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5 ABSTRACT “ |

/ a . ;

The functions of somatostatin, norepinephrine and epinephrine in Z
regulation of rhythmic growth honnone secretwn were evaluated in male 3
Sprague-Daw‘ley rats. Three e;(perimen}a\l strategies were used: (1) the ‘ :é

chronic cannulation model to assess th% effects of stress, 'latera]
_hypothalamic stimulation, monosodiuin g'lutamate and phamacolog1c agents on

growth hormone dynamics, (2) bi chemical\mapping of central somatostatinergic

3
Y

pathways involved in growth homone regulai:ion, and (3) an in vitro

LY

perifusion systfen* to study somatostatin releb{se).

. It is \shown tl\1at exfctatory and 1nh1bitory\neura] inputs must be 1ntact to
maintain norma] rhythmic growth hormone secretic}k Growth hormom; rises are
generated’ by hypothalamic neurons that ]1berate a \growth hormone releasing B
facton. Tmese neurons are acti vated by adrenergic (a d probably"c‘ , . .
noradrenerg‘ic) 1nputs. The periventricular and’ amygda'lofuga'l “

' somatostati nergfc systems control ebbs in p]asma growth hormone and stress- or

’ latera1 hypotha]amic stimu]ation—‘lnduced growth homone suppress&m.

I s

B A s

Catecholaminergic regulat’ion of. somatostatm r\e‘lease 1s not def1ned c1ear1y.
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- Resume

j Les fohctiohs de la somatostatine, de 1a norébinébhrine et de

i

) 1'ep1nephr1ne dans la tegulat'on de ]a sécrétion rythmigue de 1'hormone de
croissance ont ete etud1ees sunr des rats mdles de Sprague—Daw]ey Trois

approaches experimentales ont ét wdeve1oppees: 1) ‘a 1'aide d'unexannule

chroﬁique:fétudes des effets du stress, de la stimufatipn de 1'hypothalamus

- lateral du.monﬁsodium glutamate et\d'agents pharmacologiques sur la dynamique

‘ " de 1'hprmone de cro1ssance, 2) loca1 sation b1och1m1que des faisceaux centraux

e 'somatostatinerg1que§ 1mp11ques dans 1 regulatxpn de 1'hormone de croissance,
',et 3) etude de Ja séerétion dé somatost tine,pqr'pé¥ifhsion in vitro.

Les ré%ulfatsimontrent que 1'inté§ri e des afferences nerveuses
‘excitatrices et- 1nh1b1trices est essent1e le au maintien dé la secretion
rythm1que normale de 1' hormone de croissan e’ L' accromssement de 1’ hormone de
cro1ssance est declenche par des neurones h othalam1ques 1ibérant un facteur
.de reléche ("re]ea51ng factor") pour 1'hormone de croissance. Ces neurones
sont act1ves par des afferen;es adrenerg1ques (gt probablement
nqnadrenerg1ques). pes systemes somatostatinergigues périventrjculaires
amygdalofuges‘codtrﬁlept‘1a diﬁinution plasmatique 1'hormone de croissance
et 1a ‘supression d l'jﬁduction par le stress obtenu par stimulation de :

1'hypotha1amus latéral.. La Fégulation catéchofaminergiq s de la production

de somqtostat1ne'n est pas clairement définie.

f
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LT et o pbetidih
4

:T




ACKNOWLEDGEMENTS

\
\ .
N : ¢

\

Dr. Jbseph B. Martin is acknowledged for his observatiqns aqg concepts

that led to many of the experimen described herein. These studies‘would not

. Research Council of cghada. His guidance, encouragement gnd ambition resulted

in a unique enviromment that promoted‘intellectua1 honesty and independence.
Dr. H1111$h R. Crowley and I collaborated in the biochemical mapping of

somatostatinergic system§ and studies on the role of central adrenergic
systems in %;owth hormone‘regulation. Dr. Crowley taught me the

. microdiﬁsection technique and performed the radioenzymatic assays of tissue
catecholamines. pr. John 0. Willoughby collaborated with me in studies
describing the effects of stress on growth hormone secret%on. Dr. Otto

Rorsféd taught me the affinity chromatography technique and performed

somatostatin bioassays.. Ms. Adah Saunders showed me the cannulation technique ’

and conducted the experiments involving the effects of pregnancy, parturition
and suckling on growth hormone. I enjoyed working with these people and
) 5ratefu11y acknowledge their contributions to these studies.

Dr.lﬁlbert Aguayo is especially acknowledged for providing my first
opportunity in neurobiologic research. Donald Baxter, Leo Renaud, Garth Bray,
Gloria Tannenbaum and Jacques Epelbaum are recognized for their support andy
friendship. Dr. Epelbaum performed the somatostatin radioiTmunoassays in the

monosodium glutamate studies. Paul Brazeau supervised many of the




/ | & e v
noassaysléf prqlactin and somatc%‘.aiin. Yogesh Patel provide& one of
atostatin antisera used in the stress study. Norman White taught me
/ the principles and methods of intracranial self-stimulation.
/ Special acknowledgement is given to‘John Whitaker, Sol Solomon and Andrew
Kang. They provided a superb intellectual enviromment and critical reviews of
several experiments and manuscript;. Thrpugh their support and guidance, 1
/ was able to continue these stﬁdies at the University of Tennessee. Seymour
J Reichlin provided encouragement and a critique of the experiments 1nvo!vi ng
_ epinephrine synthesis inhibitors.
Without the technical help of Judy Audet, Wendy Gurd and Gayle Faille, in
Dr. Martin's iaborétory, and Georgia Householder and Lee Brinkley, in my
laboratory, this work would still be in progress. Special thanks to Cecil
@‘ Lynch and Chuck Longser"re in my 1aborator)" for their sincere dedication and
countless hours of radioimmunoassay and sampling. Cecil Lynch wrote the
computer programs that saved several hours in data reductior;. 4
Excellent secretarial help was contributed bqu.‘Harrington, A. D'Amato,
I. Shestowsky, S. Eﬂ‘ils, L. Figgins, T. Hamp’ton, A. Bobrowski, B. Chandler,

)

and my daughter, Kristin.

Mr. Artinian, E. Sweezy and P. McDougall ;;rovided eicellent photographic
and artistic work. I thank Dr. Martin for his gift of somatostatin antiserum,
Dr. Parlow and the National Pituitary Agency for p1tu1tqry hormone
radioimmunoassay kits, and R. Pendleton of Smith, K1ine and French and R.
Fuller of Lilly Research Laboratories for their gifts of norepinephrine-N-

methyltransferase inhibitors.

- A dr whe awadr

——

v
P ——

r'd

T B D D E ¢ A PRt BN Ky i s 0 AR sy s e e

e AT ) B ot




These studies were supported by grants from the Medical Research Council
W
of Canada, National Insti}utes of Health, Veterans Administration and the
University of Tennessee. '

&

Special acknowledgement is given to Corinne Johnson at the Ann Arbor
/!

" Veterans Administration Medical Center for typing’this'thesis.
ot :

Finally, I wish-to acknowledge Suzanne Terry'?or IOJé and understanding.
Her constant encouragement an‘ strong sense of responsibility hélped to put
this thesis in the staté of /completion.

This entire thesis is a compilation of manuscripts published in refereed
journals (see pp. 237-239) over the last seven years. Articles in,which Dr.
Martin wag not an author/ resulted from experiments-in the candidate's -

laboratory where he wag the principal investigato} funded by grants from the
4

g g lif':

Veterans Administratipn and National Institutes of Health. ¥
' Moo

"
¥

.

e Mpmgae Kol 3 DDA oo et et e o . e § oot 2

- w...m/.«ﬁ,.-w.. Fpe—
.

’

i




s eyt -y

- SECTION I.

INTRODUCTION AND BACKGROUND : i N

s

There is compelling evidence to support the hypothesis that rhythmic

growth hormone secretion is regulated by discrete neuronal structures and °

systems. These systems have both stimulatory and inhibitory actions on gyovith

hormone secretion. Their effecds are thought to be mediated by the release of

hypothalamic hormones from nerve endings into the capillaries of the

" hypothalamic-adenohypophyseal portal circulation theréby regulating the
Y

_ synthesis and secretion of growth hormone by pituitary somatotropes. This

control 1Js achieved by at least two hypothalamic hormones (neuropeptides or

. factors), somatotropin release inhibiting factor (somatostatin, SRIF), a

tetr’a‘de:capepﬁde that inhibits growth hormone release (Brazeau et al., 1973).”
and growth hon;lone releasing factor (GRF), the structure of Mwhich is unknown.
Secretfon of these hypothalamic hormones is, 1n turn, pélieveq to be regulated
(modulated) by second order neuronal systems that project .to or: originate
within the hypothalamus and release aminergic neurotransmitters.

The following pages rev#_ew experimental observations sypporti ng. the abbve
concepts and establish the background upon which the hypotheses in ‘;his

dissertation were developed and tested.

A. PITUITARY GROWTH HORMONE

Human growth. hormone 1s a single-chain polypeptide (molecular weight
approx. 21,500) com‘:aining 190 amino acidk residues. (Merimee, 1979). Growtfn
hormone accounts for 4-10 percent of the wet weight of the adult human

pituitary. It is secreted and synthesized by specific cells in the anterior

.
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pituitary, the somatotp@ n}ajor’ity of these ceHs are eosinophilic, as

" determined by co,pventwnal stgining techniques. \ Histochem‘ical and
‘immunof luorescent methods have demonstrated that these cells are distinct from

those that synthesize other pituitary tropic hormones. Somatotropes are best

recognized by electron microscopy. The typical somatotropi—c cell possesses

‘numerous, Yarge, round secretory graf¥les that are 300-400 mu in diameter.

At the cellular level, release of growth hormone appears to igvolve

exocytosis or fusion of secretory granules within the plasma membrhne, ,

followed by solubilization and diffusion of the granule céontent into the

circulation. Membrane fusion must be preceded by movément‘ of secretory
granules from their site of formation, the Golgi area, to their site of F
exocytosis, thepplasma membrane. Studies with vincristine indicate that j:he
microtubular system is involved in both basal and induced secrétion of growth
hormone. The exact role of cyclic AMP and cyclic GMP is not as yet clarified
in t'hi.s process.

Growth hormone cir‘cqlates unbound in the plasma. The half-life of
disappearance is between 17 and 45 minutes and the ,.ggtimated rate of secretion
is approximately 17 ug/hour or 400 ug/day (Martin, 1577), Growth hormone does
not act on a specific target organ, but exerts effects at many different
sites. It has both an insiﬂin—h’ke and anti-insulin effect on glucose
metabolism, a powerful anabolic action promoting enhanced incorporation of
amino acids into protein, and lipolytic eff;acté (Merimee, 1979). However, the
insulin-Tike activity may be a pharmacologic effect. The biologic actions of

growth hormone are thought to be mediated by a class of substances,

somatomedins (MW 7000-9500), that 'are synthesized by hepatic, and

L NSO S
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"fcartilage (sulfation factpr) and thymidine uptake in liver, and also have

possibly renal cells. Somatomedins stimulate sulfate incorporatioh into

£

insulin-like effects (Martin, et al. 1977). o

B. PATTERNS OF SPONTANEOUS GROWTH HORMONQ‘SEtRETION

Rhythm is defined as "nonrandom variation, especiai]y uniform or regular
var1ation, of any quantity or condition characteriz1ng a process" (Websters,
1977). It denotes "regular patterned flow, the ebb and rise, of sounds and
movement in natural phenomenonz speech, music, writing, dance, and other
physical actfvities.“ One who is expert in, studies or produces, or has.a
keen sense of rhythm is defined as a rhythmiét.

Divers rhythmists have shown that plasma levels of growfﬁ hormone rise and
fall at frequent intervals in man and experimental animals. This pattern of
secretion»has been described as rhythmic, episodic, or pulsatile.

Basal levels of plasma growth hormone in resting, nonstressed human adults
range from 1-5 ng/ml (Mariin et al., 1977). HoweVér, seqﬁéntia1
determinatioﬂs‘aé frequent intervals thrqughout the day and night show
significant oscillations. Individual surges of groﬁth hormone reach plasma
levels of 20-60 ng/mi, éhe largest peaks usually occur during the first tﬁb
hours of ‘nocturnal sleep (Martin e; al., 1977; Boyar, 1978).- There is a close
corre]ation‘between age and 24 hour secretory rate of growth hormone Qith
highest levels diring adolesence, followed by a decline in young adults‘
(F%nke]stein, 1972) .. .

The metabolic basis of these physiologic oscillations in gfowth hormone
secretion in man has been the subject of numerous investigations. Physiologic

changes in plasma amino acids or free fatty acids have minimal effects on the’

[4
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pattern'of growth hormone secrétion (Maryin et al., 1977; Reichlin, 1974a,b).
Hyperg1ycem1a temporarily suppresses daytime growth hormone surges aa& fasting
increases their frecuency. However, nocturnal growth hormone secretion is not
affected by either fasting- ﬁor hypoglycemia (Martin, 1976). These data
indicate that. sudden changes in p1asma growth hormone 1eve1$ are not the
result of variations in metabolites in the per1phera1 circulation. \

Similar profiles of growth hormone secretion have been documented 1n
experimental animals. Chair-adapted rhesus monkeys have episodic secretion of

growth hormone. unrelated to caloric intake, stress, or biood glucose levels

(Martin, 1976). Akin to humans, -the baboon shows a sign1f1cant'e1evation in

plasma growth hormone during sleep (Parker et al., 1972). Epjsodic’re1ease of
growth’horﬁone'is also observed in the unanesthetized rabbit (McIntyre and ’
0del1, 1974).

