos experiences préliminllÎfes par l'hybridisation ill sitll sur deux isotypes de

récepteurs hypothalamiques de SRIF ne supportent pas celle conclusion.
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INTRODUCTION

The control of normal postnatal body growth and development depends on the

correct integration of neuroendocrine, endocrine, paracrine, and autocrine mechanisms,

and central to this process is an adequate supply of growth hormone (GH), synthesized

and released from the anterior pituitary gland. GH is largely a single chain, 191 amino

acid protein (22 kD molecular weight) with 2 intramolecular disulfide bonds. Other minor

fonn~, such a~ a 20 kD protein also exist and are produced by altemate splicing of the

mRNA sequence (Cooke el al, 1988; DeNoto el al, 1981). The gene encoding human GH

(hGH) is found among a 5 gene cluster on chromosome 17, also responsible for encoding

human placental lactogen (Owerbach el al, 1980; Cooke el al, 1986).

Unlike the other anterior pituitary hormones, GH does not function through a

distinct target organ. Instead, GH exerts a more generalized action, promoting somatie

growth in both ske1etal and soft tissue. Early studies on the action of GH suggested that

the growth-promoting effects of GH are indirect, mediated by two small GH-dependent

peptides exhibiting a high degree of homology with human proinsulin: insulin-1ike growth

factor (lGF)-I and IGF-II, collectively known as somatomedins (Salmon & Daughaday,

1957; Rinderknecht & Humbcl, 1976). These !Wo serum factors, secreted mainly by the

Iiver in response to increased plasma GH levels, showed a more potent effect than GH

in promoting cell proliferation and protein synthesis in both skeletal and non-skeletal

tissues. However, recently it has been suggested that GH may, in fact, act directly on a

number of tissue cells. For example, GH has been shown to increase the rate of mitosis

and promote differentiation of several lines of precursor cells, such as prechondrocytes

and preadipose cells (Green el al, 1985).

Aside from general influences on cell growth, GH has many specific metabolic

effects such as 1) increasing the rate of protein synthesis in ail cell types, 2) increasing

the mobilization and use of fatty acids from adipose tissue, and 3) decreasing the rate of

glucose utilization (see Strobl & Thomas, 1994 for review).

1
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Growlh Hormone Secrelory 1'1Iltern

Initial studies in healthy adult men revealed that GH is released from the pituitary

in bursts lasting between a few minutes to a few hours (Glick & Goldsmith. 196K; Spitz

et al. 1972), with the maximum GH secretory rate occurring during the sleep cycle. and

the most striking elevations in plasma GH occurring at the onset of the first slow wave

sleep (within the initial 9G minutes of sleep) (Takallashi ('t al. 196K; Mendelson (·t al.

1979). Plasma GH levels may vary from less than 5 ng/ml during a trough period tn as

high as 60 ng/ml during a peak (Martin et al. 1975; Finkelstein et al. 1972).

The advent of chronic sampling in animals led to the discovery thm the secretion

of GH is in fact pulsatile in nature in ail species of [mimal investigated thus far (Meyer

& Knobil. 1967, Machlin et al,1968; Takahashi et al. 1971; Tsushima ('t al. 1971). ln the

rat, GH secretion is distinguished by an ultradian rhythm which. in the male. is

synchronized to the light-dark cycle of the day (Tarmenbaum & Martin. 1976).

Specifically, rat pituitary GH secretion is characterized by an endogenous ultradian

rhythm composed of high-amplitude secretory bursts occurring lit precise 3.3 h intervals

throughout the 24-h period; in the intervening trough periods. basal plasma G H levels arc

undetectable (Tarmenbaum & Martin. 1976).

Although the pattern of GH secretion depends on a number of neurogenÎc and

metabolic factors such as stage of development, nutritional status. sleep, stress, and

exercise. pituitary GH bursts are. for the most part, spontaneous (Spitz et al, 1972). This

is further demonstrated in the rat where the GH rhythm is capable of functioning

independently of the light-dark cycle and feeding (Tarmenbaum et al. 1976), indicating

that while it can be regulated by environmental influences, it is primarily controlled hy

endogenous mechanisms. specifically via hypophysiotrophic factors .
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The lIypothalamic/l'ituitarv Axis and Ihe Role of the Hvpothalamus

The importance of an intact hypothalamic-pituitary axis in the regulation of GH

secretion in the human originated from early observations in patients with pituitary stalk

section, who demonstrated reduced plasma GH concentrations with partial or complete

loss of the OH response to insulin-induced hypoglycemia (G1ick & Goldsmith, 1968;

Antony el al, 1969). More direct evidence for a hypothalamic influence came from

ablation and stimulation studies in several animal species. While lesions of the basal

ventral hypothalamus or ventromedial nudei were found to result in growth retardation

and a fall in plasma and pituitary GH levels (Frohman & Bemardis, 1968; Goldman el

al, 1972; Martin el al, 1974; Terry & Martin, 1981; Eikelboom & Tannenbaum, 1983),

electrical stimulation of these same regions resulted in an immediate rise in plasma GH

(Bemardis & Frohman, 1971; Martin, 1972; Martin, 1973). Other hypothalamic and

extrahypothalamic areas also produced increases in plasma OH when stimulated, including

the hippocampus and basolateral amygdala (Martin el al,1973). In addition, isolated

hypothalamic extracts were found to stimulate OH release in cultured anterior pituitaries

(Deuben & Meites, 1964; Malacara el al, 1972; Stachura el al, 1972; Nair el al,1978).

In sharp contrast, animals with selective lesions of the medial preoptic or anterior

medio-basal hypothalamus exhibited augmented levels of plasma and pituitary GH (Collu

el al, 1973; Willoughby el al,1977; Epelbaum el al, 1977; Willoughby & Martin, 1978;

Critchlow el al, 1981). Moreover, these same areas, when electrical1y stimulated caused

a decrease in plasma OH levels, providing evidence for this region as inhibitory for GH

regulation (Martin el al, 1975). Through these fmdings, it became evident that GH

secretion from the pituitary gland may be ultimately regulated by two peptides, one

excitatory and one inhibitory, produced and released in very specific and localized areas

of the hypothalamus. These neuropeptides could be released from nerve terminals in the

median eminence, and descend the pituitary stalk in the hypophyseal portal circulation to

perfuse and influence the somatotropic cells of the anterior pituitary gland (Harris, 1955).

However, the nature of these factors had yet to be elucidated.
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Somatostatin lSRIFl

In 1968, while searching for the distribution of GH-releasing factors (GRF's) in

brain, Krulich & McCann (1969) reported the discovery of an endogenolls factor that

surprisingly inhibiled GH release. However, it was not until the early 1970's Ihat

somatostatin (somatotrophin release-inhibiting factor; SRIF),a 14amino acid peptide, was

isolated and characterized from ovine hypothalami on the basis of its ability to inhibit GH

release from pituitary cells in culture (Brazeau et al, 1973). It soon hecmne evidel1l that

SRIF was a potent inhibitor of GH release to virtually all known stimuli, both il/ l'il'o and

il/vitro, in a wide variety of species including human (Martin ('t al, 1975). SRIF was also

shown to inhibit the release of thyrotropin (Vale et al, 1975; Weeke et al, 1975: Chihara

et al, 1978), insulin and glucagon (Alberti et al, 1973; Koerker et al. 1974: Gerich, 1981:

Miller, 1981), and gastric acid (Mogard et al, 1985) release. Although SRIF was

originally described as a single cyclic tetradecapeptide, CUITent evidence in manumùs, and

particularly in the rat, points to a single pre-prosomatostatin gene which is enzymUlically

cleaved to yield four distinct peptides (Goodman et al, 1983: Montminy ('t al, 1984),

These include the originally identified SRIF-14, an amino-terminal-extended sOl11atostatin

28 (SRIF-28), SRIF-28(1.'2I' and prosol11atostatin (pro-S), a 92-amino acid peptide

containing the SRIF-28 sequence at the C-terminus (Pradayrol et al, 1980; Benoit ('t al,

1985). SRIF-14 and SRIF-28 are the two principal bioactive forms. Although SRIF-28 is

reported to be more potent and longer acting in suppressing pituitary hormone release

(Brazeau et al, 1981; Tannenbaum et al, 1982), extracts of normal rat hypothalmnus

contain SRIF-14 and SRIF-28 in the approximate molar ratio 15:4 (Patel et al. 1981:

Charpenet & Patel, 1985).

Immunocytochemical studies have shown that SRIF cells are widely distributed

throughout the body of vertebrates. Within the nervous system, somato;;tatinergic neurons

are found in the anterior pituitary regulating system (hypothalamus), the brain stem, the

spinal cord and the limbic system, as well as throughout the cerebral cortex (Krisch,

1978; Bennett-Clarke et al, 1980: Beal et al, 1986; Reubi et al, 1986). Within the

hypothalamus, the most prominent collection of somatostatin-positive nerve cell bodies
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is in the anterior periventrieular region (A1pert et al, 1976; Krisch, 1978; Finley et al.

1981; Johansson et al, 1984). These ceIls project primarily to the median eminence

(termed the tuberoinfundibular system) and account for approximately 80% of SRlF

immunoreactivity in the hypothalamus (Patel et al, 1979; Critchlow et al, 1981). A smail

contingent of axons from the periventricular nucleus also projects to other areas, both

within the hypothalamus and to extrahypothalamie regions. SRlF-immunoreactive cells

have also been found. in lower quantity. in the paraventrieular, arcuate, ventromedial and

suprachiasmatie areas of the hypothalamus (Dierickx & Vandesande, 1979; Krisch, 1979;

Finley et al, 1981).

SRlF induces its biologieal actions by interacting with high affinity membrane

bound receptors. These receptors are coupled by pertussis toxin-sensitive G proteins to

adenylate cyclase (Jakobs et al, 1983; Mahy et al, 1988) and ion gaited channels (Ikeda

& Schonfield, 1989; Wang et al, 1989; 1990). Consequently, SRIF has been shown to be

a potent inhibiter of adenylate cyclase and Ca2+ conductance, and can potentiate K+

currents.

As described previously, SRlF's role in suppressing GH release had been

suggested from early anatomical studies of somatostatinergie input to the anterior

pituitaty. Subsequent physiologieal studies concentrated directly on SRIF's role in

controlling the pulsatile pattern of GH release. Passive immunization of rats with SRIF

antiserum was shown to resuIt in a significant augmentation of basal GH levels, while not

affecting the GH pulses (Ferland et al, 1976; Steiner et al, 1978; Terry & Martin, 1981;

Tannenbaum, 1988). These fmdings provided evidence that SRlF is released episodically

into the hypophyseal portal circuiation to inhibit GH release and therefore acts as a

physiologie regulator of the GH trough periods. Furthermore, the preservation of the

spontaneous GH pulses indicated that a stimulatory GH-releasing factor may also be

released episodieally from the hypothalamus.

Growth Hormone-Releasing Factor (GRF)

A1though the existence of a stîmulatory hypothalarnic hormone for GH secretion
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had been weil recognized, the identity of this factor had eluded investigmors fol' OVl'r u

decade. The breakthrough ultimately came from clinical studies with the discovety of u

link between carcinoid tumors and acromegaly and the theoty that the tumors hml

stimulatory effects on GH secretion (Buse et 01,1961; Dabek, 1974). Further sludies of

carcinoid tissue extracts demonstrated a dose-dependent GH-releasing uctivity in l'lit

pilUitary ceU cultures (Saeed et al, 1979; Shalet (!f al, 1979). It wasll't Ullti! 19K2 that GH

releasing factor (GRF) was finally isolated and sequenced by two sepurme groups (Rivicr

et al, 1982; Guillemin et al, 1982) using excised tissue extructs from two patients with

pancreatic islet adenomas (Thomer et al, 1982; Sassolus et al, 1983). From thesc

investigations,three forms ofhuman GRF were identified: GRF,."NH" GRF,.,"0H, GRF,.

37NH2' The 44-amino acid peptide is believed to be the native structure of GRF (Ling et

01,1984). Spiess et 01,(1983) later isolated and described the 43-amino acid rat GRF

(rGRF). Ali these peptides exhibit potent GH-releasing activity, both il/ l'itl'O (Bruzeau (·t

al, 1982; Yale et 01,1983) and il/ l'il'o (Wehrenberg et al, 1982a; Chiharu (·t al, 1983;

Szabo et al, 1983; Gelato et al, 1983; Thomer et al, 1983; Tannenbaum et al, 1983). GRF

mediates these effects by activating the adenylate cyclase-cAMP system in the

somatotrophs, with intracellular cAMP accumulation occurring within five minutes

(Frohman & Jansson, 1986).

As mentioned earlier, even prior to the identification of the GRF peptide, its

localization and distribution within the hypothalamus had been predicted through the use

of lesior. and stimulation studies. Immunocytochemical studies subsequently confirmed

the localization of GRF-positive cells (Bloch et 01,1983; Ling et al, 1984). The majority

of GRF-containing perikarya in the human and in other primates are in the mediobasaI

hypothalamus, partieularly in the arcuate and ventromedial nuclei. These nerve fibres

project prirnarily to the median eminence to terminate onto capiIlaries fonning the

hypothalarnic-pituitary portal circulation (Jacobowitz et al, 1983; Brazeau et al, 1983;

Bloch et al, 1984). GRF-positive cells have also been identified along the wall of the

third ventricle, and anteriorly at the optie chiasm. In the rat, the distribution of GRF

immunoreactivity is similar to that in the primate (Jacobowitz et 01,1983) .
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The contribution of GRF to the generation of GH secretory pulses has been

examined using the technique of passive immunization (Wehrenberg et al,1982b; Miki et

al, 1984; Painson and Tannenbaum, 1991). 1mmunoneutralization with anti-GRF serum

virtually obliterated the spontaneous GH pulses, providing further support for GRF's role

in controlling the episodic bursts of GH.

SIUF Analog SMS 201·995 (Octreotide)

Because of ils diverse physiologie effects, the use of native SRiF has been

extensively investigated for clinieal treatment of a variety of pathophysiologieal states

associated with hypersecreting endocrine tumors, such as gastrinomas, insulinomas,

glucagonomas, and vipomas (Mogard et al, 1985; Kitson et al, 1980; Reiehlin, 1983;

Rene & Bonfils, 1984). In addition, when given to patients with type 1 diabetes, SRIF

lowers blood glucose levels as weil as the degree of ketosis after insulin withdrawal

(Gerich, 1981; Gottesman et al, 1982; Johnson & Bressler, 1984). However, despite its

beneficial usefulness, the clinical value of native SRiF is severely limited by two main

disadvantages. Ficst, due to a rapid clearance rate by tissue and plasma peptidases

(Griffiths et al, 1977; Sheppard et al, 1979) SRIF has a very short half-life of 2-3

minutes, necessitating continuous intravenous infusion. Secondly, cessation of SRIF

infusion is characterized by a rebound hypersecretion of GH, both ill vitro (Cowan et al,

1983; Kraicer et al, 1986; Kraicer et al, 1988) and ill vivo (Clark et al, 1988; Sugihara

et al, 1989).

ln 1980, scientists at Sandoz Ltd, Basel, Switzerland, developed an 8 amino acid

peptide sharing homology with a 4 amino acid sequence in SRlF-14 (see Fig. i)(Pless et

al, 1986). It was found to be a mimetic of SRIF, exhibiting potent biologieal effects

similar to native SRiF but without the drawbacks. Octreotide (also referred to in the

literature as Sandostatin, SMS 201-995) is more resistant to metabolic degradation

resulting in a prolonged elimination half-life and therefore providing a much longer

duration of activity. Octreotide behaves similarly to native SRiF in its ability to inhibit

the release of thyrotropin, insulin, glucagon, and gastrin in normal man (Davies et al,
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Fig. i. Amino acid composition of Octreotide and SRIF-14
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1986; Del Pozo et al, 1986; Masuda et al, 1989). Consequently, octreotide is eurrently

used in the treatment of a variety of peptide secreting IUmors of the gut lUld plUlerens

(Clements & Elias, 1985; Kraenzlin et al, 1985; O'Dorisio, 1986; Anderson & Bloom,

1986; Vinik et al, 1986; Santangelo et al. 1986; Longnecker, 1988). Octreotide is more

selective and is 70 times more potent than native SRIF-14 for inhibiting OH secretion in

the human (Pless et al, 1986), thus octreotide has proven to be pal1icularly beneficial in

the treatment of acromegaly (Plewc et al, 1984; Ch'ng et al, 1985; Lambel1s ('t al, 1985;

Barnard et al, 1986). Finally, a rebound hypersecretion does not occur following the

administration of the drug, once ils inhibitory effect lingers off (Lambel1S et al, 1985; deI

Pozo et al, 1986).

SRIF/G RF Interactions at the Level of the Pituitarv

Individually, the roles of ORF and SRIF in regulating piluitary OH relellse are

well established. In addition, a large body of evidence indicates thal SRIF clin internel

directly with ORF at the level of the pituitary gland to influence OH secretion. Numerous

studies have repeatedly documented that SRIF, in fact, antagonizes ORF's slimullltory

action on pituitary OH release, both in vitro (Brazeau et al, 1982; Vale et al, 1983;

Larnbel1S et al, 1984) and in vivo in the rat (TlUU1enbaum et al,1983) and humlUl (Losll

et al, 1985). When Tannenbaum & Ling (1984) administered exogenous ORF injections

to male rats, they demonstrated that ORF-induced OH release was greater during a time

of a spontaneous OH peak than during a OH trough period. The finding that this cyclic

response was subsequently eliminated following the immunoneutralization of endogenous

circulating SRIF provided testimony that i) hypothalarnic SRIF release was indeed

episodic in nature and H) the presence of high circulating SRIF during the OH trough

period attenuates OH responsiveness to ORF. These various results have led to lUl overall

theory that, in the male rat, SRIF and ORF are released in reciprocal 3-4 h cycles (about

1800 out of phase) from the median eminence into the hypophyseal portal blood and act

upon the pituitary somatotropes to generate the ultradian rhythm of OH secretion that is

observed in the circulation (TlUU1enbaum & Ling, 1984)(see Fig. H). This hypothesis was
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Fig. iL Schematic representation of the rhythmic secretion of SRIF and ORF into the

hypophyseal portal blood with the net result on OH secretion.
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subsequently confinned by Plotsky and Vale (1985) who measured irnmunoreactive levels

of SRIF and ORF directly in rat hypophyseal portal blood.

An episodic pattern of hypothalamic SRIF secretion was further supported by

studies examining the effects of continuous GRF delivery to the pituitary. In both the

male rat (Tannenbaum et al, 1990b) and human (Vance et al, 1985), constant ORF

infusions resulted in a striking augmentation in both OH pulse amplitude and OH trough

value, while preserving the ultradian rhythm of OH secretory bursts. In the rat, this effect

was abolished following the administration of anti-SRIF serum resulting in tonically high

levels of plasma OH with no distinct OH peaks or troughs.

Despite convincing evidence of SRIF's and ORF's episodic pattern of secretion

and its importance in regulating pituitary GH release, the nature of the interplay between

these two hypothalamic peptides in controlling OH secretion is far from c1ear.

Earlier studies investigating SRIF's effect on OH responsiveness to ORF

demonstrated that continuous infusion of ORF causes a graduai desensitization of ORF

induced OH release, both ill vitl'O (Badger et al, 1984; Bilezekjian & Vale, 1984;

Bilezekjian et al, 1986; Ceda & Hoffman, 1985; Fukata et al. 1985) and ill vivo

(Wehrenberg et al, 1984; Wehrenberg et al, 1986), an effect prevented by prior exposure

to SRIF (Losa et al, 1985; Clayton & Bailey, 1987; Soya & Suzuki, 1988; Soya &

Suzuki, 1990). Abrupt withdrawal of SRIF in the rat leads to a significant rebound

secretion of OH in a variety of experimental paradigms, such as cultured perifused

pituitary cells (Cowan et al, 1983; Kraicer et al, 1986). Furthennore, ill vitro studies of

rat anterior pituitary cells have suggested that pretreatrnent with SRIF enhances ORF

induced OH secretion (Weiss et al, 1987; Richardson & Twente, 1991; Richardson &

Twente, 1993). Thus, SRIF may not only be inhibitory to OH release, but that under

certain temporal conditions, SRIF may possess a positive influence on pituitary

somatotrophs.

Despite these ill vitro findings, there is still a paucity of data ill l'ivo regarding the

temporal interactions of SRIF and ORF in OH regulation. In one study, Clark and

Robinson (1988) demonstrated that when SRIF was injected in an intennittent fashion in
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female rats, there was a significant incre<lse in the mte of weight gain mul pituitary OH

content. In another study, Tannenbaum et al, (1989) used the statved rat as a model of

high circulating SRIF levels, and found a paradoxical enhancement in GH responsiveness

to GRF, a1though the mechanism is not known. Moreover, bec<lllse nllmerolls endocrine

and metabolic ch<lnges are associated with nutritional deprivation, it is conceivllhle tlUlt

the effect they observed ill l'il'o was not directly relmed to chlUlges in pl<lsm<l SRIF levcls.