In the rat, growth hormone secretion is characterized by high amplitude
secretory episodes that reach levels greater than 800 ng/ml (Tannenbaum and
Martin, 1976). The rises in groutq/ﬁ’rﬁnne occur rapidly and terminate
abruptly. The rate~of_dec11ne in plasma growth hormone levels after a pulse
is cons1scent with the half-life of the hormone. Secrefory episodes of growth
hormone in the male albino rat occur rhythmically every 3-4 hours and this

rhythm is entrained to the light-dark cycle. Since 1f 1sﬁpot consistently’

~affected by feeding or glucose infusions, episodic growth hormone secretion in

the rat, as in man and other animals, is not primarily determined by
Fequirehents for gluccse homeostasis (Tannenbaum and Martin et al., 1976).

.In comparison to other hormonal systems, there is no apparent relationship

=7 between rises and ebbs: of growth hormone reTease in the rat and wother

_ pituitary hormones such as prolactin and thyrotropin, adrenal corticosterone

N
'
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_after ablation or activation of discrete hypotha?amic regions.

,J\Tiq ifdication of ACTH “secretion), and the pancreatic horﬁodes;‘QIucagdn and

insulin (Martin, 1976; Martin et al.; 1978a). Mechanisms responsible for the
) i
generation of rhythmic growth hormone secretion are gpecific and independent

k

of other hormonal "pulse generators.® . -
The amplitude, frequency and entrainment of growth hormone secretory
episaodes and their 1ndgpeﬁdence‘of demands ;or metabolic homgbstakis 1nd1c5te‘
that the rises and ebbs of growth hormone are generated and controlled  °
primarily by neural mechanisms. This concept is supported further by thé
observation that anter!ér pituitaries incubated in vitro fail to secrete

growth hormone in a similar episodic manner (Carlson et al,, 1974).

C. HYPOTHALAMIC STRUCTURES: THEIR RQLE IN REGULATION OF GROWTH HORMONE

SECRETION -

A.large number of experimental .observations support the concéﬁt that
specifi? hypothalamic structures are involved in the regulation of rhythmic
growth hormone secretion (Martin et al., 1978a). Data from these experiments
aré derived from measurements of pituitany and p1asma growth hormone levels
Y

An understanding of 1ntr§hypotha1am1c connécpiéns is e;sen¥1a1 }n the
interpretation of hypothalamic function. The classic Golgi studies have
;a11ed attention to the abundant internal cénnectivity of the hypothalamic

. nuclei. The increasing wealth of data suégest that the individual

hypothalamic nuclei cénnot be regarded clearly as functional entities. It'has
also become c1ear that the hypothalamus is an integral part of both the

central nervous system and the neuroendocrine control mechanism.

s
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‘Severﬂ thousands of neural 1 nputs go to certain hypothalamic neurons; at

" least' this order of magnitude of synaptic terminals can be revea'led on their

surface (Leranth et al., 1975,)/. A similar number of intranuciear lcahngétions
can be found organizing the cell groups as a nucleus. At the same time, thg
axons of the hypothalamic neurons are connected partly with other hypothalamic
cells groups, and partly with exfrahypothﬂamc brain régiorgs. presumably by

means of numerous axon collaterals.

s ‘

One can conclude from electrophysiological, autoradiographic, and electron
microscopic studies that almost all hypothalamic nuclei are connected with \
each other. ' Based on the pattern of axonal arborization, one can also
conclude that even a-single neuron can make contact with the neurc:ns of

several hypofﬁal amic nuclei.

Nevertheless, one can di stinguish between two essential functional groups

" within the hypothalamus. The first group is represented by connections with

the medial hypothalamus including the p;reoptic area. The second is -formed by

cdnnect'io“ns between the medial and lateral hypothalamus. These two systems

differ from each other in both their anatomical structure and theie_function. -

The Tateral hypothalamus, which contains mainly the ascending and descending

fibers of the medial forebrain bundlé and its cells, represents a 1ink between
the medial hypothalamus and the central nervous system, mainly the limbic
system. The different bathwa_ys not only pass through"the lateral hypothalamus

but also arise and terminate thevje. The neural information reachi ng th/e%q

Y

| hypothalamus is at least partially relayed in the lateral hypothalamus ‘and

enters the medial hypoth:ﬂa;mgs through neurons of the lateral hypothalamus.

5
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1. Internuclear Connectfons of the Hypotha?mus )

a. Preoptic Re91 on

" The preopt1c region can be divided 1nto medial and 1atera1

.mgions.~ The medial one com:ai As three nuclei: medial preoptic,

: suprachiasmotic, and periventricular preoptic. The lateral preopt*lé region

corr‘esponds to the preoptic part of the medial forebrain bundle, 1t contains

numerous fibers of passage. Its moicl part is_ caH‘ed the lateral preopt1c

nucleus, its dorsal part is the suhstantia innominata; and its lateral mest

part is termed the magnoce]lu’lar preoptic nucleus (Palkovits and Zaborszky,
]979)- . v i
. Auto‘rad?ograpnjc siudies have revew:d the medial preoptic nucleus has .

neural connections with ‘pre‘ctically all hypothalamic nuclei and the median
N

eminence (Conrad and Pfaff 1976a; Swanson, 1976) Direct connections have "
been shown between the medial preoptic nucleus "and.the arcuate and

ventromedial neclei (Dyer and Cross, 1972; Halasz et al., 1975; Koves and

.Rehthelyi, 1976). The periventricular preoptic .nucleus has similar ',: ~

hypotha‘lanﬂc connections (Conrad and Pfaff, 1976a; Swanson, 1976). The

preoptic suprachiasmatic nucleus has contacts- w th the hypothalamic

suprachiasmatic nucleus (Swanson, 1976). The effierent connectians of the

&
lateral preoptic area are of local origin on1y' to a small extent.

Dopami nergic ceHs (A 14 cell group) can be foukd in the periventricular

preoptic nucleus (Bjork1und and Nobin, 1973 Bjorklu et al., 1975). These

cells are believed to innervate the preoptic region (PRlkovits et al., 1977).
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b. Anterifor Qypothalmic Nucleus ¥

The axon$ or axon co11atérals: of the anterior hypothaltamic ‘nucleus ‘

distr‘lbute di ffusely to the hypotha]amus (Conrad and Pfaff 1976b) Axons .
arising from different part.s of this nucleus desce\pd to the median eminence,
arcuate, ventmmed}a'l and dorsomedial nuctei. E ’ .
c. Suprachiasmatic Nuc]eus_ ‘

The regulatory role of this nucleus in the\ 1ight-dark entrained
rhythm ofﬁ grogth. hormone (Martint, 1978) as well as its ‘cﬁonnect'lon with ihe'
retina create a .spe'éiiﬂu tnterest in studyi ng the efferent connections of thi s,
nucleus (Moore, 1975). Slimpfe electrolytic lesion technii’}ués cannot be used
for the réw;]ation ‘of‘ the. efferent connections of the suprachiasmatic nucleus

because of the great ﬁumber of pathways within or in the immediate vicinity of

" the nucleus (especially the stria terminalis and medial corticohypothalamic

@

tract). The *éuprachiasmatic nucleus has connections with the periventricular
nuc leus, median enfi nence, medial forebrain bundle, and ventromedial nucleus

(Krieg 1932; Szentagothal et al. 1968; Swanson and Cowan, 1975a).
Neurons localized in tﬁe retrochiasmatic area are connected mai rﬂy with

the arcuate nucleus and the median eminence (Szentagothai et al., 1968;

- Swanson and Cowan, 1975a).

* d. Periventricular Nucleus
" This thin nucleus fs Tocalized on both sides of the third
ventricle and consists of a delicate fiber meshwcrk‘of extreme density and
several layers of nerve ceHs Some of the cells contain dopamine (part of
the A 12 ceﬂ group) (Dahlstrom and Fuxe, 1964 B:]ork’lund and Nobin, 1973;
Hokfelt, 19785. More importan;ly, they .contai n a heavy concentrhtion of




S

somatostatin-positive cell bodiesv( see section I1,E,1). Microlesions of thi;

nuc]eus cause degeneration in the arcuate nucleus dnd both layers of the '
medi an emi rience (Zaborszky and Makara, 1979).
e. Ventromedia] Nucleus . o : . l\

The ventromediﬂ nucleus, chh consists of six subdivisions, is

. surrounded by a uni form capsule fomed by the dendrites of the ventrouedial

neurons as well as the nerve terminals of numerous pathways- (Mi11house,
1973)‘. Fibers‘of the ventromedial nucleus go to the meujan eminence a'n&:the
arcuate nucleus. ‘
f. Arcuate Nucleus ﬂ
The main projection fieid‘ of the arcuate neurons is the median

eminence (Szentagothaf . 1964; Fuxe and Hokfelt, 1966: Szentagot@ai et al.,

"1968", Yagi and.Sawaki, 1970; Makara et al., 1972; Bjorklund et al., 1973).

More recent elettrophysiological and anatomical studies show that the arcuate

- nucleus Tnnervates the medial preoptic, suprachiasmatic, ventromedial,
. paraventricular, and premammillary nuctei (Harris and Sanghera, 1974; Makara ﬂ
T et a]., 1972 Makara and Hodacs, 1975 Moss et al., 1975 Renaud, 1976b,

'Zaborsky and Makara, 1979)., It is assumed that axons arborize in several

di rectiong 1.e., their axons run into the median eminence, but their axons
collaterals reach different hypothalamic regions. It is known that the
arcuate nucleus contains ddpaminergic (Dah1strom and Iguxe, 1964; Fuxe and

Hdkfeh, 1966; Hokfelt et al., 1978a) and cholinergic (Meszaros et al., 1969)

. cells taking part presumably in the innervation of not only the median

eminence but also of certain other hypothalamic cell groups. This is
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1nd1cated by the observation that the dopamine content gnd oholine

acetyltransferase activity are unchanged in the med:al hypotha]amus after

complete hypotha]amic deafferentation (Brownstein et al., 1976b).

g. Paraventricular, Supraoptic and Dorsomedial Nuclei

The neurosecretory- connections of the magnoce]lular part of t?e

paraventr1cu1ar nucleus with the pitu1tary have 1ong been known and discharge

of neurohypophysea] peptides 1nto the portal circulation have been described -
o

‘by several investigators. The,proaect1ons of the pars parvocellularis are

A
!
i
1
:

still unknown. Relatively 1ntt1e'1s known about the‘efferent\connections-of .
the supraoptig nucleus ‘except for the supraopt1cohypophyseal tract

S1m11ar1y, only a few data are knowri about the intrahypothalamic connecttons

3 '
- |

of the dorsomed1a1 nucleus. - ( |

h. Neural. Interconnect1ons Between the Medial and Lateral Hypothalamus

¢ (:} ' In add1t1on to the ascending and descending f)bers of the mesial

-

% " forebrain bundle, the lateral ‘hypothalamus contains a ]ange number of
- _ | neurons. The perikarya probably form a relay system between the medial \\
hypothalemus and other brain areas. The axons of neurons localized in the

medial forebrain bundle oroceed in the medial forebrain bundle proper. Their

vt o L Tovsneir 4 AR g

col]atera]s.may also reach the medial hypothalamic nuclei.. Conversely, ’
h 'efferent fibers of the medial basal hypothalamus may’terminate on cells in the
‘medial forebrain bundle, which connect %t with the .other regions of the (
central nervous system. Axons arising from the medial basal hypothalamus
; (especially from the anter?or hypothalamic and‘ven romedial nuclei) terminate
| on cells in the medial forebrein bundle. | A
A significantﬁgortion of the fibers ascending from the brainstem pass -
through the medial'fonebrain bundle. Termina]:dege eration can be observed in
._(;k all hypothalamic nuclei atterldamaoe of these fibers| (Zaborszky and Palkovits,
: g

. .
10 - v ! ’
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1978). anseqdently, a 1ésid#ﬁof the medial forebrain bundle proper (Morin,

1950; Guillery, 1957; Eager et al., 1971) cannot give information regardiné

the existaﬁke of'fibers connecting the medial fdrebrain bundle with the medial

hygothalamus. \ v

2. Fiber Connections of the Median Em1nencg

The fine structure of the median eminence is well known. According to

‘ their origfn, the fibers can be divided into intrahypothalamic and
extrahypothalamic groups. Somedof the fibers tepmihate in the pituitary,
others in the median eminence itself. These later can be of two kinds: tﬁose !
términating on the portal vessels and those displaying axo-axonal contacts. .
The'Jexistence of the axb—axoqg] contacts is supported only by rather
cirqumstantial evidence. .
e Inirahypothalémic Connections ‘

‘:g Axops enter the median eminence, arising from the hypothalamic
nuclei, especially from neurons of the medial basal hypo}hélamus. Their
presence has been established by several methods (Palkovit§ and Zaborszky,
1979)7 Most 6f the axons that enter the median eminence are of
intrahypothalamic origin-(Halasz et al., 1962; Szentagothai, 1964;
Szentégo;hai et al., 1968; Rethelyi and Halasz, 1970; Makara et al., 1972),

however, mahy extrahypothalamic brain regions also project directly into the

median eminence. ‘
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Neurochemical micromethods have revealed dozens of neurotransmitters, ,' i
enzymes, hormones and other chemical substances (Palkovits, 1977b) which are
probably 10ca11zed either "in the capﬂ]aries or in the axons, since the median
eminence contains a negligible number of cells. One cannot exclude that

further supsfancés will be identified in the median eminence. The

ver1f1cation of such pathways will be imperative to revise current views on
the physiologica'l role of the median eminence.