GRF/SRIF Interaclions at the Lel'el uf the CNS

An abundance of physiological evidence suggests th<lt, in addition 10 Ihe

GRF/SRIF interplay at the level of the pituitary, these IWO neuropeptides may interact

within the CNS to regulate hypophyseal GH secretion. Initial studies demonstraled that

the intracerebroventricular (icv) administration of SRIF resulted in a p<lradoxical incre,lse

in plasma GH, a response postulated to be mediated, in P<lrt, through SRIF <lutoreceptors

(Abe et al,1978; Lumpkin et al, 1981; Tannenb<lum & P<ltel, 1986). This r<lised the

possibility that SRIF may regulate its own release via <In ultrashort feedback loop.

ln addition, numerous studies have suggested that SRIF may play a direct role in

regulating the release of hypothalamic GRF. The rebound secretion of GH generated by

the abrupt withdrawal of SRIF is abolished following the administration of GRF

antiserum, suggesting an active role for hypothalamic GRF (Clark et al, 1988; Miki et al,

1988; Sugiliara et al, 1989; Okada et al, 1991). Rats depleted of endogenolls

hypothalamic SRIF through lesions to the medial preoptic area (Katakami et al, (988),

or via the administration of the thiol agent cysteamine (Tannenbaum et al, 1990; Bertherat

et al, 1991) demonstrated a striking increase in both GRF immunoreactivity, and GRF

rnRNA in the arcuate nucleus. This hypothesis is further supported by the finding thm

immunoneutralization of central SRIF results in an increase in the GRF concentration in

hypophyseal blood during trough periods (Plotsky & Yale, 1985). Moreover, SRIF

administration was found to directly inhibit GRF release, both in a cell dispersion system

(Yamauchi et al, 1991), as weil as into the hypophyseal portal blood of conscious sheep

(Guillaume et al, 1992). Funhermore, stimulation of the periventricular nucleus wa~ found
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to inhibit arcuate neurons. These fUldings provided strong physiological and

morphological evidence to support the concept of a SRIF-mediated central influence on

the release of hypothalamic GRF. Such an interaction between SRIF and GRF may play

an important role in regulating the secretion of GH. However, the nature of this

communication has not yet been ful1y defUled.

In order to confirm such an association between SRIF and GRF, anatomical

evidence must be established. Recent anatomieal data suggest that the influence of SRIF

on GRF release may be exerted through a direct action of SRIF onto GRF-containing

neurons within the arcuate nucleus. First, the arcuate nucleus has been shown to contain

dense networks of SRIF-irnmunoreactive neurons (Dierickx & Vandesande, 1979; Makara

el al, 1983; Johansson el al, 1984) as weil as a dense network of SRIF-positive axon

terminals (Kawano el al,1982; Willoughby el ai,1989), some of which are in direct

contact with GRF-irnmunoreactive cell bodies in the arcuate nucleus (Daikoku el al,1988;

Liposits el al,1988; Horvath et al,1989).

In order to ful1y substantiate the theory of a central influence of SRIF on GRF

containing neurons within the hypothalamus, receptor sites for the peptide need to be

established. Early autoradiographie studies have reported the distribution of SRIF binding

sites in widespread areas of the rat (Leroux & Pel1etier, 1984; Leroux et al, 1985; Reubi

& Maurer, 1985), and human (Reubi el al, 1986) brain, including the hypothalamus

(Leroux et al, 1988; Najimi et al, 1991). More recently, combined

autoradiographic/irnmunocytochemical (McCanhy et al, 1992) or autoradiographie/in sitil

hybridization (Bertherat et al, 1992) experiments have, respectively, obtained evidence for

the presence of 125I_SRIF binding sites on a subpopulation of arcuate neurons that contain

and express GRF. While these anatomical findings provide strong support for the concept

of a central influence of SRIF on pathways associated with the synthesis and/or release

of GRF, their physiological inlplications in control1ing the secretion of pituitary GH are

far from clear.
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SRIF Receplors

The diverse actions of SRIF are mediated through specific high affinity membnUle

bound receptors on target cells. Using radioligand binding sludies with "'1-tyr"SRIF.

SRlF binding sites were fust identified in the GH4C, pituitary cell line (Schonbnllln &

Tashjian, 1978). Soon after, SRIF binding sites were found in severai manullalian target

tissues, such as pancreatie cells (Sakamoto et al, 1984; Srikant & Patel, 1986), the gut

(Del Valle et al, 1990), and partieularly the CNS (Reubi l't al, 1981,1986; SriklUll &

Patel, 1981; Beal et al, 1986) where autoradiographie studies have demonstrated thattheir

distribution in the cortex, limbie system, hypothalamus and brainstem correlated c10sely

with immunohistologieally localized SRIF neuropeptides (Leroux & Pelletier, 1984; Tran

et al, 1984; Uhl et al, 1985).

Following the discovery of multiple circulating forms of native SRIF (SRIF-14,

SRlF-28, etc), it became apparent, through autoradiography, that SRIF receptors

comprised a more heterogenous group. The distribution of radiolabe1ed SRIF-14 or Sr.IF

28 binding sites showed small, yet distinct, variations within the CNS, partieularly in Ihe

hypothalamus (Leroux & Pelletier, 1984; Leroux l't al. 1985;Patel l't al, 1986).

Subsequently, the specifie SRlF analog, octreotide, was used in competition studies lUul

further demonstrated the existence of multiple SRIF receptors in the CNS (Reubi, 1984;

Tran et al, 1985). While octreotide biphasieally inhibited radiolabeled SRIF-14 binding

in the CNS, illustrating the presence of at least two distinct binding sites, the pituilary

appeared to express orny a single SRIF receptor.

However, the use of native SRlF and octreotide as specifie ligands to identify

receptor subtypes was limited. With the advent of more selective and more metabolically

stable SRlF analogs, studies were undertaken to define and characterize these receptors

more Cully. The potent cyclohexapeptide, MK 678, made it possible to distinguish IWO

specifie SRlF receptor subtypes in the CNS, referred to as SRIF, and SRIF, (Raynor et

al. 1992). While SRlF, possessed high affinity for Ml( 678, SRIF, showed no signifieanl

affmity for the analog. Further pharmacological studies revealed that SRIF, interacts

selectively with G protein Ct subunits in brain and pituitary cells (Law et al, 1991) whieh
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couple selectively the 5RIF, receptor to adenylate cyclase (Tallent & Reisine, 1992).

In 1992, Yamada et al. succeeded in c10ning the human and mouse genes for IWO

5RIF receptor subtypes, referred to as 55TRI and 55TR2, thus confrnning the presence

of more than one 5RIF binding site. 55TR l, a 391 amine acid protein, was isolated from

among a group of G-protein-coupled receptor sequences from human pancreatic islet

cDNAs. Its identification was confirmed through its ability to specifically bind 12SI_Tyrll.

5RIF with high affinity. Human and mouse 55TR2 were subsequently revealed by

screening corresponding genomic !ibraries with 55TRI (Yamada et al, 1992a). Recently,

it has been demonstrated that two variants of 55TR2 exist: 55TR2A (2.8 kb) and

55TR2B (2.4 kb)(Vanelli et al.1992; Patel et al, 1993). 5hortly thereafter, 55TRI and

55TR2 in the rat were c10ned (Meyerhof et al, 1991, Li et al. 1992; Kluxen et al, 1992).

To determine the functional and pharmacological properties of both c10ned

receptors, genomic fragments of the IWO isoforms were transfected into cultured ceUs and

studied using radio!igand binding techniques. Both receptor subtypes are coupled to

inhibition of adenylate cyclase via pertussis toxin-sensitive G-proteins (Hershberger et al.

1994), and both bind 5RIF-14 and 5RIF-28 with high affinity. However, specific

differences have been noted in competition studies using 5RIF analogs (Rens-Domiano

et al, 1992). While 55TR2 shows high affmity for both 5M5 201-995 and MK 678,

55TR 1 has !iule or no affinity for either analog. In view of these pharmacological

findings, it has been proposed that 55TR2 and 55TRI may, in fact, correspond to the

5RIF, and 5RIF2 family of receptors discussed earlier (Rens-Domiano et al, 1992).

As a result of the cloning of the 55TRI and 55TR2 receptors, the paUem of

expression has been extensively investigated in the human, rat and mouse to determine

the specific location of somatostatin receptor-synthesizing neurons (Yamada et al, 1992a;

Meyerhof et al, 1991; Breder et al, 1992; Bruno et al. 1993). 55TRI has its highest levels

of expression in the human stomach and jejunum, as weU as in the brain (cortex,

hypothalamus, brainstem, hippocampus) of the mouse and rat. Moderate levels are also

found in the spleen and pituitary. 55TR2, 011 the other hand, is primarily localized in the

human brain and kidney, while in the rat and mouse, it is found in high concentrations
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in the brain (cortex, wnygdala, hippocwnpus, hypothalwnus) and pituitnry. In the rat, the

patterns of SSTRI and SSTR2 show considerable overlap in the hypotluùWllUS, with the

most heavily expressed regions being located in those neurons known to conlilin .ml!

express SRIF and/or ORF; that is, the arcuate, periventricular, media! preoptic, wul

ventromedial nuclei (Beaudet et al, 1994). These findings support the notion that SRIF's

role in the regulation of pituitnry OH secretion nt the level of the CNS may be medintcd,

in part, through both SSTR1 and SSTR2 receptor subtypes.

Following the cloning of these flrst two SRIF receptor subtypes, three more

isotypes have since been cloned, referred to as SSTR3 (Yasuda et al, 1992b), SSTR4

(Bruno et al, 1992), and SSTR5 (O'Carroll et al, 1992). SSTR3 differs from SSTRI mul

SSTR2 in that it is larger than both, at 428 wnino acids. However, it shares certain

aspects of their pharmacological properties in thal it demonstrates low affinity for MK

678 an" ')MS 201-995, similar to SSTRI, and its action is mediated primarily though its

coupling with adenylyl cyclase, a major effector system for SRIF (Ywnada et al, 1992b;

Yasuda et al, 1992), The distribution of this third receptor subtype is also widespread,

with the highest level of expression located in the cortex, hippocwnpus, hypothalwnus mul

cerebellum of the mouse and rat (Yasuda et al, 1992; Kong et al, 1994), as weil as

peripherally in the liver, stomach, kidney and pituitary of the rat (Bruno et al 1993).

SSTR4 (383 arnino acids) and SSTR5 (384 amino acids) are the most recent SRIF

receptor clones and have been detected primarily in the brain and pituitary, respectively

(O'Carroll et al, 1992; Bruno et al, 1992,1993).

In comparing all flve currently characterized SSTR sequences, there is an over

90% identity in arnino acid sequence between the swne SSTR in different species (Raynor

et al, 1992), whereas within the swne species, there is between 35 and 60% homoJogy

between the different SSTR's. Ali flve isofonns bind with high affinity to both SRIF-14

and SRIF-28, and exist in a configuration characteristic of O-protein coupled receptors;

they all contain seven putative membrane-spanning domains, the third intracellular Joop

believed to be the site of 0 protein interaction (Probst et al, 1992).

While the anatomical data conceming these SRIF receptors is rapidly
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accumulating, nothing is known about the biological role and the physiological regulation

of these receptor subtypes. A major mechanism of regulating the effect of a hormone is

through its direct influence on its own r~ceptors. While this phenomenon had been

described for other hormonal systems, such as insulin, GH, and TSH (Kahn et al, 1973;

Lesniak & Roth, 1976), studies on the kinetics of SRIF binding sites have provided

conflicting results. With the discovery of the 5 cloned SRIF receptor subrypes, this issue

can now be more ful1y investigated.
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Il. AIM OF PRESENT INVESTIGATION

The aim of the present study is 1) to further elucidate the nature of the temporal

pattern of SRIF/ORF signalling in determining OH responsiveness to ORF ill l'il'O, mut

2) to define possible mechanisms of action of SRIF in generating the ultrudian rhythm of

OH secretion. Our working hypothesis is that SRIF preexposure will promote the

accumulation of OH in a readily releasable pool so that ORF challenges will exert lUI

accentuated effect on pituitary somatotrophs. It is also possible that the chronie exposure

to high SRIF levels will induce a downregulation of SRIF receptors as weil as secondary

disinhibition of ORF neurons due to desensitization of SRIF receptors. ln order to test

these hypotheses, a combined physiological/neuroanatomical approach will he taken, ln

the physiological studies, we will exanline the temporal nature of the SRlF/ORF

interaction ill l'il'o in IWO animals models, th.: normal adult male rat, mld the mutant

dwarf strain. Using chronically cannulated free moving male ruts, the first set of

experÎnlents will involve the Lv. administration of the long-acting SRIF analog, octreotide

(or normal saline as controls), to examine its time course of inhibition on ill l'il'o OH

release. Next, we will assess the effects of octreotide preexposure on OH responsiveness

to exogenous GRF in rats pretreated will either octreotide or normal saline.

In the second set of physiological experiments. we investigated the mechanism(s)

of octreotide's effects on GH responsiveness to ORF. Animais will be pretreated wilh

octreotide or normal saline, using the optimal temporal condition (as defined above), then

concomitantly administered ORF and native SRIF-14. Plasma OH levels will be

monitored immediately following the simultaneous injections in order to 1) assess the

ability of the short acting native SRIF-14 to inhibit GRF-induced OH release, and 2) 10

examine the postinhibitory rebound release of GH following the SRIF-14-medialed

inhibition, to investigate whether preexposure to SRIF accumulates GH in readily

releasable pools.

Chapter 2 addresses the neuroanatomical investigation, which will consisl of ill

situ hybridization histochemistry of two SRIF receptor subtypes in order to determine
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whether SRIF regulates ils own receptors in the CNS. Rats will be sacrificed at the

optimaltime following a single injection of octreotide (or nonnal saline) to test the effects

of SRIF preexposure on SRIF receptor rnRNA levels in the arcuate nucleus. Im..g"

analysis and quantification will be carried out by computer assisted microdensitometry,

using the BIOCOM RAO software program.

The resu1ts of these experiments should ailow us to 1) more clearly define the

important temporal interaction between ORF and SRIF in the control of the pulsatile

pattern of OH release, and 2) to elucidate the specifie role of SRIF in generating the

ultradian rhythm of OH secretion. Results from this investigation may not only be of

physiologieal significance but rnay also be important in the design of therapy in

idiopathie-deficient children.
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Abstract

While il1 vitro studies suggest that the temporal pattern of hypothalamie

somatostatin (SRIF) and OH-releasing factor (ORF) signaling to pituitary somatotrophs

may be an important determinant for OH secretion, there is a paucity of data in vivo

regarding the temporal interactions of SRIF and ORF in OH regulation. In the present

study, we used the long-acting SRIF analog, octreotide, as a probe in both the normal and

mutant dwarf (dw) rat, to 1) further clarify the temporal nature of the SRIF/ORF

interaction ift vivo, and 2) derme possible mechanisms of action of SRIF in generating the

ultradian rhythm of OH secretion. Administration of octreotide (25 and 50 pg iv) to free

moving adult male rats resulted in an almost complete attenuation of the spontaneous OH

pulses during the initial 3 h after injection, with sorne recovery of OH pulses evident 3-6

h later. Rats pretreated with two different doses of octreotide (25 and 50 pg Iv) and

subsequently challenged with ORF (1 pg iv) exhibited a markedly blunted OH response

to exogenous ORF at 1 h after trealment. In contrast, preexposure to octreotide for 3 h

produced a 2- to 3-fold augmentation in OH responsiveness to ORF (Mean ±SEM OH

area under the curve: 25 pg: 4537 ± 428; 50 pg: 3851 ± 367 ng/ml/30 min vs. 2032 ± 490

ng/ml/30 min in controls pretreated with normal saline, P<O.02). Examination of the

postsuppression rebound release of OH following the concomitant administration ofnative

SRIF-14 (50 pg) and ORF (1 pg) showed that preexposure to octreotide for 3 h resulted

in a 14- to 16-fold augmentation in the amount of OH released compared to animals

pretreated with normal saline (25 pg: 3673 ± 841; 50 pg: 4099 ± 796 ng/ml/40 min vs.

254 ± 114 ng/ml/40 min; P<O.OO1). In contrast, 3 h preexposure to octreotide (n=6) in

a strain of mutant dwarf rats, which shows a selective reduction in OH synthesis and

storage, failed to significantly alter ORF-induced OH release (50 pg: 22.0 ± 5.2 vs 13.1

± 4.7 ng/ml in controls; NS). Taken together, these results demonstrate, that in the

normal adult male rat, a 3-h period of exposure to the SRIF analog, octreotide, is

sufficient to enhance OH responsiveness to ORF. Our fmdings suggest that this effect

is due to a SRIF-mediated build-up of pituitary OH stores in a readily releasable pool

thereby preparing the somatotroph to respond optimally to ORF. Such a temporal

interaction between the two neuropeptides may be important for optimizing pulsatile OH

secretion and, ultimately, somatie growth.
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Introduction

It is weil established that the ultradian rhythm of OH secretion l'rom the pitllitllry

gland is generated by an interaction of two hypothalamic homlones, the stimlllatory OH

releasing factor (ORF) and the inhibitory hormone somatostatin (SRIF) (see 1 for review).

ln the male rat, both neuropeptides are released rhythmieally l'rom the median eminence

into the hypophyseal portal circulation, in reciprocal 3- to 4-hour cycles, to IIct lIpon

pituitary somatotrophs (2, 3). Passive inunllnization studies have demonstrated thm the

episodie, high-amplitude bursts of OH are due to the stinlUlatory influence of ORF (4-6),

whereas SRIF is the physiological reglliator of the OH trough periods (7-10). In addition,

SRIF has been shown to exert potent inhibitory actions on ORF-stimulated OH relellse,

both ill vitro (11,12) and in vivo (2, 13).

Despite convincing evidence that ORF and SRIF, individually, play crucial roIes

in OH regulation, the nature of the interplay between these two hypothalamic peptides in

controlling pituitary OH release is far l'rom clear. In recent years, ill vit/'(} studies of rm

anterior pituitary cells have suggested that SRIF may not only be inhibitory to OH

secretion, but that under certain temporal conditions SRIF may act in a positive manner

to influence pituitary OH release (14-18). There is a paucity of data ill vivo regarding the

temporal interactions of SRIF and ORF in OH regulation. In one study, Clark &

Robinson (19) reported that the infusion of SRIF in a pattemed rhythm produced li

paradoxical growth-promoting effect in female rats (19). In another study, we used the

starved rat as a model of high SRIF tone and found a paradoxical enllancement of OH

responsiveness to exogenous ORF (20), however, the mechanism remains unknown.

Moreover, because nutritional deprivation is associated with alterations in several

endocrine and metabolic parameters, it is conceivable that the in l'il'II effects we observed

in that study could be accounted for by variables other than SRIF.

ln the present investigation, therefore, we used the more specifie, long-acting SRIF

analog, octreotide, as a probe in both the normal adult rat and in the mutant dwarf (dw)

rat, ta 1) further elucidate the temporal nature of the SRIF/ORF interaction in OH
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regulation in vivo and 2) de:fme possible mechanisms of action of SRlF in generating the

striking ultradian rhythm of OH secretion characteristic of the male rat.

Matet'jals and Methods

Animais and experimental procedure

Normal adult male Sprague-Dawley rats (285-330 g) were obtained from Charles

River Canada (St. Constant, Quebec, Canada). Adult homozygous male dwarf (dw) rats

(175-225 g) were a gift from Dr. Ross Clark (Oenentech Inc., South San Francisco, CA);

this recently discovered mutation, inherited as an autosomal recessive, arose

spontaneously in a breeding colony of Lewis rats (21).

Ali animals were individually housed on a 12-h light, 12-h dark cycle (lights on

at 0600 h) in a temperature (22 ± 1 C)- and humidity-controlled room. Chronic

intracardiac venous carmulae were implanted under sodium pentobarbitol (50 mg/kg ip)

anesthesia using a previously described technique (22). After surgery, the rats were

placed directly in isolation test chambers with Purina rat chow (Ralston-Purina, St. Louis,

MO) and tap Hp available ad libitum until their body weights retumed to preoperative

levels (5-7 days for normal rats; 10-14 days for dw rats). AlI animal-based procedures

were approved by the McOill University Animal Care Committee.

On the day of the experiments, food was removed 1.5-2 h prior to the stan of

sampling while H,O was continuously availab1e. Beginning at 1000 h, blood samp1es (0.3

ml) were withdrawn every 15 min for periods of up to 6 h. AlI blood samp1es were

immediately centrifuged and the plasma was separated and stored at -20 C for subsequent

assay of OH. To prevent hemodynamic disturbance, the red b100d cells were resuspended

in normal saline and retumed to the animal after removal of the next blood sample.

In the flfst experiment, we examined the time course of effects of octreotide

(kindly provided by Sandoz Canada Inc., Dorval, Quebec) on spontaneous pulsatile OH

secretion in the normal rat. Three groups of free-moving chronically carmulated rats were

Lv. adrninistered either 0.2 ml normal saline (n=6) or octreotide, in doses of 25 (n=6) and

50 (n=6) J1g per 0.2 ml normal saline, after the first b100d sample at 1000 h, and
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sequential blood samples were obtained until 1600 h.

In the second experirnent, we assessed the temporal interaction of octreotide

pretreatment and GH responsiveness to exogenous GRF. Three groups of nonnal raIs

were Lv. injected with either nOlmai saline (n=IO) or the two doses of octreotide (25 fig:

n=6; 50 pg: n=9) at 1000 h, and were subsequently challenged with 1 fig rat GRF( 1

29)~ Lv. at 1 and 3 h after octreotide administration. The GRF peptide (lot no. CH

23-25-31-10-16, kindly provided by Dr. Paul Brazeau, Notre Dame Hospital, Montreal,

Quebec, Canada) was diluted in 0.3 mlnonnal saline just prior to use. To document the

rapidity of the GH response to GRF, an additional blood sample was taken 5 min aCIer

each injection of the peptide.

In the third experiment, designed to elucidate the mechanism(s) involved, native

SRIF-14 (50 pg) (code no. 8001; Peninsula Laboratories Inc, Belmonl, CA) was co

administered with GRF (1 pg) Lv. at 1300 h, 10 three groups of nonnal rats prelreated

with either normal saline (n=6) or the IWO doses of octreotide (25 fig: n=6; 50 fig: 1'0=6)

3 h earlier. We assessed both the SRIF-14-mediated inhibition of GRF-induced GH

release at 5 min post-injection and the post-suppression rebound release of GH 5 to 45

min after GRF/SRIF-14 co-administration. GRF (1 fig Lv.) was also injected alone at 1

h after octreotide administration.

Finally, in the last two experirnents, dw rats were subjected to siInilar experimental

paradigms as those described abave for the nonnal rats. Pirst, two groups of dl\' raIs were

either injected with 50 fig Lv. octreotide (n=9) or not (n=6) at 1000 h, and were

subsequently challenged with GRF (1 pg Lv.) 1 and 3 h later. Second, GRF (1 fig Lv.)

was administered alone at 1100 h, and then in combination with SRIF-14 (50 fig Lv.) at

1300 h, to IWO groups of dw rats pretreated at 1000 h with either nonnal saline (n=6) or

50 pg octreotide (n=6).