Before elucidation of the hypothalamic dopaminergic cells (A 12 groups)

ST R e 8 S s i

projecting into-the median eminence, axons arising outside the magnoce_ﬂular
neclei were termed parvicellular neurosecretory fibers (Szentagothali, 1964) .
The application of fluorescence techniques pe\rmi tted a distinction between
7 ‘ dopaminergic and nondopaminergic neurons. » | ' ’
. Currently,-the intrahypothalamic connections can be, divided into P
peptidergic and aminergic fibers.
i. Peptidergic fibers
The majority of parvicellular fibers that do not contain

monoamines are classified as peptidergic. Most of these fibers are of medial’

hypothalamic origin (Halasz et al., 1962; Szentagothai et al., 1968; Rethelyi

and Halasz, 1970). As determined by Golgi 1mpregna'tions, these ‘axons arise

mosﬂ'ybtfrom the arcuate nucleus, the ventral part of the ,per‘lventricular ‘ - S
nuc leus, and the cells of the retrochiasmatic a;"ea (Szentagothai 1964 ;
Szent_agothai et al., 1968). The axons or'lginati ng in the arcuate nucleus can T “ ,
be _foun?i in both ‘layers‘of the median eminence by electron microscopy S \ ﬂ
(Zaborszky and Makara, 1979). Golgi impregnations and 1ight microscopic \ )

studies following electrolytic lesions have not provihded convincing proof as

12
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to whether or not the ventromedial nucleus projects to the median eminence.
This connection is assumed on the basis of electron microscopic observations
(Zaborszky and Makara, }9795; however, it was not confirmed by autoradiography
(Saper et al., 1976b). Contrary to the 1ight and eiectrom1croscop1c
observations following lesions (Rethelyi _and Halasz, 1970; Halasz et al.,
1975; Kor1tsans;ky and Koves, 1976), auitoradiographic studies revealed axons
brojept'l ng into the median emi\ nence from other hypothalamic nuclei (preoptic
medial, “ar{terior hypothalamic, and suprachiasmatic nuc]ei)l | (Swanson and
Cowan, 1975a; Conrad ‘and Pfaff, 1976a,b; Swanson 1976). -

The axons. of the cells ‘Tocalized in the medial basaH hypothalamus
terminate in the external 'l‘a_yer of tt'neJ median eminence; therefore, these cells
are termed tuberoinfj.ndib;nar neurons. The neurons are connected not only
with the median eminence but also with preoptic and other hypothalamic
regions, presumably i)y axon collaterals (Maliara, et al., 1972; Harris and
Sanghera, 1974; Makara and Hodacs, 1975). These areas, in turn, send fibers’
to the median eminence and arcuate nucleus, as shown i)y auto?adivograpny.
Tubero:infindi bular cells project to the outer, Tateral pai‘t‘: of the external
layer, yhere they come into *c'lose contact with the capillaries of the primary
portal plexus (Szentagothai, 1964). ,

The chemical identification of the axons terminating in the median

eminence has not been carried out unequivocally. Some of the

tuberoinfindibular cells are dopaminergic; others are choli nergic (Meszaros et

al., 1969), However, they represent only a low percentage of the neurons in

the arcuate nucleus.
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The localization of somatostatin within the central ngrvou§ system: is
reviewed in Section III, B, 1. N '

/ .
= A

ii. Aminergic fibers
Biocheﬁica] methods have shown that the median eminence contaiﬁs a

large amount of dopamine (Palkovits ét al., 1974a) and significant amounts of -
other biogenic amines (Palkovits et-a]j, 1974a; Saavedra et al., 1974; -
Brownstein et al., 197éb; VanderGthen et al., 1976). Most of them are from -
afferent connections of the hypothalamus (extrah}pothalamic). However, the
major portion of dop&nine derives from the dopaminergic cells of the .
hypothalamus. _

The dopaminergic fibers terminating in the median eminence arise frdm the
cells of the ;rcuate and periventricular nuclei (Fuxe, 1965; Fuxe and Hokfelt,

1966; Bjorklund et al., 1970, 1973, 1973; Jonsson et al., 1972b; Smith and

_Fink, 1972; Bjorklund and Nobin, 1973; Ajika and Hokfelt, 1973, 1975). .

Biochemical and electron microscoﬁﬁc studies (Kizer et al., 1976b; Palkovits

Et al., 1977b) also suggest that axons or axon collaterals of the A9 and A10 .. -
dopaminergic ell groups of the mesencephalon, may project to the median

eminence. Using fluorescence microscopy, Bjorklund et al. (1973) showed that

. the rostral and central parts of the arcuate nucleus send their axons into the

pituitary, whereas the caudal part, being close to the infindibulum, sends
, (e .
terminals to the median eminence.
Most of the monocamine-containing axons terminaté in the external layer of

the median eminence, especially close below the surface in its lateral

" aspect. They comprise about one-third of all axons in tﬁis region.

Norbpinephﬁine - containing fibers are observed in both the external and

14
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internal layers (Bjorklund et al., 1970, 19]5, 1974). However, it is thought
that most of them terminate in the inyernal layer (Fuxe, 1965, Jonsson et al.,

1972b; Swanson and Hartman 1975).

A detailed description of the norepinephrine- and epinephrine-containing

. fibers that project to hypothalamus and median eminence is provided in Section

I,F,1,b,c. )
b. Extrahypothalamic Connectiouns°

’ ”Most of tﬁe extrahypothalamic axons of the median eminence afgvof
aminergic nature (Palkovits and Zaborszky, 1979). With this exception,
relatively 1ittle is known regarding Fhe extrahypothalamic cells projecting
into the median eminence. As determined by autoradiographic studies, several
fibers of the nucleus interstitialis striae terminalis reach the median
eminencé (Conrad and Pfaff, 1976a). )

3. Structure-Function Relationships

“Lesions of the median eminence and mediobasal hypothalamus suppress
hypoglycemia- (Abrams et al., 1966) and stress—-induced (Brown et al., 1571)
growth horgone release in the monkey. Lesions of the ventromedial nucleus
cause a fai] in plasTa and pituitary growth hormone levels in young female

rats (Frohman and Bernardis, 1968; Frohman et al., 1972); whereas, lesions

lﬁggytside the ventromedial arcuate nuclei do not cause growth hormone deficiency

(Martin, 1976). In adult male rats, electrolytic lesions in the ventromedial
nucleus also block episodic growth hormone release (Martin, 1976).

\/In contrast, small, discrete lesions of hypothalamic periventricular
nuclei increase growth hormone levels (trunk blood) for up to two weeks

postoperatively; and inhibit stress-induced growth hormone suppression-in male

A3
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a1b1m¥ rats (Crit;:h1ow et al., 1981). Thjs effect is moé; er]yl caqsed by
ablation of sométdsta;inefgic pathways that orfginate in the periventricular
nuclei and project to the mediobasal hypothalamus (see Section I,E, i and 111,
B,1). Data from these experiments favor this hypothesis, since somatostatin
levels in the median ‘evq‘lnence were reduced by 83 percent (Cri tchlow et al.,
1981} .

_Growth hormone release can be induced by stiﬁuhtion of the ventromedial
nucleus in unanesthetized rabbits (McIntyre and Odell, 1974). Either
unilateral (Frohman et al.,.1’968) or bilateral (Martin, 1972, 1976) activation
of the ventromedial-arcutate region with square wave pulses also results in
growth hormone release in pentobarbital-anesthetized rats. However, growth
hormone release occurs after cessation of the stimulus, possfibly as a
posti nhibitory' rebound effect, Similar postinhibitory rebound surges have
been described after hypothalamic stimulation in the sheep (Malven, 1974) and
canine (Martin et al., 1978a). ‘

Stimulation sites effective in releasing growth hormone are confined to
the ventromedial-arcuate nucjei. Stimulation.of the lateral or anterior
hypothalamus (Frohman et al., 1972, Martin, 1972), supraoptic or
paraventricular nuclei, mammillary bodiés, or locus ceruleus has no effect on
plasma growth hormone levels (Martin 1972, Cheng et al., 1972, Terry,
unpublished observations). Electrical stimulation of the anter%dr or
posterior hypothalamus (excluding the ventromedial nucleus) of the cat has no
effect on growth hormone either (Kokka et al., 1972b). |

Although the frequency, ebbs and tht—entrai nment of the growth hormone
secretory rhythm are altered in rats with complete hypothalamic

16
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deafferentation, perfodic ri sequf blasma grawtﬁ'hormne persistw(djnoughby

et al., “1977). These data suggest a neural mechanism for epidodic release of

"a‘growth hormone releasing faéto’r exists within the mediobasal hypothalamus,

and that the mediobasal hypothalamus does not require afferent Rypothalamic
connections for the release of such a stimulys.

C‘Hnﬁ:a'l studies support the importance of particular hypothalamic areas

in growth Hormone regulation. Hypothalamic destruction and pituitary stalk

section result in reduced plasma growth hérmone levels in man and in
suppression of responses to insulin-1{nduced hypOglycémia (Martin, 1976, 1978,
b; Reichlin 1974b; Brown and. Reichlin, 1972, Muller, 1973). Hypothalamic
lesions also partially inhib{it sleep-associated growth hompne release
(Krieger and Glick, 1974).

Taken together, these data indicate that specific neural systems within
the hybotha]amus are responsible for the regulation of rhythmic growth hoﬁnone
secretion. Furthermore, there appears to be a dual regulatory system for
generation of growth h,or;mone‘ bursts (the ventromedial-arcuate nucled ) and ebbs
(the hypothalamic periventricular nucleus) with entrainment to the 1ight-dark

cycle mediated through retmo-suprachiasmatico-hybotha]amjc connections,

D. AFFERENT CONNECTIONS OF THE HYPOTHALAMUS AND GROWTH HORMONE REGULATION
Afferent connections of the hypothalamus were first implicated in

pituitary growth hormone regulation by Elefteriou et al., (1969) who reported

- that lesions of the amygdala in the deermouse increase pitui tary growth

hormone(and hypothalamic growth hormone releasing activity. Lesions of the

- amygdala and pyriform cortex also red{xce piasma growth homne levels in rats

(Newman et al., 1967).

-
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(¢ Electral stimulation of the amygdala, hippocampus, - and ventra] K

mes?nr@ha'ﬂc tegmentun ‘influence grouth hormone secretion in the rat (Martin,
1972). Furthermore, hypothalamic deafferentation studies, 1n addition to
confirming. the importance of the mediobasal hypo‘thalamus‘kin“growth hormone
secretion, show that the frequency and ebbs in plasma growtﬁ hormone are
altered with loss of 14 ght-dark entraimment (HﬂIoughby et a1 1977)
Antérior and posterior deafferentation have no. apparent effect on the normal 3
hour frequency of growth hormone rises, but tht-dark entrainment 1s.
extinguished by anterior deafferentati_on. "
Afferent fibers \ente;' the hypbthﬂamic nuclei from numerous brain
regions. In many cases, the exact §1te of origin 'ofathenfi_bers is not k'nown,.
nor their site of termi n;:{:#on. Numerous pathways passing through the r
hypothalamus further 'compHcate the study of these. p,athwqys“. The afferent
i (j connections of the _hypotha]amus.' that have pgtential roles in regﬁ]ation of
| growth hormone secretion are listed below. ,ASCendi ng pathways fromht'he
2 brainstem to the hypothalamus are discussed in section [,F,]J.
1. 5 Corticohypothalamic Fiber Connections '
a. Neocortical- and limbic cortical-hypothalamic connections
Several data indicate possible neural connections; howevér,

there is no direct evidence proving this assumption (Palkovits and Zaborszky, *

1979).

b. Olfactory
. A direct link exists between the olfactory tubercle and the
~ medial hypothalamus as indicated by degenerated boutons in the ventromedial

and arcuate nuclei and in the retrochiasmatic area (Palkovits and Zakorszky,

C " ‘ 18 |
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1979); Terminal degenerations are also found in the supraoptic nucleus aftér
a rostral forebr§in section including the olfactory regions (Zaborszky;et al.,
1979).
c. Hippocampal condectioﬁé (Palkovits and Zaborszky, 1979)
The afferent hypokha1amic fibers of hippocaﬁpal origin enter
the septal area dprsally/through the fornix superior and fimbria hippocampi

and terminate in the ventromedial, paraveniricular,‘supraoptic, perifornical

" and dorsal premammillary nuclei and the mammillary body. These pathwa&s form

direct hippocampal-hypothalamic connections. Another 1afge bundle of
hippocamga1~efferent fibers toward the hypothalamus is the medial
cortico-hypothalamic tract. The majority of these fibers terminate in the
rostral aspect of the arcuate nucleus.