GH assay

Plasma GH concentrations were determined in duplicate by double antibody RIA

using rnaterials supplied by the NIDDK Honnone Distribution Program (Bethesda, MD).

The average plasma GH values are reported in terms of the rat GH refercnce preparation
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(rOH RP-2). The minimal detectable level of the OH RIA was 0.62 ng/m1 and the

standard curve was linear between 0.62 and 320 ng/ml. Ail samples with values over 320

ng/m1 were reassayed at dilutions ranging from 1:2 to 1: 10. The intra- and interassay

coefficients of variation were 6.6% and 9.5 %, respective1y, for duplicate samples of

pooled plasma containing a mean OH concentration of 8.3 ng/rn1.

Statistical analysis

Statistical analysis across the three groups was perfonned by one-way ANOVA.

Student's unpaired and paired t-tests were used for comparisons between and within

experimental groups, respective1y. The integrated area under the OH response curves was

calcu1ated using the linear trapezoidal method. The results are expressed as the mean ±

SE. P values below 0.05 were considered significant.

ResuUs

Time course of effects of octreotide on spontaneous GH secretion in normal rats

Free-moving control rats treated with nonnal saline exhibited the lypical pulsatile

pattern of OH secretion characteristic of the male rat (Fig. lA). Individual plasma OH

profiles showed two distinct episodes of OH secretion during the 6-h sampling period

with rnost peak OH values greater than 125 ng/rn1; in the intervening trough period

plasma OH levels were generally undetectable «1.2 ng/rn1). Administration of octreotide,

at both doses, resulted in a near elirnination of the spontaneous OH pulses during the flfst

3 h after injection (Fig. l, B and C). Both OH peak amplitude and the OH integrated

area under the curve (AUC) were severely reduced compared to nonnal saline-treated

controls (Fig. 2). Some recovery of OH pulses was evident 3-6 h after octreotide

injection in the two groups (Fig. l, B and C); both OH peak amplitude and OH AUC

increased significantly during this time period compared to the 0-3 h interval (Fig. 2).

Overall, both octreotide-treated groups exhibited a marked reduction in mean 6-h plasma

OH levels (25 pg: 15.1 ± 2.0; 50 pg: 11.4 ± 1.6 vs. 35.3 ± 3.4 ng/rn1 in nonnal saline

contro1s; P<O.O1). There were no significant dose-related differences between the two
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octreotide-treated groups.

Temporal effects of octreotide on GR responsiveness to GRF i1l normal rats

Figure 3 illustrates individual representative plasma GH responses 10 GRF

administered 1 and 3 h after pretreatment with either normal saline or the Iwo differcnt

doses of octreotide. Normal saline-treated control animals exhibited the typical ml\lc-likc

tirne-dependent pattern of GH responsiveness to GRF (2), with high GRF-induced GH

release observed at the time of a spontaneous peak (1100 h) and only a Iimited responsc

during the trough period (1300 hl (Fig. 3A). In contrast, animals prelreutcd with

octreotide displayed a reversed pattern of GH responsiveness to GRF (Fig. 3, Band Cl.

While the GH response to GRF was alrnost abolished in both octreotide-pretreated groups

at 1 h after injection (25 IIg: 19.6 ± 7.0; 50 IIg: 5.4 ± 1.3 l'S. 467.2 ± 51.6 ng/ml in

normal saline controls; P<O.OOI) (Figs 3,4), there was a 2·3 fold augmentation in both

the GH peak response to GRF, within 5 min after injection (25 IIg: 300.0 ± 38.7; 50 IIg:

246.1 ± 18.8 l'S. 148.4 ± 29.3 ng/m1 in normal saline controls; P<0.05l, and in the GH

AUC over 30 min (Fig. 4), at 3 h after either dose of octreotide. Again, no significant

differences were observed between the two octreotide-treated groups.

Effects of octreotide pretreatment on SRIF-14-ind/lced postinllibitory rebo/lnd release

of GR in normal rats

GH responsiveness to GRF was again significantly suppressed 1 h after the

injection of both doses of octreotide (Fig. 5, Band C) compared to normal saline-treated

control rats (Fig. 5A). The administration of SRIF-14 in combination with GRF at 1300

h rnarkedly inhibited GRF's stirnulatory action on GH release at 5 min post injection, ta

a similar degree (78-90%), in all three groups of rats. However, in those animais

pretreated with either dose of octreotide, this effective SRIF-14-induced short-acting

irthibition was followed by a striking post-suppression rebound release of GH (Fig 5, B

and C), cornpared ta the modest GH rebound observed in normal saline-pretrcatcd

controls (Fig. 5A).

Analysis of the effects of GRF/SRIF-14 co-administration on GH secretory
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dynamics in the 3 groups revealed no significant difference in plasma GH levels at 5 min

post injection, regardless of whether the animais were preexposed to normal saline (14.0

± 6.7 nglml) or octreotide (25 fIg: 44.8 ± ll!.O; 50 fIg: 53.8 ± 18.1 ng/ml) (Fig 6). In

contrast, examination of the post-inhibitory rebound release of GH 5 to 45 min after

GRF/SRIF-14 co-administration showed that a 3-h period of preexposure to either dose

of octreotide produced a 14- ta 16-fold augmentation in GH release (GH AUe: 25 fIg:

3673 ± 841; 50 fIg: 4099 ± 796 ng/m1l40 min) compared to control animals pretreated

with normal saline (254 ± 114 nglmllu,J min; P<O.OOI) (Fig. 6).

Effeets of oetreotide pretreatment on GH responsiveness to GRF in dw rats

Figure 7 illustrates the effects of a 1- and 3-h period of exposure to octreotide on

GRF-induced GH release in the dl\' rat. Although plasma GH leve1s were severely

diminished in dw control animais, they were not insensitive ta GRF (Fig. 7A); however,

their responses were approximately 10-fold lower than those observed in the normal

Sprague-Dawley rats (see Fig 3A). Of interest, the dw rats still showed a time-dependent

pattern of GH responsiveness to GRF, with GRF-induced GH secretion significantly

greater at 1100 h than at 1300 h (50.0 ± 10 vs. 13.1 ± 4 ng/ml; P<0.05) (Fig. 7A).

Pretreatment of dl\' rats with octreotide effectively inhibited GRF-induced GH

release at 1 h post treatment (1.2 ± 0 vs 50.0 ± 10.3 ng/ml; P<O.OOI) (Fig. 7B).

However, in marked contrast to that observed in the normal rats described above, a 3·h

pcriod of preexposure ta octreotide failed to potentiate GH responsiveness to GRF when

compared to untreated control dl\' animais (22.0 ± 5.2 vs. 13.1 ± 4.7 ng/m1; NS).

Effeets of oetreotide pretreatment on SRIF·14·indueed postinhibitory rebound release

of GH in dw rats

Analysis of the effects of octreotide pretreatment on GH release following

GRF/SRIF-14 co-administration in dl\' rats showed that SRIF-14-induced inhibition of

GRF-stimulated GH release, at 5 min post injection, was similar in dw rats pretreated with
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either 50 IIg octreotide or normal saline (Fig. 8). While the SRIF-14-induced

postinhibitory rebound release of GH 5-45 min after injection was 2-3 fold higher in dl\'

rats pretreated with octreotide, compared to their own nomlal saline-pretreuled controls

(Fig. 8), this augmentation was far smaller thun the 14-16 fold uugmentulion observed in

the normal Sprague-Dawley rats (see Fig. 6).

Figure 9 provides a comparison of the effects of 3-h preexposure to oclreolide (50

IIg dose) on GH responsiveness to GRF in both struins of rat. In nOI\11ul nus,

pretreatment with octreotide significuntly augmented GRF-induced GH releuse (AUe over

30 min: 3851 ± 367 vs. 2032 ± 490 ng/ml/30 min in nomlal saline-prelreuted controls;

P<0.02). This effect was further enhunced following the co-administfUtion of GRF/SRIF

14 (6164 ± 1180 ng/ml/30 min; P<0.05 compared to octreotide+GRF alone).

In sharp contrast, in dw rats, 3-h octreotide pretreatment failed to increase piluitllry

GH responsiveness to GRF in either experin:~ntal paradigm when compared to lhe

untreated control group (Fig. 9). While the postinhibitory rebound release of GH wus

found to be higher in dw rats pretreated with octreotide, when compared to their own

normal saline-pretreated control group given GRF/SRIF-14 (see Fig. 8), the total unl0unl

of GH released in this group of rats (233.2 ± 26.1 ng/ml/30 min) wus, in facl, not

significuntly different from that observed in either the octreotide-pretreuted dl\' rats given

GRF alone (235.9 ± 51.0 ng/ml/30 min) or in the untreated control group (154.2 ± 45.0

ng/mi/30 min) (Fig. 9).

Discussion

Octreotide is a long acting SRIF unalog which, in the rat, is a more potent

inhibitor of GH release thun native SRIF-14, with greater selectivity for GH suppression

(23). Although octreotide's suppressive effects on both basal und stinlulated rat GH

release have been weil documented in vin'o, the tinle course of its inhibitory action on ill

vivo GH release in the normal adult rat is not known. The fmdings of the present study

clearly demonstrate that the Lv. administration of octreotide, at doses of 25 und 50 IIg,

resulted in ar1 inunediate und almost complete attenuation of the spontuneous GH pulses
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during the flrst 3 houes after injection, and plasma GH levels remained significantly

suppressed for up to 6 hours. A decrease in octreotide's bioactiviry was illustrated by the

gradual recovery of plasma GH levels 3-6 houes after injection. On the basis of these

findings, we selected a 3 h period of preexposure to octreotide for the ensuing

experiments.

Animals preexposed to octreotide showed a reversed pattern of responsiveness to

GRF compared to that observed in rats pretreated with normal saline. The exogenous

administration of GRF during the period of high octreotide bioactivity (i.e. at 1 hour)

resulted in a markedly blunted GH response, consistent with octreotide's known biological

action on GRF·induced GH secretion in man (24). However, in marked contrast,

preexposure to octreotide for 3 hours produced a 2-3 fold augmentation in pituitary GH

responsiveness to the GRF challenge, compared to normal saline pretreated controls,

indicating that a 3 hour period of exposure to the SRIF analog was sufficient to enhance

the sensitiviry of the pituitary somatotroph to the stimulatory actions of GRF. Although

this paradoxical stimulatory influence of SRIF on GRF·induced GH secretion parallels our

earHer observations in the starved rat model (20), the f1l1dings reported here demonstrate

for the flrst time a direct positive effect of SRIF on GH responsiveness to GRF in vivo.

These in vivo results are congruent with previous in vitro (14.18) studies showing that

preexposing dispersed pituitary cells to SRIF can enhance GH responsiveness to GRF.

Taken together, these f1l1dings suggest that the temporal pattern of SRIF signalling to

pituitary somatotrophs is an important determinant for optimizing pulsatile GH secretion.