2. 'Septohypotha1amic connect%ons

Autoradiographic studies have revealed the presence of fibers of

septal origin (Conrad and Pfaff, 1976c) in numerous hypothalamic nuclef
(arcuate, periventricular, anterior hypothalamic, dorsal premammillary,

dorsomedial, posterior hypothalamic and medial mammillary nuclei). On the

other hand, Meibach and Siegel (1977), using autoradiography, could not reveal )

any projection from the septum tmward(the medial hypothalamic nuclei.
Electronmicroscopic studies are required to determine whether the silver
grains found in different regions indicate fibers of passage or terminals.
The supraoptic nucleus has'been studied by electron microscopy. According to
éhese studies, 13 percent of the supraoptic afferents are of septal orijin

(Zaborszgy et al., 1975).
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3. Amygdalar connections
The amygdala has close neural connections with the hypoth_alanus. , ‘}
!

Fibers reach the hypothalamus through two major pathways: the stria terminalis
and the ventral amygdalofugal pathway The fibers connecti ng these two areas - ;_‘

are the integral parts of a polysynaptic system between the neurqendocri ne
hypothalamus and the limbic system. I
a. Stria teminalis’ ) ;
Fibers coursing a loop-shaped pathway from the amygdala form a- j
compact bundle only up to their entrance to the hypothalamus. In the nucleus
interstitialis striae terminalis, and also in the hypothalamus proper, one can
find only a fine, topooraphicaﬂy diffuse system of stria fibers. -
The nucleus interstitialis striae terminalis represents~one of the
fargest diencephalic nuclei in rats; ft is localized in the angle of the
septum, the preoptic region, tho globus pallidus, and the anterior

hypothalamus, penetrating deeply into the preoptic 'region.

Neurons originating -in the nucleus interstitialis striae terminalis are
also connected with hypothalamic nuclei; namely, the preoptic, ventromedial
pmmmillary and supramamﬂ]ary" nuclei (Valverde, 1965; Millhouse, 1969;
Turner, 1974; Conrad and Pfaff, 1976a). ’ \

The topography and nature of the stria terminalis fi bers have been studied
by several investigators..Considering the results of a systematic study in
rats, the classification of De OIlmos and Ingram (1972) seems to be logical and

the simplest. These authors divide the stria terminalis into three .

components, namely dorsal, ventral, and commissural.

20




- . | | 4
" The dorsal component,rung throtigh the- anterior hypothalamic nucle;s and
terminate; around thé véntromediﬁl neucleus. A direct neural conngcéion
between the amygdalé and the ventromedial nucleus has been described by both
degeneration (Ban and Omukai, 195§;‘Lundberg, 1960;'Ha1j, 1963; Knook, 1965;
Ishikawa et al., 1969; Héiher and Nauta, 1969; Dé 01mos }nd.lnéramf 1972) and
electrophysiological studies (Gloor,” 1955, 1960; Gloor et al., 1969).
Electrpn microscopic. studies reveal {Rafisman, i970; Field, 1972) that the
nerve terminals of strial origin'end on dendritic spines of neurons iﬁ the
vent; edial ;ucleus. ‘A few axons also end in the arcuate nucleus (Palkovits
and Zaborszky, 1979).
Aécounts of the distribution of the ventral striaiterminalis’ffbers offer
varidd statements deriyed'from studies carried out iﬁ several species with
numerous.metﬁods. These data need\to be verified with e}ectron microscopic

studies. The data agree that fibers terminate in the nucleus striae

terminalis (Ishikawa et al., 1969; De Olmos and Ingram, 1972), the préoptic

region (Adey and Meyer, 1952; Nauta 1956, 1961; Morgan 1958; Valverde, 1965;

Ishikawa et al., 1969;'De 0Imos and .Ingram, 1972), the anterior hypothalamic
nucleus {Adey and Meyer, 1952; Nauta, 1956, 1961; Knook, 1965; Valverde, 1965;
Morgan, 1968; De Olmos and Ingram, 1972), and the ventromedial nucleus (Adey
and Meyer, 1972; De Olmos and Ingram, 1972).

The fibers running in dif%erent components of the stria terminalis a}ise \
from various cell groups of the amygdala. Fibers reaching the hypgthalamus‘

originate from the cortical and medial amygdalar nuclei. The fibers arising -

" from the caudal third of those nuclei proceed within the dorsal component,
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whereas those originating in the rostral tinb_thir"ds/of amygdala enter the

ventral cbmponent (De Olmos and Ingram, 1972). The other amygdalar nuclef

probably have projections through other structures or none at a]].

It must hbeykept in mind that the stria terminalis also contains fibgrs of

PR IV S g

braingtetﬁ origin. These fibers are mostly aminergic and reach the am,ygdald

after passing through the lateral hypothalamus (Jacobowitz, 1975). u

b. Ventral .amygdalofugal pathway

This pathway is less well defined. Opinions are divergent not
only redarding the Grigin and cburse of the axons but also whether this
pathway contains any amygdalar fibers innervating the hypbth%]amus. The
existence“of such fibers in the rat is denied (Leonard apd Scott, 1971; De
0Imbs and Ing?am, 1972; Heimer,-1975). There are data st;owing a direct néura'l
connection .between the central amygdalar nucleus and the lateral hypothalamus
(Valverde, 1963; De Olmos, 1972). However, in contrast to earlier

observations (Szentagothai et al., 1968; Millhouse, 1969), more recent

investigations could not verify the existence of neyra] input of the medial
hypothalamic nuclei from the amygdala through the ventral amygda]ofuga,’l
pathway.l Electrophysiological studies show the absence in rats and the
preSence in cats of fibers originating in the amygdala and reaching.the
hypothalamus via the ventral amygdalofugal pathway (Renaud, 1976a). Fyrther
studies on the amygdalofugal fibers are of importance in order to get a better
understanding of the amygdalar fibers efferent to the hypothalamus.
4., Hypothalamic Afferent Fibers from the Basal Ganglia
Numerous connections between the hypothalamus and the bas;y] ganglia

have been described. -
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a. Nucleus Accumbens e . ’ p

/
The-nucleus accumbens is a relatively large cell group in the rat, ’

U

whereas it 1s less signi ficanf in hi gher animals. Although this structure has:
been thought to belong to the 1imbic system, its development and structure is

close to that of the striatum. In monkey, axons arising from this nuc leus

i w S ALt e

have been described in the paraventriculan; and suprachiasmatic nuclei (Powell
and Leman, 1976). In rat, a projection was found to the medfal preoptic, :
anterior hypothalamic and dorsomedial nuclei (Conrad and Pfaff, 1976¢c)." . {
b. Nucleus caudatus and putamen
There are no data indicating direct conr.lections of the caudate and
putamen with the hypothalamus (Palkovits and Zaborszky, 1979). :
c. Pallidohypothalamic connections \ f
Although authors have described direct neural connections between |
the_ giobus pal'Hdus and the hypothalamus (Bard and Rioch, 1937; Papez 1938,
1942; Ranson and Ranson, 1939, 1941; Vidal, 1940; Ranson ef al., 1941;
Mettler, 1945; Woodburne et al., 1946; Laursen, 1955; Johnson and Clehente, f
1959~). there are data contradicting those findi ngs (Nauta and Mehler, 1966).
These studies require electron microscopic ver‘f%icaﬁon. )
d. Thalamohypothalamic connections
There 1s no direct electron microscopic ev%dence for the existence
of direct neural connections between any thalamic nuclei and the hypothalamus
(Palkovits and Zaborszky, 1979). h '
e. Sﬁbthalamu% (Incertohypothalamic connections) .
It is known that catecholaminergic neurons (cel‘l gi‘oup A 13)
(Bjorklund and Nobin, 1973; Jacobowitz and Palkovits, 1974; Bjorklund et al.,

x
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1§isy form the inéentdhypothalamic dopam1ner91c~syéteﬁ??mi}?ers'from this
sysigm may pgrminafe in the dorsomedial and paraventricular nuclei (Palkovits
et at., 1977a). | | |

5; Retinphyﬁotha]amic Connections ' ‘

Connections bétweé; the retina and hypbtﬁa]aﬁus have beqn describe& in
all classes.of mammals (Conrad and Stumpf, 1975a). However, there ;}e strong
contraindications as regards the termination of the retinohypothalamic fibér§
within the hypothdlamus. If rigid crité?fa“gye applied to the methods of
identifiéation of such pathways, only two hyﬁothalamic nuclei havé direct
neural input from the retina, namely the suprachiasmatic nucleus and the
anterior hypothalamic nucjeus (Pa]koQits and Zaborszky; 1979), Neither have
the studies been supported accqrding to which fibers of'the optic nerve might
terminate in other hypothalamic nuclei (Hayhow, 1959; Hayhow et al., 1960;
0'Steeh and Waugham, 1968; Sousa-Pinto and Castro-Correia, 1970, Printz and
Hall, 1974). _ .

The retﬁdohypotha]amic fibers.are of.obvious physiological gignificance in
the regulation of growth hormone secretign,'especially light-dark entrainment
of risés and ebbs (Tannenbaum and Martin, 1976; Willoughby et.al., 1977).

6. StructurefFuﬁction Relationships
. " Electrical stimufatidn\of the hippocampus causes growfh hoxrmone
release, whereas stimulation of the amygdala eiicits either a rise or'fall in
plasma growth hormone depending on the exact location'mf‘the electrode tip
(Martin, 1974a,b). Activation of the basolateral amygdala releases growth
hormone (Martin, 1974a,5). This reﬁponse is blocked by Bilateril lesiong of

ventromedial nuclei, suggesting that these effects are mediated via the .

24



o e b e

' together,

me‘d1obd§a1 hypothalamus. In contrast, stinlulaticn of the corticomedial
amygdalar region causes a fall in p'lasma growth homone ‘leveis. A similar
response occurs after medial preoptic stinu1ation (Martin, 1976) It fs'
possible the amygdalar efferents course in the stria tenpina'lis and act'ivaté

the 1nh1b1tory somatostatinergic medial preopt'le-per'fventricuiar system that

.projects to the median eminence (see section III, B 1). - Moreover, it is

/
relevant that corcnal cuts through the anterior hypothalamus #ncrease growth
in thg rat (Mitchell'et al., 1973) and elevate plasma growth hormone levels

(Collu et al., 1973).

Destruction of preoptic area also blocks stress-induced

growth hormone sup ion in the rat (Rice and Critchlow, 1976). Ta?en

ese Mdbservations suggest that afferent connections of -the
hypothalamus have both excitatory and inhibitory effects dn rhythmic growth
hormone secretion. Furthermore, the retinohypothalamic system is rgsponsfble

for light-dark entraimment of this rhythm.

E. HYPOTHALAMIC PEPTIDES AND GROWTH HORMONE SECRETION

1. Somatostatin ,

Somatostatin was discovered by. its abi ﬁt,y to inhibit fhe rélea_se of

growth- hormone from monolayer cultures of di sperged anterior pitui!:ary cells
(Brazeau et al., 1573). It was first isolated from chr,omatog‘raph'ic fractions
of sheep hypothalamic extracts. Somatostati nl is a cyclic tetradecapeptidé
with a disulfide bond between the third and fourteenth amino acids. Chemical
synthesis of somatostatin (Rivier et al., 1974) led to several studies, using
various experimental models, that confirmed the 1nh1bito'ry effects of

somatostatin on the secretion of growth hormone by the pituitary.

[N -
™
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Somatostatin inhibits growth hormone secretion in the r-at ‘induced by
é1ectrica1 stmu'lation (Martin, 1974a), pentobarbital (Brazeau et al. 1974.)
morphine (Martin et al. , 1975), and chlorpromazine (Kato et al-, 1974). .
.prevents growth hormone release in response to L-dopa: 'ln man (Siler et al., .
1973), baboon (Ruch et al., 1974), and .dog (Lovinser et al., 1974) .and growth
hormone stimulated by 1nsu11n-1 nduced h,ypog)ycema (Ha'H et al. 1903 Yen et

1, 1974) and arginine 1nfusions in man. S1eep-re'lated growth hormone
secretion is also suppressed by somatostatin (Par:ker et al., 1_974). -
Somatostatin prqe.&‘nts thyrotropin re]egs%ng hormone-1{ nduced,thgrotrom n
release (Siler et al., 1974), but nof bro'laotin- ﬁeleooe. It a]so supprl'esseﬁ
plasma growth hormone levels 1n acromega'ly and diabgt:gs.

’ After intravenous i nfusion, somatosthtin 'ﬁ*s a rapid onset and a short
duration of action in terms of its abﬂity to lower pldasma growth hormone
levels. Growth hormone levels increase _'signi fi cantly. after cessation of

somatostatin infusions. However, such a postinhibitory rebound of growth

hormone s obsgrved only at times soontaneous surges of growth hormone should

occur (Martin et al., 1978«,1)'.‘ Admﬁistration of somatostatin durinlg "ebbs of -
growth hormone secretion or to rats‘with r{yoothalomic yentromedi_aﬂ nuclear
lesions (which abolish rhythmic growth hormoe release) 1s not fol'loweo by
growth hormone rebound presumably excluding a direct pituitary effect. Jn
contrast, studies by Stachura (1976) using isolated rat pituitaries do show
postinhibitory rises in growth hormone release after cessation of exp‘osure to
somatostatin. Taken together, these data do not resol ve the'1 ssue of ,whothor.

- the rises and ebos in growth hormone se'cr‘etjon' require the presence of a

. releasing factor.
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Although simplistic, 1t is possible that growth hormone rises occur as

postinhibitory rebound surges resulting from episodic somatostatin release,

. and that a releasing factor is not a requisite. Several observations argue

agaflnst this theory (Martin et al., 1978a). First, ab]atjon' or interuption of
somatosf;at'l nergig systems wo£u1d abpiish rhythmic rele;se and cause Q
persistenﬂy high growth hormone levels. This'i s not the case. Albeit
a]tered episodic grnwth hormone secretion continues after cfepleﬂon of
hypothalamic somatostatin (Hmoughby et al., 1977; Critchlow et.al., 1981)
Secondly, stfnuIat'i on of the preoptic and corticomedial amygda]ar nuclei,

areas rich in somatostatinergic neurons and fibers, causes growth hormone
inhibition without rebound. Thirdly, lesions of the ventromedial nucleus .
extinguish episodic growth hormone release and.result in low levels (Martin et
al., 1974). Fourthly, activation of specific afferent hygotha1§m1c N
connections such as the hippocampus and basolateral amygdala cause a rapfd'
rise 1n plasma growth Hormone thatwis stimulus-entrained and cannot be .
attributed to a posti nhibitpry rebound effect. F 1na1ly', spmatostafin )
1nfusjons do not cause postinhibitory growth ﬁormone release.when administered
(a) &uring a growth hormone ebb in normal rats,-or (b) t;) animals with’~
ventromedial Onuclear lesions. ’ K

The availability of specific antisera against somatostatin provides

- another method whereby one can study the function of this tetradecapeptide in

regulation of episodic growth hormone secretiion: Effective neutralization of
circulating somatostatin can be accomplished py passive immunization with the
antiserum. This technique was used in the p;'esenf:’ studies to elucidate the
role of somatostatin .in growth hormone regulation under various experimental

conditions (see sections III, A,1 and II,A,2).
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The distribution of somatostatin has been described in several regions of
the nervous.system. " Numerous in;nunohistochemicﬂ studies, including some
ru_]trastructur‘al studies, deal with the locaHzat.iqn of somatostatin in the
nervous system (HokfeHg et al., 1978; Elde et al., 1978; Rorstad et al.,
1986).1 gomatostatin is also present in the circumventricular organs, in the
pineal gland,- and in‘endoocrine—-like cells in different tissdes including
pancreas, gast.roint,,estinﬂ tract and thyroid gland (Hokfelt et al., 1978).
Consideration of the ramifications of these later observations is beyo'@d the
scope, of this ’dissertation. ’

Subcellulir distributjon studies indicate that somatostatin in the
hypbtha'lamus, preoptic area, and amiygdala\ is localized predominantly in
synaptosomes (nerve termi'nﬂs) (Terry and Martin, 1978b). The precise role of
somatostatin in neuroﬁal function is not clear (Rorsta al., 1980).
Somatostatin depresses e]ectricﬂ activity in neurons g\aud et al., 1975),
iphibits calcium release from synaptosomes (Tan et al., 197’7), and elicits

behavioral effects (Terry et al., 197-85; Rorstad et al., 15.80). These

properties are consistent with a function of the peptide as a synaptic

.. ) g
neurotransmitter or modulator.

It is obvious that determination of the site of origin of somatostatin in
the hyfgotha]arﬁﬁs 15 1r;lpbrtant to the understanding of its function in
regulation of rhythmic growth hormone secretioﬁ. A detailed description of
somatostatin-contéining perikarya, nerve termina)s, and pathways is presented
in sections 1I,8B,1,2,3.. : ) ‘

2. Peptides with Growth Hormone Releasing Activity

§

a. Growth Hormone -Releasing Factor .

There are several experimental observations that support the
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existence of a growth hormone releasing factor:. Evidence derived from the
effects of stalk section and hypothalamic lesions indicates a predominant
stimulatory influence of the hypothalamus in the generation of growth hormone
secretory bursts. Crude and semipurified extracts of hypothalamus are
effective in stimulating growth hormone release both in vivo and in vitro
(Frohman et al., 1971; Malacara et al., 1973; Szabo and Frohman, 1975; Wilber
et al., 1971; Sandow et al., 1973; Machlin et al., 1974; Peake et al., 1973).
However, all of these later studies do not exclude the possibility that growth
hormone releasing activity may be due to contamination with other peptides
which may cause growth hormone release, but which are not believed to be the
specific growth hormone releasing factor. Thus, although there is a
considerable body of evidence to sypport the existance of a hypothalamic
growth hormone releasing factor, its structure has yet to be identified.
b. Peptides with growth hormone releasing activity

The peptides that are reported to release growth hormone under
several different experimental conditions #re vasopressin, thyrotropin
releasing hormone, luteinizing hormone releasing hormone, alpha-melanocyte
stimu]atilng hormone, substance P, neurotensin, myelin basic protein, cholera
enterotoxin and opioids (enkephalins and - endor?ﬁn) (Martin et al., 1978).
Many of these observaqions were recorded in urethane-anesthetized rats and
their 1nter-pretations are open to question., Furthermore, not all of these
peptides have a direct stimulatory effect on the pituitary to cause growth
hormorie release. For example, morphine and opioids cause release of growth
hormone in intact animals, but this.effect is blocked by pretreatment with

pharmacological agents that inhibit noradrenergic and/or adrenergic
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neurotransmission (see section IV,B). Therefore, they‘appear to act on the
hypothalamus or its afferent connections. The role of these peptides in the

generation of growth hormone secretory bursts requires further study.

F. CATECHOLAMINERGIC SYSTEMS: THEIR ROLE IN GROWTH HORMONE REGULATION

The concentrations of catecholamines ?nd serotonin (not reviewed in this
dissertation) in the hypothalamus are higher ;h@n most other regions of the
brain (Hokfelt et al., 1978; Iversen et al., 1978; Moore and Bloom, 1978,
1979), and they are thought to be the primary central monoaminergic
neurotransmitters that regulate growth hgrmong secretion (Krulich, 1979; Lal
and Martin, 1980; Martin, 1980; Muller et al., 1977; Terry 1982; Weiner and
Ganong, 1978). The high levels of hypothalamié catecholamines and the
proximity of catecholaminergic nerve terminals to hypothalamic peptidergic
neurons and their terminals in the median eminence emphasizes the possibility

that the function of these systems .is to regulate the production and release

of hypothalamic peptides and pituitary hormones.

To understand how the neurotransmitters can control release and inhibition

N

of the hypothalmic hormones, it is worthwhile to review briefly their
synthesis and metabolism (Cooper et al., 1978). Tyrosine is transported
actively into catecholaminergic neurons and hydroxylated by tyrosine
hydroxylase to L-dopa. L-dopa is then decarboxylated by a nonspecific enzyme,
L-amino acid décarboxy1ase, to dopamine which, in turn, is hydroxylated by the
enzyme dopamine-p-hydroxylase to norepinephrine. Norepinephrine can be
methylated to form epinephrine by phenylethanolamine-N-methyltransferase (also

called neorpigéphrine—N-methy]transferase). After their synthesis, dopamine,
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norepinephrine, and epinehphrine are stored 1h.q&toplasuic granules within
nerve terminals. In response to neuronal depolarization, these granules are
extruded into the synaptic -cleft. It is assumed that specific postsynaptic
binding sites }receptors) are present on hypothalamic peptidergic neurons. It
is postulaied that there are two classes of adrenergic receptors on
hypothalamic neurons, one corresponding to alpha-receptors, and the other to
s-receptors. Dopamine receptors are a];d.believed to exist on certain,
hypothalamic neurons. It is possible that some hypothalamic neurons may have
more‘than one type of receptor. After catecholamines are released, unbound
neurotransmitter in the synaptic cleft can be taken up into the presynaptic
nerve ending and reincorporated back into storage granJ]es. Catecholamines
are vulnerable to destruction by monoamine oxidase and catechol-0O-methyl
transferase. ) (
1. Sites of Origin of Catecholamines in the Hypothalamus and Its Afferent

Connections

a. Dopamine )

.. High concentrations of dopam1ne‘are found in the hypothalamic
nuclei (Palkovits et al., 1974; Versteeg et al., 1976). A large group of
dopami nergic cells is located in the arcuate and the periventricular nuclei (A
12 cell group). (Dahlstrom and Fuxe, 1964). A smaller ce]l-grﬁup (A 14) is
formed by a few cells in the perfventricular preoptic nucleus (Bjorklund et
‘al., 1973; Bjorklund and Nobin, 1973). Theﬁg two dopaminergic cell group;
probably innervate the other hypothalamic nuclei. The dopamine conceqfrations
of the nuclei do not change after complete hybotha1am1c.deaffereptatioa'

(Weiner et al., 1972; Brownstein et al., 1976; Palkovits et al., 1977a).
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Dopamine-containing cells are found in the subthalamus (A 13 cell group)
in the medial part of the zona incerta. Their axons form the
1ncertohypothalamic dopaminergic system (see section I,E,4ke). )

A large group of &opaminergic céils is found fn the me#encephalon? mostly
substantia nigra and ventral tegmenfa} area (A 9, A lo,laqé a porfion of A 8)
(Dahlstrom and Fuxe, 3964). The fibers arising from the nigrostriatal
dopaminergic pathway innervate the telecephalic and diencéphalic nuclet as
well as cortical regions (Moore and Bloom, 1978). Lesions to this regiom~
result in a decrease of dopamine in the ventromedfalunucleus and median
eminence (Kizer et al., 1976b).

Dopamine-containing cells in the rostral part of the central gray matter
of the midbrain (A 11 cell group) are also believed to innervate certain
hypothalamic nuclei (Bjorklund et al., 1975)

b. Norepinephrine

The norepinephrine—conta1p1n§ celds are known to fonn‘severa1
groups within the brainstem kDah1strom and Fuxe, 1964). The largest is the
Tocus ceruleus (A 6 cef] group). In the ascending pathways, the noradrenergic
cells of the following areas make contributions: nucleus tractus solitarii (A
2 cell group); lateral reticular nucleus (A 1 cell group); cells between the
superior olive and the 1ntréérania1 pr6t1on of the facial nerve (A 5 cell
group); and regions in the pontine and midbrain reticular fo;ﬁatiqn iA 7 and A
8 cell groups). Axons arising from these cell groups form two ascending
bundles, called the dorsal and ventral noradrenergic bundies (Moore and Bloom,

1979; Palkovits and Zaborszky, 1979).
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Locus ceruleus fibers contribute to both bun&lés, although mainly to the
dorsal one, whereas the axons of the other cel]kgroups run mainly withi: the
ventral bundle. Both bundles course to the lateral hypothalamus and enter the’
medial forebrain bundIé where they can no longer be traced as individual
tracts. :

The norepinephrine-containing fibers innervating the medial hypothalamic
nuélei reach them laterally. Robstral or caudal surgical deafferentation of’
the medfal basal hypothalamus does nat result in changes in the norepinephrine
content of the nucl;i fn the region. However, complete deafferentation
decreases hypothalamic norepinephrine (Palkovits et al., 1977a).

Based on fluorescent microscopic observations, fhe periventricular, medial
preoptic, anterior hypotha]amic,‘parayentrfcular, retrochiasmatic,
dorsomedial, ventrotuberal and tuberomammillary and supraoptic regions have
the most dense noradrenergic 1nnervations: The arcuate nucleus receives only
a moderate innervation (Moore and Bloom, 1979). ’

putside'the hypothalamus, the central amygdala, hippocampus and septum
receive an extensive input of noradrenergic fibers (Méore and Bloom,’l979).

c. Epingphrine

’ Epinephrine i1s not distinguishable from other catecho1;mines using
‘standard fluorescence histochemical techniques and a large, conflicting body
of literature on its existence and localization has arisen. With the
development of sensitive and specific techniques of gas chromatography-miass
spectrometry, radioeﬁzymatic assay, and immunohistochemical localization of
norepinephrine-N-methyltransferase, more accurate determinations of the

’

regional distribution of epinephrine have been made.
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The highest -concentrations of eptnephrine are found in the periventricul;r
nucleus, the arcuate nucleus and the paraventricular nucleus (Moore and Bloom,
1979). Few or no epinephriqg fibers are found in ;he'median eminence or the
ventromedial, preoptic or aﬁierior hypotha]amic areas. The percentage of
epinephrine as a function of noreptnephrine fn different brain re&ions

T (hypothd1anic regions are grouped) varies from 1- 14 percent (Palkovits and
Zabo\szkx{71979) The telecephalon contains no mgﬁsurable epinephrine with
the exception of‘Teu\\\ncentrations in septal nuclei the basal amygdala and
rostral medial forebrain 5653T3>\\\\\

Hypothalamic deafferentayion causé;\;\EECreasg in the activity of B )
norepinephrine-N-methyl transferase, indicating the extrahypothalamic origin
of hypothalamic epinephrine (Brownstein ét al., 1976b). So far,
norepinephrine-N-methy]transferase-ppsitive cell bodies have been 1gentif1ed
only 1p the medulla oblongata in the lateral reticular nucleus (A 1 cell
group) and in the nucleus tractus solitarii area (A 2 cell group).A Thus,
these groups can be consideted to be the probable origin of the.hypothalamic
epinephrine nerve terminals (Hokfelt et al., 1978). However, since total
hypothalamic deafferentation only reduces levels by 69 percent (Brownstein, et
al., 1976), more épinephrine-containing cell bodies may be Gndiscovered.