Various mechanisms might account for this synergistic interaction between

octreotide and GRF. In vitro studies have demonstrated that one of the functions of SRIF

is to temporarily block the release of stored intracellular GH, but not to prevent GH from

accumulating in an immediately releasable pool (25). It is therefore conceivable that the

role of octreotide in our experiment is to build up pituitary GH stores and that a GRF

challenge 3 hours later will amplify pituitary GH secretion.

Support for this concept cornes from our experiments examining the post·

suppression rebound release of GH following the concomitant administration of

GRF/SRIF-14. EarHer studies have reported that the withdrawal of SRIF induces a
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spontaneous release of GH, both;1I \';tro (14,26) and;1I l'Ï\'O (27,28). ln the nonllal saline

pretreated rats of the present study, a limited, yet measurable amount of rebound GH

secretion was observed 5-45 min following the SRIF-mediated inhibition of GRF-induced

GH release. However, in those animals preexposed for 3 h to octreotide, at both doses,

the amount of GH released was 14-16 fold higher, an effeet that could not be due solely

to the withdrawal of SRIF. This episode is most likely due to a continual accumulation

of GH in a readily releasable pool over the 3 hour preexposure period.

Additional evidence for such a role for SRIF cornes from our studies in the mutant

dwarf (dw) rat, a strain of rats which shows a selective reduction in pituitary GH

synthesis and storage (21). Because pituitary GH concentrations are approximately 10%

of normal in males, we postulated that these animals would be unable to accumulate GH

to any large extent. As expected, and in contrast to the normal rats, preexposure to

octreotide for 3-h failed to enhance GRF-induced GH secretion. Moreover,while the GH

rebound release following the coadministration of GRF and SRIF-J4 was 2-3 fold higher

in the octreotide-pretreated dw rats than their own normal saline-pretreated controls, the

total amount of GH released was not different than that observed in dw animais either

preexposed to octreotide and given GRF alone or in untreated dw controls (See Fig. 9B).

This is in marked contrast to the 14-16 fold increase in GH rebound release observed in

the normal rats. Taken together, these findings provide strong support for the thesis that,

in the normal rat, SRIF potentiates GRF-induced GH release through a direct SRIF

mediated build-up of pituitary GH stores in a readily releasable pool.

The fmdings reported here may have important implications for understanding the

role of SRIF and its interaction with GRF in the generation of pulsatile GH secretion. Il

would appear that exposure to high SRIF concentrations, as is known to occur during a

normal GH trough period, prepares the somatotroph to re~'Pond maximally to a subseljuent

pulse of hypothalamic GRF. Such a cooperative interaction of the two peptides may be

necessary to optimize puisatile GH release and, subsequently, somatic growth.

Il is also possible that chronic octreotide exposure resulted in SRIF receptor

desensitization, thus causing a decrease in SRIF's antagonistic action on GRF-induced GH
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release. While downregulation of pituitary SRIF receptors has been demonstrated in

cenain cell types in vitro by direct exposure to high concentrations of SRIF (29-31), other

studies have failed to find significant changes in either SRIF receptor number or cellular

responsiveness following continuous SRIF exposure (32,33). Funhermore, in humans,

long-term treatment of acromegaly with octreotide continues to actively suppress GH

secretion for over 2 years (34,35).

To address this issue, we measured the ability of SRIF-14 to effectively inhibit

GRF's stimulatory action on GH release following a 3-h period of preexposure to

octreotide or normal saline. In both the normal and dw rats, those animals pretreated with

octreotide exhibited almost identical SRIF-14-mediated inhibition of GRF-induced GH

release to that of animals pretreated with normal saline (ranging from 78-90%). These

preliminary fmdings suggest that the response to SRIF was not desensitized in vivo,

although full dose-response studies are needed to thoroughly address this question.

Neuroanatomical studies using in situ hybridization are currently underway in this

laboratory to deterrnine whether SRIF receptor mRNA levels are altered in rats pretreated

with octreotide.

Although our fmdings suppon the notion of a SRIF-mediated build-up of a readily

releasable GH pool at the level of the pituitary, we carmot discount the possibility that

octreotide may have acted centrally within the hypothalamus to affect GRF release, since

octreotide is able to penetrate the blood brain barrier (36). An abundance of physiological

and anatomical evidence suggests that SRIF may interact directly with GRF within the

CNS to regulate pituitary GH release (3,37-40). More recently, exogenously adrninistered

SRIF was shown to directly inhibit GRF release, both in vitro (41) and in vivo (42). AIl

these fmdings suggest that SRIF may directly affect the activity of hypothalamic GRF

neurons to inhibit GRF release.

Clinical diagnosis of GH deficiency in shon children and adolescents has proven

to be difficult, due to inconsistent, poorly reproducible GH responses to a single i.v.

challenge of GRF (43,44). This variability is presumably caused by the temporal

variations in SRIF levels and its antagonistic effects on GRF in the human. We have
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recentIy reported that pretreatment of short children with octreotide significantly enluUlced

their OH responsiveness to ORF (45). On the basis of our observations reponed here in

the rat, it is possible that SRIF behaves in a similar manner in the human to regulate OH

release, thus supporting the use of octreotide as a potential diagnostic toollo facilitale the

discrimination between normal shon children and those with truly diminished OH

secretion.

In conclusion, the present study indicates that, in the normal male rat, preexposure

to the SRIF analog, octreotide, for 3 hours significantly enhances OH responsiveness III

exogenous ORF; and our fmdings suggest that this effect is due to a SRIF-mediated huild

up of pituitary OH stores in a readily releasable pool. These results provide good suppon

for the concept that SRIF may not simply act as an inhibitor of OH release during a OH

trough period, but in fact plays a prominent positive role in the generation of the OH

pulses by poising the somatotroph to respond optimally to ORF. This temporal inlerplay

between SRIF and ORF may be necessary to optimize pulsatile OH release <IIul.

ultimately, somatic growth.
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Fig. 1. Individual representative 6-h plasma OH profiles in male Sprague-Dawley rats

i.v. administered either nonnal saline (A) or octreotide, in doses of 2S Ilg (B)

and SO Ilg (C), at 1000 h. A. Nonnal saline-treated control animals displayed

the characteristic ultradian rhythm of OH release. B and C. Both doses of

octreotide virtually obliterated the spontaneous OH pulses for approximately 3

h, with partial recovery evident 3 to 6 h after injection.
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Fig. 2. Summary of time course of effects of octreotide on pulsatile OH secretion. AUe

represents the integrated OH release calculated over 3 h. Each bar represents

the mean + SEM. The number of animals in each group is shawn in

parentheses.

a, P<O.OI; b, P<O.OS compared to normal saline-treated contrais during the

same time periods;

c, P<O.OS compared ta the 0-3 h time period within each group.
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Fig. 3. Plasma GH response 10 GRF (1 pg Lv.) in individual raIs pretreated with either

nonnal saline (A) or octreotide in doses of 25 pg (B) and 50 pg (C). While

GRF-induced GH release was severely suppressed 1 h post octreotide injection,

a 3-h period of preexposure to either dose of octreotide markedly enhanced GH

responsiveness to GRF, compared to nonnal saline-treated controls. Arrows

indicate limes of injections.
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Fig. 4. Summary of temporal effects of octreotide on GRF-induced GH release. There

was a 2- to 3-fold augmentation in GH AUe at 3 h after the administration of

either dose of octreotide compared to nonnal saline-pretreated controls. Each

bar represents the mean + SEM of the integrated GH area calculated over 30

min after each GRF injection. The number of animais in each group is shown

in parentheses.

a, P<O.OOI; b, P<0.02 compared to nonnal saline-treated contraIs at the same

time point.
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Fig. 5. Individual representative plasma GH responses following the co-administration

of SRIF-14 (50 IIg Lv.) and GRF (l pg Lv.) in animals pretreated with either

normal saline or octreotide 3 h earlier. Administration of SRIF-14 in

combination with GRF resulted in a marked inhibition of GRF's stimulatory

action on GH release 5 min post injection in all three groups. However, this

short-acting inhibition was followed by a striking postsuppression rebound

release of GH in both octreotide-pretreated groups compared to normal saline

pretreated controls.
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Fig. 6. Summary of effects of 3-h preexposure to octreotide on OH response to co

injection of SRIF-14 and ORF.

Left Panel: SRIF-14-mediated inhibition of ORF-induced OH release was

similar in ail groups 5 min post injection.

Right Panel: The SRIF-14-mediated postinhibitory rebound release of OH was

14-16 fold higher in octreotide-pretreated animais compared to nonnal saline

pretreated controls: AUe measured 5-45 min post ORFjSRIF-14 injection. Each

bar represents the mean + SEM. The number of animais in each group is

shown in parentheses.

a, P<O.OOI compared to nonnal saline-pretreated controls.
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Fig. 7. Effects of octreotide pretreatment (50 IIg Lv.) on mean plasma OH response to

ORF (1 IIg Lv.) in dw rats. While Jctreotide pretreatrnent effectively inhibited

ORF-induced OH release 1 h after injection, it failed to enhance OH

responsiveness to ORF at 3 h compared to control dw rats. Vertical lines

represent the SEM; the number of animais in each group is shown in

parentheses. Note 8-fold reduction in scale of y-axis comi':I1'ed to Fig 3.
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Fig. 8. Effects of 3-h preexposure to octreotide on GH reIease following co

administration of SRIF-14 and GRF in dw rats. The postinhibitory rebound

reIease of GH was only 2-3 foId higher in dw rats pretreated with octreotide

compared to normal saline controIs. Each bar represents the mean +SEM. The

nUll'ber of animais in each group is shown in parentheses. Note 10- to 14-fold

difference in y-axis compared to Fig 6.

a, P<O.OI compared to normal saline-pretreated animais.
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Fig. 9. Comparison of effects of 3-h octreotide preexposure on ORF-induced OH

release in normal and dl\' rats. While octreotide pretreatment (50 J.lg)

significantly augmented OH responsiveness to ORF in normal rats under both

experimental paradigms, it failed to alter ORF's stimulatory action on OH in dw

rats. Each bar represents the mean + SEM of the integrated OH area calculated

over 30 min. The number of animals in each group is shown in parentheses.

Note 8-fold difference in scale of y-axis between the 2 groups.

a, P<0.02 compared to normal saline-pretreated controls.

b, P<0.05 compared to octreotide + ORF alone.
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Reccptor mRNA Using [II Sitll Hybridization

37



•

•

38

Intl"Oduction

Within the last decade, physiological and morphological data have been rapidly

accumulating to support the notion that SRIF may have a vital central influence on the

regulation of ORF synthesis and release. However, while the discoveries of SRIF binding

sites located on ORF cells in the arcuate nucleus, as well as the localization of multiple

SRIF receptor subtypes throughout the hypothalamus, have supponed the vicw of a

central SRIF/ORF interaction, very !iule is known about the regullllion of thesc SRIF

receptors.

III vitro studies have demonstrated SRIF receptor desensitization in both non11al

pituitary cells, as well as in AtT-20 cells pretreated with SRIF (Reisine & Axelrod, 19lD;

Reisine, 1984; Smith et al, 1984). ln addition, Srikant & Patel (1984) demonstrated thlll

depletion of endogenous brain SRIF results in an upregulation of SRIF receptors. In

contrast, OH, and OH,C I cells exposed to SRIF showed no change in cellular

responsiveness to SRIF (Thermos & Reisine, 1988; Pre.. "'Y & Schonbrunn, 1988).