Immunoquoresencg micrographs,bf co?secutivelsections of the'anterior
hypothalamic periventricular area after incubatfgn with antiserum to
norepinephrine-N-methyltransferase and somatostatin show the presence of

epinephrine nerve terminals in close contact with somatostatin cell bodies,

suggesting they may innervate somatostatin neurons (Hokfelt et al., 1978).
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2. Potent‘la} Sites of Action

<There are several potential loci at which growth hormone secretion
could be influenced by catecholamines. One possibiﬁty is direct axoaxonic
synapses between catechoiam:l nergic and peptidergic nerve terminals. Secondly,
,direct axodendritic or axosomatic contacts between neural elements, or
multi synaptic connect1oqs through monoaminergic neurons distant to the
peptidergic neuron, are ['lalso possible. Thirdly, catecholamine release into
the portal circulation could stimulate or inhibit direct‘l); growth hormone
re1easg or alter pituitary sénsitivity to hypothalamic peptides. There is no
convincing evidence to 1nci'l cate that catecholami nés act at the pituitary -

) soma"{:otrope Tevel, either directly or in synergism with hypothalamic hormones

-

(Martin et al., 1978b). Alternatively, catecholamiﬁes in the peripheral
circulation might affect pituitary release indirectly by affecting peripheral
nerve pathways communicating with the central nervous system. Finally,
neurons may contain bzth monoamines and peptides, with the former affecting
secretion of the later. ‘

There is little direct evidence of the site of action of catecholamines in -
growth hormone control. Electrical stimulation studies in the rat show ;Mt
agents that interfere with catecholaminergic neurotransmission do not block
growth hormone release induced by stimulation of the ventromedial nucleus
(Martin, 1976). In contrast,’ gfoﬁth hormone release induced by amygdalar and
hippocampal stimulation are prevented by pretreat!ﬁent ‘with alpha-methy1-para-
tyrosine, an amino acid analogue that. blocks catecholamine biosynthesis by
inhibiting tyrosine hydroxylase (Martin, 1976). These results are consistent

with the interpretation that catecholamines may function as neurotransmitters

\ %5
-\
A
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in the relay of information from higher neural centers to Jhyiothalcnic@

peptidergic neurons. Such informagion éould modulate the frequency and
entrainment of growth homqn.g- S”Si:rétory episodes. ‘
There is general agreem&t that the effects oi’ ,,citech/olmines on growt‘h
hormone release are mediated ‘by hypothala;nic peptides. More recent data
suggests that neurotransmitters may have a direct pituitary action.
Acetylcholine receptor sites on ;rat and sheep anterior pituitaries have been
reported (Schaeffer and Hsuch, 1980; Tolliver et af., 1981). Also,
alphaz-adrenergic receptors in cultures of bovine anterior pituitéry cells
show close correlation with ACTH secretion (Beaulac Baillargeon et al.,
1980). Furthermore, low doses of gamma-aminobutyric acid inhibit prolactin
release from isolated rat pituyitaries (Schally et al.', 1977; Enjalbert et al.,
1979; Grandison and Guidotti, 1979). fhe physiological significance of these
findings requires further study. ‘ \
The m,ajor1 ty of evidence implicating catecholamines in growth hormone N
regulation derives from experiments in which pharmacological agents were
administered systet_naticaﬂy or 1ntracerebroventricular'!y. These data are
reviewed in Sections IV, A, B. -
Because the effects of central neurotransmitters on growth hormone
secretion are believed to be mediated by hypothalamic peptides, the effects of

central neurotransmitters on somatostatin release in vitro were also

investigated (see section V).
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iﬁtracgrebroventricular injections of growth. hormone inhibit episodic growth
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6. FEEDBACK CONTROL OF GROWTH HORMONE SECRETION
The acute rises‘ahd ebbs in plaéna growth hormone fevéls a}e most likely
the result of n;Lral effects. However, the degree of.growth hormone responses “

to neural stimuli may be determined by circulating levels of growth hormone
and/or somatomedins (see section II, B, 2). Three types of feedback control
mechanisms can be postulated. The first is a long-loop mechanism whereby high
levels of somatomedips, {nduced by elevated plasma growth hormone, act at
51tu1fany and/or hypothalamic sites to reduce growth hormone secretion
direct]g or by inhibition of releasing factors (or stimqlation of
somatoé%atjnf. The second, ultrashort-loop feedback, could occur when
increased levels of hypothalamic peptides inhibit their own secretion. The
third type, short-loop feedback, results from grayth hormone inhibiting the
release of g}owth hormone releasing factor and/or stimulating somatostatin
re]easé. It is known that growth'homone’ stimulates somatostatin release from

isolated hypothalami (Sheppard et al., 1978; Patel, 1979) and that

|
kY

hormone release (Tannenbaum, 1981).
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H. RESEARCH PLAN
The experimental strategy described herein was devised to test the
!k
hypothesis that rhythmic growth hormone secretion is regulated by the complex

_ 1interaction of specific inhibitory {somatostatin) and excitatory (growth

hormone ré1eas1ng factér) hypothalamic neuronal systems that are, in furn,

regulated by central aminergic neurotransmitter systems. The overall objective

~ of ‘the research plan was to define the role of somatostatin and the

catecholamines, norepinephrine and epinephrine, in regulation of episodic

.growth hormone secretion. The specific aims of studies designed to accomplish

this objective are outiined below.

-1. Selection of the animal mode! most suitable with respect to constancy
in the amplitude, frequency and entraimment of its growth hormone secretory
episodes. The chronically cannulated male a]bino rat was selected for
experiments hereinafter because it fulfilled these criteria and allowed
sequential blood sampling without disturbing the animal. The female albino
rat was also stuéiqd to assess the effects of the estrus cycle, pregnancy,
parturition, and sﬁckling on episodic growth hormone. In this and subsequent
studies, pro]actin, thyrotropin, ahd/or“corticosterone were measured
concomitantly with plasma growth hormone in an effort to show specificity of
hormonal responses to various stimuli (section II,A). ‘ '

2. Determine the effect of stress on the dynamics of episodic growth
hormone secretion. Previous studies showed that various types of stressful

stimuli suppressed plasma growth hormone levels, however, the effects of

~

\

stress on the rises and ebbs of growth hormone anxiously awaited elucidation.
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Sv!'lmi' ng stress in a constant temperature bath was selected as a model because
it ylelded reproducible results and redu;:ed the number of 1ﬁdependent
variables to a minimum (section II,A). ' »

3. Assess the effects of 1 ntracrania] self-stimulation on growth horjpone
dynamics. These experiments were based on the hypothesis ihat positive
reinforcing effects of laterai hypothalamic intracranial se]f—st’imuhtion»
could be mediated by specific neural pathways, and therefore result ina&
grozvth hormone response distinct from stress. The results were compared with
the effects of forced stimulation in positive- and non-positive-reinforcing
sites. The growth hormone response could not be &learly disti ngu)ished from
the effects of stress. These findings provided the substrate for further
studies to examine the rgle of central catecholamines and peptides 1n'gr6v§:ﬁ"
hormone respanses to stress and electrical ‘stimulation of the lateral
hypothalamic-medial -forebrain area (s;ect‘lon 11,8).

4. Determine the role of somatostatin in rhy thmic growth hormone
secretion. This study was based on_ the hy;;othesis that episedic rises in
plasma growth hormone are due to the ~'Inter-m'iti'.ent release of a growth hormone
réleasing factor, rather than a postinhibitory rebotind effectt resulting from

episodic somatostatin release. To aécompH sh this goal, circulating

somatostatin was {nactivated by passive immunization with antisera to )

somatostatin (section II1,A,2). )
5. Elucidate the role of somatostatin in stress- and lateral hypothalamic

stimulation-induced growth hormone suppression. As above, animals were

passively immunized against somatostatin and then subjected to swimming stress ‘

S

I1,A,2). Lateral hypothalamic stimulation was delivered during both ebbs and

£
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- dependent on the timing of delivery of the stimulation-in relation to the

rises of growth hormone to determine if the effects of such activation were

spontaneous episodic growth hormone bursts (III,A,2). ¢ ,
6. Define central somato;tatinergic‘p&thms involved in the regulation
of growth hormone secretion. To accomplish this ijecti ve three separate

‘experiments were performed. The first was to define more precisely the site ,

" of origin of somatostatin {n the hypothalamus by ablation of

somatostatin-positive cell bodies in the anterior periven.tricular hypothalan;i“c
arlld medial-basal amygdalar %uclei (sgction III;B,]). '}'he second was to
observe the effects of hypophysectomy on somatostatfg in discrete hypothalamic
nuclei, based on the hypothesis that growth hormone may exert a feedbac!( \
effect on sunatostatinelrgic system§ (section I11,8,2). The third was to

i nvestigate the effects of swimming stress ori somatostatin levels 1in discrete
hypothalamic and extrahypothalamic nuclei (section III,B,3).

7. Investigate the role of the hypothalamic arcuate nucleus in the
generati\on of spont;neods growth hormone secretory episodes. To accomplish
this objective, attempts were made to selectively lesion peri karyé in the
arcuate nucleus with the neurotoxin monosodium glutamate. The scﬁte and
chronic effects of monosodium glutamate on growth, rh&thm'lc growth hormone
secretion, and brain somatostatin.levels were investigated (section III,C).

8. Ascertain the role of central nor::l\renergic systems in the regulation
of episodic growth hormone secretion. Previous studies showed that dopamfne
plays a relatively minor r;oie in the generation of growth hormone pulses. The
first obj\ective—of ihe present studies was to produce a selective blockade of
central norepinephrine b'losynthe‘si s with the dopami ne-a-hydroxy}ase inhibitor,

FLA-63, and observe the effects of this state on growth hormone secretion. The.

ey i
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second aspect was to stimulate central alpha-adrenergic receptors in animjs

pretreated with FLA-63 fn an attempt to restore pulsatile gi-owth hm;mane'

,
-~

+

sec;'_etion {section IV,A). . | . L

9. Search for & role of the cenfr&*"&drénergk sy§tem in gi'owth hormone:

.
‘
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regulation. Previous attempts to study the role of epi ;\ebhr'l ne in growth ‘
homoﬁe regulation produced inconclusive results primrily becausé specific -
" drugs were not available. With the de\;elopment of analogues that inhibit
norepi nephrine-N‘-methyl transferase, it became possible to selectively block
‘epinepl'wi ne biosynthesis without affecting brain levels of &opami ne or ‘
norepinephrine. The ef'fecfs of these ‘analogues on spontanecus, morphine-; and
clonidine-stimulated growtt; hormone .ré'lease was investigated (section IV,B).

10. Study the release of somatostatin from h).'pothalamic fragments in
vitro. The first goal of these experiments was to determine if somatostatin a (
could be released by membrane depolari zatior; and whether ’re'leas\é was -
calciurn-dépendent, propertigs attributed to classic neurotransmitters. The
second goal was to determine the site of action of central neurotransmitters
that al\’ter growth hormone release. ‘To this end, hypothalamic fragments were
peri fused with physio]og'lc‘ ,conc'entr:ations of seve”»"al putative | B
;teurotransmit'cers in an effo‘rt to determine E[‘Si" effects on somatostatin

o

release (section V).
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IT. . DYNAMICS OF GROWTH HORMONE SECRETION: RESPONSES TO EXERCISE STRESS AND

' A. PHYSIOLOGIC SECRETION.OF GRONTH HORMONE AND PROLACTIN IN MALE AND
FEMALE RATS* ' ’

a s
- . - -
r . »

) ° ABSTRACT , ) .

-

L d

Growth hormone and pro'lactin are secretad episodicﬂ 1,y in man asnd =

experimenta] aniqus. To investigate physiologic’ mechanisms of‘ GH and PRL

‘, secretion, a series of experiments were performed in %ndividua],"
\

unanaesthetized male and female rats.

GH secretion in the male rat is characterized by intermittent surges that _
occur approximately every 3 h and are entrained to the 11ght-dark cycle.
Peaks reach 200-400 ng/ml and troughs afe unmeasurable. PRL is secreted in
more .frequent episodes ‘with a pattern distinct from GH. { '

"In the female rat, GH sufges occur more frequ’éntw--approximately ance
eachﬁ hour. PRL levels are ‘Iow (<§15 ng/m‘l) except_on the afternoon of -~

A\ ]

pro-oestrous when they surge to 1ev€ls of 100-300 ng/ml. Prolactin rises 4-6

‘h before deli very \ Levels decline r‘apid'ly at the onset of partu‘rition,»and‘

surge with each episode of sucang in the post-partum period. Growth hormone
and corticosterone ri se duri ng delivery and remain elévated for several hours )

after_ delivery. Reinstitution of sucang after renmoval of pups causes an ~

- : R

*Terry et al., 1977d. “
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immediate rise in PRL and GH. The PRL response is sustained for 3-4 h,

whereas the GH response -ts brief with return to baseline within 1 h. The time
courses oflthe two responses are clearly independent.