Moreover, the long term effectiveness of SRIF analogs for the treatment of acromcgaly

is well established, suggesting that the responses to SRIF do not desensitize ill l'il'o.

The principle aims of the ill situ hybridization study were two-fold. First, we

needed to verify that this technique could be developed in our laboratory using fresh

frozen tissues. Perfused tissue, which is often used for ill situ hybridization, requires the

animals to be anesthetized prior to sacrificing. However, anesthetics have been shown to

have deleterious effects on OH hormonal balance in the rat. Consequently, the use of

fresh frozen tissue would enable us to sacrifice the animais swiftly and would therefore

offer a more physiological approach to our question. Thus it was essentiai to map the

distribution of SRIF receptor mRNA in the rat brain in order to confll1Tl that fresh frozen

tissues gave us comparable results. The results of this first experiment are presented here.

Our second goal was to determine whether octreotide preexposure prodl1ces aiterations

in SSTRI and SSTR2 mRNA levels in the rat brain. While our physiologicai findings

strongly support the notion of a SRIF-induced build up of a readily releasable OH pool,
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we wished to detennine whether the enhanced GH responsiveness to GRF that we

observed in vivo was due, in part, to an octreotide-induced down-regulation in SRIF

receptor message either in those hypothalamic nuclei implicated in GH regulation or at

the level of the pituitary gland. Since the in situ hybridization technique was being

developed for the first time in our lab to detennine the pattern of expression of SSTR1

and SSTR2 mRNA in the rat hypothalamus, we decided to initiate our investigation at the

level of the hypothalamus, with the intention of proceeding to the pituitary gland at a later

time. The ability of octreotide to cross the blood brain barrier justified its use in this

experiment (Begley, 1992). The results of these initial studies are reponed here.
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Materials and Methods

Animais and Experimental Procedure

Adult male Sprague-Dawley rats, similar in weight to those in our physiologieal

studies, were used here. To obtab fresh frozen sections, animais were sacrificed by

decapitation and the brains were rapidly dissected out of the skull, and frozen in

isopentane for 1 min at -40°C. The frozen brains were subsequently wrapped in aluminum

foil and stored at -SO°C until use. The entire procedure took less than 2.5 minutes.

For perfused tissue, animais were anaesthetized with a combination of kelmnine

(l00 mg/kg ip) and xylazine (10 mg/kg ip), followed by cardiac perfusion with a 4% w/v

paraformaldehyde solution, supplemented with 10% lM PBS buffer and 10 m14% NaOH

(600-750 ml/animal). Brains were subsequently removed from the skull, post-fixed for 1

hour, then immersed overnight in 20% sucrose. The fol1owing day, the brains were frozen

in isopentane for 1 min at -40°C, then wrapped in aluminum foil and stored at _8(}OC until

used. Cutting perfused brains involved the same protocol as with the fresh frozen tissue.

To eut sections, the brains were [lfst allowed to equilibrate in the cryostat

chamber (-20°C), and were then trimmed and mounted onto the specimen holder with

OCT embedding medium (Tissue Tek, Miles Inc, Elkhart, IN). 20 pm thick coronal

sections were obtained in a rostro-caudal direction, beginning at the decussation of the

anterior commissure and terminating at the disappearance of the third ventricle. Altemate

sections were thaw-mounted onto Poly-L-Lysine (50 pg/ml)-coated glass slides (for

processing both probes at comparable levels), air dried over a hot plate at 37°C for 2 min,

and then stored at -SO°C umil hybridization.

In experirnent l, to determine whether fresh frozen and perfused preparations

gave comparable results, we sacrificed 6 rats using both techniques and perfonned ill Sifll

hybridization for SSTRI and SSTR2 on both tissue preparations. Our results indicated that

both tissue preparations gave qualitatively comparable results and therefore we used fresh

frozen tissue sections in the second experiment.

In the second experirnent, 6 Sprdgue Dawley rats were pretreated at 1000 h with
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either 0.2 ml nonnal saline (n=3) or a single 50 J1g dose of octreotide (n=3), Lv, and

sacrificed three hours later in accordance with the time course adopted in eur ill vivo

study. The animais were sacrificed and brains removed, as described above, and ill situ

hybridization using both SSTRI and SSTR2 probes was perfonned to measure SRIF

receptor mRNA levels in both groups of animais.

Riboprobe Preparation

Hybridization of tissue sections was perfonned with an RNA riboprobe

complementary to the IWO subtypes of the mouse SRIF receptor: SSTRI and SSTR2

(generously provided by Dr. Graeme Bell, Howard Hughes Medical Institute. University

of Chicago). Both probes were obtained by inserting the specifie cDNA fragment into the

plasmid vector pGEM-3Z. The insertion region is flanked by IWO different RNA

polymerase promoter sequences, T7 and SP6. Therefore, to obtain antisense probes,

plasmids were linearized by restriction endonuclease digestion (EcoRI) and transcribed

with the Gemini fi system (Promega) using SP6 RNA polymerase and [3'S]_UTP.

Transcription of sense strands were prepared from Hind mlinearized ;>Iasmids using TI

RNA polymerase.

In Silu Hybridi7.ation

For fresh frozen sections, slides were removed from the freezer and brought to

room temperature (30-45 min). To maximize RNA retention in the tissue. sections were

first post-flXed in freshly prepared 4% w/v parafonnaldehyde solution (10 min). rinsed

in 1 M phosphate buffer (3 washes. 10 min each). then in ~O (2 min). In the case of the

perfused sections. the considerable cross-linking requires an additional step to increase

the penetrability of the riboprobe into the tissue. Consequently, upon removal from the

freezer, slides were rinsed in 1 J1g/ml proteinase K in TE buffer (0.1 M Tris. 50 mM

EDTA. pH=8.0) at 37 C for 30 min. followed by a 2 min wash in ~O. Ali subsequent

steps of the procedure were identical for bath fresh and perfused sections.

Ali sections were rinsed in solutions of 0.25% acetic anhydride to reduce
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electrostatic attraction between the hybridization probe and non-specifie basie proteins.

Slides were then incubated for 30 min in 0.1 M tris-glycine and washed three times in 2

X SSC (standard saline citrate: 1 X SSC in 0.15 M NaCl and 15 mM Citrie acid,

pH=7.0). Finally, sections underwent a gradual dehydration process with consecutive

rinses in 70%, 95%, and 99% ethanol (3 min each). A fmal prehybridizntion step,

designed to saturate non-specifie binding sites in the tissue, constituted a 1 h incublllion

in a prehybridization buffer containing 4 X SSC, 1 X Denhal'dt's solution (fieoll, bovine

serum albumin, polyvinyl pyrrolidone), and 0.1 mM mercaptoethanol.

Hybridization of the 35S-labelled riboprobe involved the administration of RO

Jll/slide of the hybridization mixture, made up of 10% sarcosyl, 50% deionized

forrnamide, 200 mM dithiothreitol (DTI), 4 X SSC, 1 X Denhardt's, 50% dextran

sulphate, 0.1 mM mercaptoethanol, and 80 JlL of radiolabeled probe. Optimal probe

concentrations are difficult to predict, but should generally yield the highest signnl to

noise ratio. It is best to use the lowest concentration required to saturate target nucleic

acids, since non-specific binding is directly related to probe concentration. Consequently,

probe was added to the hybridization buffer for a fmal activity of 2 X 10· cpm/ml. Ten

out of every 12 slides were hybridized with the antisense probes (SSTRI or SSTR2). The

remaining IWO slides were treated with the sense probe and used as a control. Each slide

was covered with a glass coverslip, and placed in a moist chamber to allow hybridization

to proceed overnight (approxirnately 19 h) at 60 C.

The second day of the procedure comprised of steps needed to minirnize

background labelling of the probe to the tissue. Sections were ficst rinsed in 4 X SSC for

1 h to remove the coverslips, then underwent 3 successive 10 min washes in 4 X SSC.

Due to the "stickiness" of the RNA probe, sections were treated with 20 Jlg/m! RNase A

in 4 X SSC for 30 min at 37 C in order to selectively remove non-base paired RNA from

the tissue section. Since hybridizations are performed at relatively low stringency (high

temperature) to enhance dissociation of the nucleic acid, post-hybridization washings at

increasing stringency were necessary to induce dissociation of non·homologous hybrids.

Consequently, slides were subjected to a series of increasingly stringent washes from 2 •
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0.1 X SSC baths supplemented with 0.25% DIT. After dehydration through a graded

ethanol series (70%, 95%, 99%), the slides were placed on Bmax hyperfilm (Amersham

Corp, Arlington Heights, IL),loaded into Iight-tight X-ray fIlm cassettes and stored at4°C

for 4 weeks. Exposed films were developed using Kodak GBX developer and Kodak

Rapid fixer.

Quantitative Analvsis

Quantification of the hybridization signal was carried out by computer-assisted

microdensitometry, using the BIOCOM RAO software program. Specifie grey values were

calculated by subtracting background values. Data was compared to a standard curve

prepared by mixing increasing quantities of radionucleotide to a brain paste mixture.
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Results

Distribution of SSTRI in Fres/r Froun Brain Tissue

Figure lOtA-Cl illustrates the distribution of SSTRI mRNA in coronal sections

of fresh frozen rat brain. Gross examination of autoradiographs revenled intense

hybridization signnl throughout the conex und hypothnlamic area. Conic;11 distribution

showed a selectivity to the outennost and innennost layers. Little or no signal was

detected in the medial habenular nucleus, the hippocampus, und the dentate gyrus. Within

the hypothalamus, labelling was detected most intensely in the arcuate (IIu\ the

suprachiasmatic nuclei. The paraventricular and ventromedial nuclei showed only weak

to moderate signal.

The specificity of the probe was established in a control section prepared with

a sense probe (Fig 100). Specifie labelling was eliminated from all regions.

Distribution of SSTR2 in Fres/r Froun Brain Tissue

While the distributional pattern of SSTR2 mRNA overlapped to some degree

with that of SSTRl, distinctive variations were found (Fig !lA). Once ngain,

hybridization signal was intense throughout the cerebral conex, this time in a more

unilaminar fashion. In addition, the habenular nucleus and hippocampus were heavily

stained. Distribution within the hypothalamus was similar to that of SSTR l, however the

hybridization signal was generally less distinct throughout (Fig Il B). Nevenheless SSTR2

rnRNA signal was specifically located in the arcuate, ventrornedial, suprachiasmatic, und

dorsomedial nuclei. However, the signal to noise ratio of our SSTR2 probe was not as

high as !hat of SSTR1. Once again, the probe specificity was confinned using a control

slide prepared with a sense probe for SSTR2 (Fig IICl.

Effects of Octreotide Preexposure on SSTRI and SSTR2 mRNA Lel'els in rhc' Rar Brain

Figure 12 illustrates our preliminary data of the effects of a 3-hour period of

preexposure to octreotide on SSTRI und SSTR2 mRNA levels in 4 regions of the rat

brain - the arcuate nucleus (ARC), the ventromedial nucleus (VMN), the suprachiasmatic
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nucleus (SeN), and the cortex (CfX). With respect to SSTRI, octreotide pretreatment did

not significantly alter mRNA density levels in any of the brain regions examined thus far.

However, SSTR2 mRNA levels tended to be increased, in ail four brain areas, in those

animais pretreated with octreotide when compared to normal saline-pretreated contrais,

and this difference reached significance for the arcuate nucleus.
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Fig. 10. Regional distribution of SSTRI mRNA in coronal sections of fresh frozen 1111

brain tissue. A & B. Whole brain; C. Hypothalamic area; D. Sense probe.

CTX=Cortex; Arc=Arcuate nucleus; VMN=Ventromedial nucleus;

SCN=Suprachiasmatic nucleus; PE=Periventricular area
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Fig. 11. Regional distribution of SSTR2 rnRNA in coronal sections of fresh frozen rat

brain tissue. A Whole brain; B. Hypothalamic area; C. Sense probe.

CTX=Cortex; Arc=Arcuate nucleus; VMN=VentromediaI nucleus;

SCN=Suprachiasmatic o'lcleus; PE=Periventricular area
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Fig. 12. Prelirninary data on the effects of octreotide preexposure on SSTRI and SSTR2

rnRNA density levels in the rat brain.

ARC=Arcuate nucleus; VMN=Venu'omedial nucleus;

SCN=suprachismatic nucleus; crX=Conex

P<O.05. comparcd to control rats.
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Discussion

In spite of the new wealth cf infonnatiol1 regarding the anatomical distribution

of SRIF receptors in the central nervous system, very little is known regarding the control

of SRIF receptor expression. Consequently, we seized the opportunity to use ill situ

hybridization to investigate another possible mechanism of action of SRIF in the

regulation of pituitary GH release. We tested the hypothesis that chronic exposure to the

SRIF analog, octreotide, results in dynamic changes in SRIF's own receptors within the

hypothalamus, thus altering octreotide 's ability to antagonize GRF stimulation.

The goal of the frrst part of our study was to detennine whether our two probes

would be capable of specifically hybridizing to SRIF receptor rnRNA on fresh frozen

tissue sections. While a previous study of rnRNA levels of the SRIF peptide in rat brain

demonstrated that fresh frozen tissue gave comparable ill situ hybridization results to

those obtained using perfused tissue (Chowen. et al, 1991), this had not been established

for the newly cloned SRIF receptors. Gross examination of our data revealed that both

ssml and SSm2 rnRNA were found in very distinct areas of the brain. The specificity

of our probes was established following the hybridization of certain sections using a sense

probe. SSTRI was intensely labeled in the cortex, as weil as the arcuate and

suprachiasmatic nuclei of the hypothalamus. Moderate levels were also detected in the

paraventricular and ventromedial nuclei. SSm2 was also distributed in the cortex and

similar hypothalamic nuclei as ssm1, as weil as in severallimbic structures, namely the

hippocampus and habenular nucleus. These distributions of SSml and SSm2 rnRNA

in the rat brain, and particularly in the hypothalamus, corresponded very closely with

those we found in perfused tissue in the present study and also with that described by

others (Beaudet et al, 1994). This encouraging result demonstrated that in sitll
"

hybridization of SRIF receptor isotypes could be carried using fresh frozen tissue, and

allowed us to proceed to our next experiment, that is, to detennine the effects of

octreotide preexposure on SRIF receptor rnRNA levels in the brain.

Our preliminary results show that octreotide failed to alter SSml rnRNA levels
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in any of the four regions that were measured. the arcuate. ventromedinl lUul

suprachiasmatic nuclei of the hypothalamus. as weil as the cortex. However. this result

was more or less expected. Octreotide is an analog that is subtype selective (Raynor /'1

al, 1992). Whi1e octreotide has very high affinity for SSTR2. it has tittle or no affinity

for SSTR1. In addition, the lack of a positive result may be due to lUl intrinsic propeny

of the receptor itself. It is possible that SSTRI is sinlply not sensitive to prolonged SRIF

exposure, as suggested in a recent hybridization/nuclease protection study (Bmno 1'1 al.

1994), and that autoregulation of SRIF receptors may not occur in the SSTR 1 receptor

subtype.

ln contrast, SSTR2 mRNA levels showed a tendency to increase in ail four

regions following octreotide treatment, with a significant elevation observed in the arcuate

nucleus. Although these are only prelinlinary resuhs, they do a1low for the speculation

that the octreotide-induced a1teration in SRIF receptor message may be a generalized

phenomenon affecting severa! SRIF-responsive regions of the brain.

Secondly, it was surprising to find a paradoxical increase in mRNA levels

following octreotide exposure. Based on previous studies, we would have predicted a

downregulation of SRIF receptors following chronic SRIF exposure. Thus the significlU1ce

of our results is not yet known. However, a recent ill vilro study eXlUnining the SSTR

subtype gene expression in OH, cells following a 2 hour exposure to SRIF has recentl}

produced similar fmdings (Bruno el 01,1994). While SRIF preexposure increased mRNA

levels of 88TR2 (as weIl as 88TR3. 4 & 5) in that study, there was no change in SSTRI

mRNA levels. The fmdings of this study a1so support the tinle course of effects of

octreotide observed in our investigation, suggesting that the 3 hour period of exposure

may in fact be adequate to cause a measurable change in SRIF receptor mRNA levels.

There is no evidence, to date. that directly links changes in mRNA levels 10

changes in peptide expression. Therefore, although octreotide may mediale effects on

88TR2 mRNA, we have no way of knowing that this has measurable consequences on

the level of SRIF receplor expression on Ihe cell membrane. However. il has been

recently shown that the levels of both hypolhalamic SRIF peptide mRNA binding siles
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(Zeitler et al, 1989) and SRIF bining sites (Tannenbaum et al, 1993), as weil as SRIF

receptor subtype mRNA (Bruno et al, 1994), are indeed capable of fluclUating in such a

shon 2-3 hour time period. From these studies, it may be postulated that the changes in

mRNA levels following a 3 hour exposure to octreotide may in fact translate into a direct

change in receptor number or density. Funher study is cenainly merited to fully address

this question.
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GENERAL CONCLUSIONS

Nonnal postnatal somatie growth depends on an adequate supply of GH l'rom

the anterior pituitary. In addition, many major physiologieal and metabolic funetions arc

also affected by circulating levels of plasma GH. Consequently. it is of particular interest

to understand the mechanisms regulating its secretion. It is weil established that the

ultradian pattern of GH secretion is govemed by the episodic release of two hypothalmnie

honnones, GRF and SRlF, each playing specifie individual roles on pitllitary

somatotrophs. While GRF is responsible for the episodie GH bllrsts. SRIF acts as Ihe

regulator of GH troughs (see Tannenhaum, 1991, for review). However, considerahly less

is understood regarding their comp1ex interactions in regulating GH release.

Physio10gical evidence is accumulating to indieate that, ut the level of the

pituitary, SRIF functions is a variety of ways to govem the responsiveness of GH to GRF.

SRiF acts to antagonize GRF's stirnulatory action on GH release. hoth ill l'ill'O and ill l'Ïm

(Vale et al, 1983; Larnberts et al, 1984; Tannenbaum et al, 1983), and consequently plays

a vital role in generating the u1tradian rhythm of GH secretion.

However, il has been suggested that the role of SRiF extends beyond its ability

to simply suppress GH re1ease and GH responsiveness to GRF. Studies investigating the

importance of the episodie secretion of SRiF have suggested that, under certain temporal

conditions, SRiF may possess a paradoxieally positive influence on pituitary

somatotrophs, however the mechanism(s) is not known.

SRiF prevents the gradual desensitization of GRF-induced GH release following

chronic GRF administration (Clayton & Bailey, 1987; Soya & Suzuki, 1988; Losa et al,

1985). Secondly, GRF-induced GH release is augmented by a concurrent withdrawal of

SRiF (Kraicer et al, 1986; Weiss et al, 1987). In addition, ill l'itl'O investigations of

the interactions between SRIF and GRF in generating the GH pulses have recently found

that preexposure to SRIF surprisingly enhanced pituitary responsiveness to GRF

(Richardson & Twente, 1991).

However, due to the lack of ill l'il'o evidence to support these statemcnts, wc
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altempted in the present slUdy to further explore the role of SRIF in controlling GH

release in the adult male rat. We used the long-acting SRIF analog, octreotide, to 1)

further investigate the temporal palterning of the SRIF/GRF interplay in vivo, and 2) to

define possible mechanism(s) of action of SRIF in generating the ultradian rhythm of GH

secretion.

The fmdings of the present study reveal several important points: 1) the i.v.

infusion of octreotide at a dose of 25 and 50 Ilg significantly suppressed spontaneous GH

secretion for up ta six hours with an immediate and complete reduction in plasma GH

levels during the initial 3 hauTS. These data provide, for the first time, a time course of

effects of the long-acting SRIF analog on GH release in the male raI. 2) Preexposure ta

octreotide for three hours significantly augmented GRF-induced GH release,

demonstrating for the fICst time a direct positive effect of SRIF on GH responsiveness ta

GRF in vivo. 3) In examining the various mechanisms that could account for octreotide's

potentiating role in GH release, our results suggest that SRIF may regulate GRF-induced

GH release through a direct SRIF-mediated build up of pituitary stores in a readily

releasable pool sa that a GRF challenge 3 hauTS later will amplify the release of GH. The

implications of our findings shed new light on the role of SRIF in the generation of the

ultradian rhythm of GH secretion; exposure ta high SRIF concentrations, as is known ta

occur during a normal trough period potentiates the somatotrophs ta respond maximally

to a subsequent pulse of hypothalamic GRF.

In addition, there is growing physiological data ta suggest that SRIF can act

centrally, at the level of the hypothalamus, ta regulate GRF release (Plotsky & Vale,

1985; Tannenbaum et al, 1990; Guillaume et al, 1992). Results from recent anatomical

studies strongly support these fmdings. GRF-immunoreactive neurons in the arcuate

nucleus exhibit localized I2.lI-labelled SRIF binding sites (McCarthy et al, 1992).

Furthermore, in the rat, it has just recently been shawn that the hypothalamus displays

highly expressed levels of newly cloned SRIF receptor subtype mRNAs in those neurons

known ta contain and express GRF (Beaudet et al, in press). Thus it is possible that

chronic octreotide exposure results in dynamic changes in SRIF receptor levels on these
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GRF neurons, causing a decrease in SRIF's inhibitory action on hypothahunic GRF

release. While our results suggest that octreotide does produce some effect on SSTR2

rnRNA levels, these preliminary experiments addressing the question of SRIF receplor

kinetics have not yet been carried out to fruition.

These numerous fmdings give credence to the hypothesis thal SRIF, in addilion

to ils role as the generator of GH troughs, may play an important interactive funclion in

GH release by deterrnining the ability of the somatotroph to respond maximally III

stimulations by GRF. This temporal interplay between SRIF and GRF al lhe leve1 of the

pituitary and the hypothalamus may be necessary to optinlize the pulsatile pallern of GH

secretion, and hence somatie growth.
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