Stress in the male rat causes a rapid rise in PRL and suppression in GH.
The PRL éurge.to stress is brief with return to baseline by 1 h. GH pulses
are suggressed for up to 5 h after stress. ’ -

These studies indicate that separate neuroendocrine control mechanisms

exist for regulation of the episodic release of GH and PRL in the rat.
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 INTRODUCTION

Anterior pituitary hormones are secreted intermittently, rather than
continuously. Both growth hormone (GH) and prolactin (PRL) secretion are
characterized by marked fluctuations in circulating levels in man and
experimental animals. The undisturbed male rat secretes GH in episodic bursts
with intervals between surges of 3.0-3.5 h (Tannenbaum and Martin, 1976). (;H
surges continue throughout the 24 h period and are entrained to the 1ight-dark
cycle. Fluctuations of PRL also occur in the male rat but a full description
of such surges has not been reported. There is little available evidence of
ésecretory profiles of GH and PRL in the female rat.

Stress in the rat results in the inhibition of GH secrgtion and release of
PRL (Schalch and Reichlin, 1966; Takahashi et al., 1971; K(;kka et al., 1972;
Krulich et al., 1972; Collu et al., 1973; Brown et al., 1973; Brown and
Martin, 1974). The mechanism of GH suppression and PRL elevation during
stress is unknown, although it is hypothesized to be mediated by the
hypothalamus. There is evidence that circulating somatosztatin (SRIF) may have
a role in stress-induced GH suppression in the rat (Arimura et al., 1976;

Terry et al., 1976). In the present studies, longitudinal profiles of GH and

PRL secretion were obtained in cannulated unanaesthetized male rats following

exposure to stress. Similar methods were used to study female rats during the

oestrous cycle, pregnancy, parturition and suckling to determine secretory

dynamics of the two hormones.
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METHODS
Male and female Charles River Sprague-Dawley rats weiéhi ng 300-350 g were
prepared with indwelling intraatrial cannulae using méthdds previously
described (Martin et al., 1974; Tannenbaum and Martin, 1976). Animals were
individually adapted to sampling boxes until body weight had returned to
preoperative levels. The 1ight-dark cycle was regulated with 1ights on from
06:00 to 18:00 hours and animals were given free access to lab chow and tap
water. Blood samples (0.4 ml) were removed every 15.min for periods of 2-6
h. In one experiment, samples were removed from male rats at 5 min intervals
from 10:00 to 12:00 hours to determine more accurately the size and duration
of surges of PRL occurring between regular 15 min periods of sampling. Plasma
was separated, frozen and stored at -20°C until assayed. Red blood cells
were resuspended in nommal saline and returned to the anin;al at the time of
removal of the vnext sample. ‘Plasma GH and PRL were measured by
radioimmunoassay using materials supplied by NIAMDD and results are exp.ressed
in terms of the appropHate reference preparation. .

Towobtain secretory profiles of GH and PRL iﬁ the basal state, samples
were removed from males and from cycling females mduring various phases of the
oestrous cycle.” To assess; the effects of stress in the male, baseline blood
samples were abtained from 09:30 to 10:00 hours; each animal was then removed
from its isolation cage, placed in a large water bath at 37% and'forced to

swim for 30 min. The rat was then returned to its isolation cage and sampled
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for 3.5-5.0' h. -To compare _the amounts of GH secreted during stress with that
of undisturbed animals, the areas encompassed by single GH secretory episodes _
were calculated by planimetry. In order to standardize detérminations of GH
secreted, periods of 3.5 h were measured from the end of stress.

‘ Pregnant rats were c;nnu1ated on days 10-14 qf ‘gestation and blood sampies
taken during the last week of [;regnancy and during delivery of pups. Each
titter was reduced to eight pups on the third post-partum day and the effects
of suckling were assessed by the return of pups to the mother after removal

for a period of 3-6 h. A minimum of six rats was studied in each group.

4 RESULTS

GH and PRL in normal males

R et ot S W RV ISR e VNP SRRy SR

Non-stressed, frreely behaving male rats showed a normal pulsatile pattern
of GH release. Plasma GH levels frequently exceeded 400 ng/ml during major
secretory episodes (Fig. 1). PRL was secreted episodically with one to four
bursts occurring during a 5 h sampling session, peak values 6ccasiona1ly
reaching 70 ng/ml. Prolactin bursts were usually brief (<15 min) and
approximate]y\ﬁp percent coincided temporally with a GH peak although there
was no regular pattern. Profiles obtained during A 5 min sampling frequency
indicated that PRL f1~uctuates more rapidly than a 15 min"sampling frequency
would detect (Fig. 2). Occ:sionany, animals had no PRL secretor& bursts

during a 5 h sampling period.
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GH and PRL in stressed male rats

In each rat, stress caused release of PRL and prevented pulsatile release

of GH for up to 5 h (Fig. 3). The mean integrated GH level éxpress d as ng/ml

was 105.6+ 12.5 (SE) for unstressed animals compared to 7.6+1.3 for the
stressed group (Table 1). )

Stress caused a rapid rise in PRL to levels within 15 min after the
termination of the stress. Prolactin pulsatile secretion failed to recommence

during the remainder of the sampling period.

GH and PRL during the oestrous cycle

The patterns of GH secretion were similar during all phases of the
oestrous cycle. Episodic surges of GH occurred with a mean inter-peak
interval of 70.8+7.8 min. There were no significant differences between the
frequency of amb]itude of the secretory bursts in diestrous (Fig. 4a-c),
pro-oestrous (Fig. 5) or oFstrous (nbt shown) rats. The mean amplitudé of the
GH peaks was 73.8+6.3 ng/ml and maximal levels usually did not exceed 100
ng/ml. In some animals, secretory bursts occurred at approximately 2 h
intervals (Fig. 4c). Trough values between peaks declined to less than 10

1

ng/ml in most rats.
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Plasma PRL yalues showed minor fluctuations during djoestrus (Fig. 4) and
metoestrus with mean values between 10 and 20 ng/ml; océ;sional surgés reached
Tevels of 30-35 ng}ml. There was a marked rise in PRL during the afternoon of
pro-oestrus (Fig. 5a-d) which occurred as a series of individual bursts of

secretion resulting in elevation 3;*5RL_to levels of 100-300 ng/ml,
GH and PRL during pregnancy and parturition

Episodic sécretion &f GH was evident during the fourtheenth to ejghteenth
day of gestation yith amplitudes and inter-peak Intervals between pulses
similar to those of non-pregnant rats (Fig. 6). There was a tendency for
interpeak trough levels to remain higher than in non-pregnant rats. GH
secretion increased on days 18-21 of pregnancy with increased amplitude of
{ndividual pulges and elevated trough values (Fig. 7). Plasma PRL levels
remained Tow during days 14-21 of gestation, with plasma levels less than 20
ng/ml. However, PRL levels increased dramaticalily 4-6 h before delivery,
reaching concentrations of 300-400 ng/ml (Fig. 8). PRL declined rapidly at
the onset of or during parturition. Plasma GH levels were low immediately
before but rose to unusually high concentrations, often greater than 400 ng/ml
during delivery. The elevation in plasma GH persisted for several hours.

Effects of suckling on GH and PRL - :

P L T

Removal of the pups from the lactating mother resulted in low baseline
levels of both GH and PRL with minimal fluctuations. Return of the pups and
onset of suckling resulted in an immediate surge in both GH and PRL (Fig. 9).
Plasma GHhincreased to levels of 75-200~ng/m1. The'duration of the GH surge
was brief and, despite continuous suckling, GH levels returned to baseline
within 60-90 min. PRL rose withisuck1}ng to conéentratfons exceeding 300
ng/ml; the rise was rapid and su;tained. In some animals the surge in PRL was

associated with several distinct pulses.
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Table 1
Mean serum GH
Experimental group N (ng/ml) *
Non-stressed 6 105.6 + 12.5%

Stressed

7.6 + 1.3

P

*Derived by calculating area under secretory curve by planimetry.

+Mean + SEM; P < 0.005 compared to stressed rats using Students

t-test for unpaired samples.

'f'\
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Fig. 1. Plasma GH secretion in two normal male rats.
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Fig. 2, Plasma PRL levels in two normal male rats
sampled every 5 min shows rapid fluctuations.
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Fig. 3. GH (e) and PRL (o) responses to stress in four male
rats. Stress caused a rapid rise in PRL levels with return
to baseline within 15 min after end of stress. Pulsatile
release of GH was prevented for up to 4 h after stress.
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Fig. 4. Plasma GH (—.) and PRL (~—-) secretion in three
normal female rats sampled during dioestrus.
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GH levels are low before parturition and increase

sharply at onset of labour. Fluctuations in GH and PRL after
parturition occur with guckling. )
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. The present studies show that female rats, like males, secrete GH entirely in
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episodic bursts, the fema'le, however, shows significant differences in the ' K
pattern of secretion, the pulses occurring more frequently and reaching lower '
peak values. There wereeno differences in the secretory pattern of GH during
different phases of the oestrous cycle, although samples were only. oQtained

during the daytime. In late pregnancy, peak values of GH were increased and

w
Y

trough values were elevated. GH rose during delivery and was continually
elevated for several hours after completion of parturition. Thé significance
of thi‘s sustained surge of GH is unknown. Elevation of GH during parturition
does not occur in the human (G. Tolis, personal communication).

Suckling causes a si gnificant and reproducible‘ elevation of plasma GH ;
confirming data of others (Chen et al., 1974). GH returned to basal levels by ;

A—— / m*
1 h. : = |

., Stress in the male rat causes cdmplete suppression of pulsatile GH

secretion for up to 4 h (Terry et al., 1976). Antisera to SRIF wili partfally /
restore pulsatile GH secretion after stress (Terry et al., 1976). Circulating
SRIF therefore probab]y‘phys a role in stress-induced GH sdpprgsé'!on. ‘

PRL is secreted episodically, but in a pattern'd'! stinct from GH. In the
male rat, PRL bursts-are brief, may ra;ach plasma concentrations of 70 ng/ml, //
and do not foltow a regular temporal sequence. They frequently coincide with /
GH peaks and it is therefore unlikely that PRL biffsts result from stress. j
Plasma PRL levels s;hpw small fluctuations duv:1 ng the oestrous cycle with the

exception of the rise during the afternoon of- pro-cestrus. This previously /

(
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documented Fncrease 1s the result of the. cmlative effect of a seMes of
surges 1 n PRL. PRL secret'lon also incrgased pr'lor to parturit‘lon as

prev1 usly reported (Grosvenor and Turner, 1960: Amenoﬁ et al., 1970) and

decHned during or ‘immedfately after de) fvery concurrent with GH elevation.

Th'l s 1s the reverse of what is observed during stress in the rat even though
corticosterone 1s increased svimuItane_ousl,y (Saunders and Martin, unpublished’
observations)

Suckling- 1nduced a rise 1n PRL as well as GH but with di fferent times of

onset and duration indicating separate neural regu1atory mechanisms. The rise

.in both hormones 1s dependemi on actual breast stimulation as neither hoguone

-is released if the pups are returned to sampling box but suckling is prevented

by a barrier (Saunders and Margi n, unpublished abservations). Olfactory and
visual stimulation are therefore fnadequate to stimulate release of either
hormone.

- The dissociation of PRL and GH secretion under.a variety of physiologic

conditions provides a valuable modeli for further studies of'the neural

. regulation of these - two hormones.
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II. B. HYPOTHALAMIC-PITUITARY RESPONSES TO INTRACRANIAL SELF-STIMULATION IN
THE RAT*

ABSTRACT

The effects on pituitary and adrenal hormones of intracranial

self-stimulation (ISS) and involuntary stimulation in rewarding (PS) and

" non-rewarding (NSS) sites were investigated in male rats. Growth hormone (GH)

was suppressed during periods(pf ISS and PS and rose sharply to a peak within
15 min of cessation. The interval between GH secretory episodes was
significantly shortened during al} 3 types of stimulation when compared to the
normal rhythmic discharge obserﬁéi in freely be;éving baseline {BL) samp led
rats. 1SS, PS and NSS resulted in a rapid rise in prolactin (Prl), which
returned to normal by the end of each hourly period of stimulation. There was
a significant reduction of Prl elevation in the second and third periods of
stimulation, suggesting that the first exposure to ISS had a greater
stimulatory effect than subsequent stimulations. There was a rapid and
sustained release of corticosterone (CS) during ISS and PS. As with Pri, the
initial period of either 1SS or PS caused a greater effect than subsequent
periods. A

These studies provide data to compare the relationship between ISS and
neuroendocrine responses. Tée hormonal responses, with minor exceptions, Yere
similar under all experimental conditions, and could not be clearly

dissociated from previously described stress responses. Neural pathways and

*Terry and Martin, 1978a.
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substrates involved in GH, Pr1 and CS, secretion are discussed in relation to
pathways activated by LH-MFB stimulation. Potential differential functions of

monoami nes and hypothalamic neuropeptides in behavioral and neuroendocrine

regulation are hypothesized.

58

— TR i R g

[ T

oy e ) e

oy




AR R AR SRl e v 4w i e — e e =

INTRODUCTION

Discovery of the positive reinforcing effects of intracranial
self-stimulation (1SS) by Olds and Milner (1954) has led to numerous studies
aimed at elucidation of the neural %echanisms %nvolved (Hall et al., 1977;
0lds 1977; Wauquier and Rolls, 1976). Aithough these studies have implicated
selective neural pathways and putative neurotransmitters that enhance or
reduce 1SS, theré s little information available by which to accurately
assess the internal activation process(es) that accompanies ISS.

Characterization of neuroendocrine responses to stress provide baseline
data by which the response to ISS can be compared (Terry, et al.,1976b; 1977
a,b). A variety of conditions described as stressful cause corticosterone
(CS) and prolactin (Prl) release and growth hormone (GH) inhibition in the
rat, effééts that are mediated by the hypothalamus (Allen, et al., 1973; Brown
and Martin 1974, MacCleod, 1976; Martin, 1976; Martin, et al., 1977).

In the present experiments, we hypothesized that the positive reinforcing
effects of lateral hypothalamic (LH) ISS could be mediated by specific neural
pathways, and therefore result in a neuroendocrine response distinct from

stress. To tes} this hypothesis, plasma GH, Prl and CS were determined in

* chronically cannulated rats before, during and after episodes of ISS. The

results were compared with the effect of forced stimulation of both 1SS and

' non-self-stimulating (NSS) animals. The hormonal responses, with some minor

exceptions, were similar under all experimental conditions and could not be
¢learly dissociated from the effects of stress. These results provide a
baséline for further studies to examine the effects of pharmacologic agents -

and centrally active peptides in the mediation of both ISS and neuroendocrine

responses.
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(1) Catheterization and electrode implantation

Male Sprague-Dawley (Charles River) rats weiéhing 310-410 g were

housed at constant temperature (22i.1°C) in individual cages with free

access to laboratory chow and water during all experiments. The light-dark

cycle was maintained at 12:12 h with lights on at 06:00. All animals were

»

observed for 1 week prior to surgery.

Indwelling cannulae were placed in the

right atrium via the right external jugular vein and secured to the skull with

~gcrews and acrylic cement.

Monopolar nichrome electrodes (0.2 mm diameter)

wiEp tapered exposed tips were stereotaxically implanted in the right

LH-medial forebrain bundle (MFB) using deGroot coordinates: anterior, 4.4;

lateral, 1.4; depth (%)2.2 mm (DeGroot, 1959). One skull screw served as an

indifferent electrode.

Animals were observed daily postoperatively and

attempts to self-stimulate were not initiated until each had attained

presurgical body weight, usually 3-5 days. e

(2) Procedure for ISS

o~

A Model 7150 Nuclear Chicago constant current generator was used for all

stimulations and the pulses delivered were monitored on a, Tektronix

oscilloscope. Stimulation parameters consisted of symmetrical, biphasic

.square waves delivered in 0.2 sec trains at 400 pulse pairs/sec. High |

frequency stimulation (400 Hz) was used because higher rates of bar pressing

(BP) were elicited compared to lower frequencies (50-100 Hz) (Carter and

Phillips, 1975).

Each pulse pair was 0.5-1.0 msec in duration and optimum

currents for ISS ranged from 50-180 uA.
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rates of BP at least 3 consecutive periods of 60 min on different days were
used. After preliminary testing, each rat was placed fn an isolation box and
electrical connectors and venous cannulae were fed\through a sw1ye1ed coiled
spring fastened to the top of the cage. Stimulating wires were attached to a
mercury commutator to 3110; 360° of rotation without entanglement of wires

and catheter. This assembly allowed complete freedom of movement inside the
cage during stimulation and blood sampling. The ISS cage was made of open

wire mesh with dimensfons 28.0 % 20.5 x 20.5 cm. The isolation box (BRS, LVE,.'
BeL1§v111e, Md, U.S.A.) containing the ISS cage was 40.5 x 50.§ x 40.5 cm.

The bar press (4 x 8 cm) was placed at the end of the cage and fastened to a

-microswitch which activated the stimulator. The numbers of BP and

stimulations delivered were counted electronically.

(3) Procedure for blood sampling

Blood samples (0.4 ml) were removed every 15 min from 10.00 to 15:30 h in
order to encompass two GH secretory episodes (Willoughby, et al., 1977). The

plasma was separated and frozen: red blood cells were resuspended in

[ ==

physfiologic saline and returned to the rat after removal of the next sample.
Th, technique minimi zed the fall in hematocrit and allowed multiple samples

to be removed without hemodynamic.disturbance.

" (4) Determination of GH, Prl and CS

Plasma GH and Prl1 were measured in dupblicate samples by radioimmunoassay
using kits supplied by the NIAMDD. Hormone data are presented in terms of the
respective reference preparations. Corticosterone was determined by a

competitive protein binding assay (Brown and Martin, 1974; Murphy, 1967).
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(5) Experimental design

Seven ISS rats were sampled for 5.5 h on 4 or 5 separate occasions on
different days. The first period of sampling was a baseline (BL) and the
s€cond and third consisted of ISS each alternate hour with revers§1 of the
pattern of the following day to prevent confusion between a physiological and
stimulus-induced hormonal response. During the fourth experimental day, each
rat was passively (involuntarily) stimulated (PS) every other hour at
approximately the same rate as had been attained with ISS: during such
stimulation the microswitch was disconnected so that BP was. ineffective in
deliverihg a stimulus. To compare neuroendocrine responses to brain
stimulation under non-reinforcing conditions, 6 rats were 1mplanted with
electrodes in the posterior hypothalamus (anterior, 4.6; lateral 0.9; depth
(-)2.2 mm). These rats (NSé) were first screened for 1SS and subsequently
stimulated each alternate hour at approximately 4000 stimulations/h using
conditions identical to those effective in eliciting ISS5. None of the NSS

rats demonstrated ISS.

(6) Histological verification of electrode placement

At the end of the expgr1ment, rats were anaesthetized with pentobarbital
(50 mg/kg b.w.) and perfused with 10 percent formalin through the teft
ventricle. The brains were removed and fixed in 10 percent formalin
containing 10 percent sucrose for a minimum of 24 ﬂ. Brain’sectioﬁs (40 um)
were cut on q’cryostat, stained with a cresyl vio1et/th19nin solution and

examined microscopically for electrode path and tip location.

4
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(7) Analysis of data

Each 15 min blood sample supplied a data point for GH, Prl and CS. Plasma
values for each hormone at every 15 min segment were tabulated and mean *+ S.E.
was plo}ted on the ordinate withlfts respective time on the abscissa. ISS, PS
and NSS rates we;e averaged‘an& mean + S.E. calculated for every category. ‘
The mean level of each hormone was determined for the first, second and third
hourly periods of ISS, PS, NSS and corresponding baseline periods.

Statistical comparison was done using the two-tailed Student's test. AP

value of < 0.05 was considered significant.

. RESULTS

Rates of ISS, PS and NSS
The mean rate™of ISS was 4394 + 277 BP/h with a range of 2111-6467. Al

animals were passively stimulated at 3533 + 165 stimulations/h. Hourly
:kegments of stimulation beginning ateither 10:00 or 11:00, 12:00 or 13:00,
and 14:00 or 15:00 h were defined as the first, second and third periods,
respectively.

Baseline hormone secretion --GH, Prl and CS

GH secretion 1n the male rat is characterized by intermittent surges that
occur approximately every 3 h and are entrained to the light-dark cycle
(Tannenbaum and Martin, 1976; ﬁilloughhy, Eﬁ.!l" 1977). GH peak levels reach
200-800 ng/m] and troughs are unmeasurable. Individual animals in the present
experiments had a normal secretory profile of GH (Fig. 10). Mean GH rose to
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C_; 279.2 + 52.7 and 287.5 + 56.3 ng/ml in the first (12:30 h) and second (15:15
h) peaks, respectively (Fig. 11). The mean GH interpeak interval (Table I)
was similar to ‘that reported preveiously by Tannenbaum and Martin (1976).
Individual animals had trough levels of 6.2 ng/ml or less. Averaged trough
levels were 49.9 + 18.8 ng/ml, which reflected slight variation in the timing
of GH peaks and troughs for each animal. There was no signiffcant difference
in mean GH between the first, second and third periods (Fig. 14).
No specific pulsatile pattern of Prl release was observed in baseline r
studies, although random sporadic bursts occurred in the afternoon (Fig. 10).
Mean Pr] for the first period was less (P<0.025) than the second and third
"(Fig. 14). The lowest mean level was 2.2 + 0.3 (10:30h) and the highest 33.1
+ 19.3 ng/m1 (15:30 h), suggesting an afternoon Prl elevation (Fig. 12).
The trend toward a late afternoon CS elevation was similar to that
C observed with Prl, confirming a diurnal varifation (Figs. 10 and 13). The
lowest mean CS level was 2.0 + 0.4 (10:14 h) and the highest 10.5 + 2.7 4.g/100
ml (13:45 h) (Flig. 13). Mean CS for the first and second periods was less (P<
0.025) than the third (Fig. 14).

(3) Effects of self-stimulation

Growth hormone was suppressed during periods of 1SS and rose sharply to a
peak within 15 min after cessation, a phenomemon which occurred consistently
after each hour of ISS between 10:00 and 15:30 h (Fig. 10 and 11). Mean GH
was less than Eontrols during all 3 periods of stimulation {Fig. 14). The
mean interpeak GH interval was decreased compared t;) baseline per"lbd’s, which
indicated a marked disruption of normal rhythmic pulsatile secretion (Table

),
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Self-stimulation’resulted in a rapid rise in plasma Prl, which had
returned to normal by the end of each hourly period of sti@ul&tion (Figs. 10
and 12). The first and second hour of ISS resulted in elevation of Prl above
control values, and the first wag greater than the second (P < 0.005) (Fig.
14).

There was a rapid and prolonged elevation of CS during all ISS periods
(Figs. 10 and 13). A decrease (P < 0.01) in the CS response from the
first/second and second/third periods was observed, but levels were

consistently higher than controls (Fig. 14).

Effects of passive stimulation of 1SS animals

Mean GH was suppressed during all PS periods (Figs 10 and 14).
14
Suppression of GH was less (P < 0.05) than ISS only during the second hour of
stimulation. The mean interpeak interval was not different from 1SS rats

(Table II).

Prolactin was elevated above baseline during the first and second, but not .

the third period of PS (Figs. 10 and 14). There was no difference between ISS
and PS. .

Mean CS was elevated above control values for all periods of PS and there
was no difference between the first, second and third periods (Figs. 10 and
14). Passive stimulation had a similar effect on CS as ISS, and the only
difference occurred during the third period, where mean CS was higher (P <

0.05) during PS (Fig. 14).

Effects of pass1§e stimulation of NSS animals

Al though there was a trend toward GH suppression during PS in NSS rats,
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the effects were not significant (Fig. 14). However, the mean GH 1nterpeak.
interval was reduced, as occurred in both ISS and PS groups (Table 1I).

The First and third periods of NSS resulted in Prl elevation (Fig. 14).
The pattern of Prl release was similar to that observed during PS and ISS.

Corticosterone was not determined for this group.

R&te of ISS and hormone levels

There was no correlation between the rate of BP and the elevation or

reduction in GH, Prl or CS,

Histological verification of electrodes

Electrode tips of ISS rats were located in the LH-MFB region (Fig. 15).
NSS animals had electrodes in the LH-MFB and posterior hypothalamic region.

9]
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Table II

Mean interpeak intervals + S.E. between successive GH pulses in BL, ISS, PS and NSS groups

Numbers in parentheses indicate numbers of animals in each group.

h + S.E.
Baseline control 3.2+ 0.1 (7)
Self-stimulation 1.8 + 6.3 (*
Passive stimulation 2.0 + 0.2 (N*
Non-self-stimulation 1.6 + 0.2 (6)*

.

*Less than baseline control, P < 0,001,
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¢. Self-Stimulation

d. Passive Stimulatian

Growth Hormone A Prolactin - Corticosterone

»

a. Baseline
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PLASMA rGH - ng/ml
CORTICOSTERONE - pg/100 ml
b 3 8

Fig. 10. Plasma GH, Prl and CS of a representative individual rat during BL (a), ISS (b and c)
and PS (d) periods. 1In this and subsequent figures, the cross-hatched squares indicate hourly
periods of stimulation and the enclosed number indicates the number of BP/h for ISS ofr

stimulation/h for PS. 1ISS and PS result in G suppression and Prl and CS elevation.

4 B

.
Wi de B Eriah

T Py

= RS

.
R A Y TN W A NS S b L B Vbt ersin — st

!
!
}



PLASMA rGH - ng/mi

—

0OO o WO ©oo 8O0 1400 1500
SELF~-STIMULATION

TIME = hr

Fig. 11, Mean plasma GH + S.E. during BL and ISS periods.
In this and subsequent figures the numbers in parentheses
indicate thé number of animals in each experiment.
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_Fig. 14. Mean + S.E. plasma GH (upper), Prl (middle) and

CS (lower) during the first, second and third periods of -

" ISSEY, PSP, NSSHY and BL{Zgroups. Numbers beélow each bar

graph represent mean BP/h + S.E. and numbers in parentheses
indicate number of animals per group. a and b: (P < 0.001)
less or greater than BL respectively; c and d; (P < 0.005)
less or greater than BL respectively; e: (P < 0. 025) less
thad BL; f: (P < 0, 075) greater than BL,
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Fig. 15. > Schematic diagrams of coronal sectioms of the rat brain showing
locations of electrode tips of self-stimblating (55) and non=self-stimulating
(NSS) animals., Numbers to the side of sections indicate anterior-posterior
plane of section from DeGroot atlas. Abbreviations: CI, capsula interna;

CL, nucleus subthalamicus; FX, fornix; LM, lemmiscus medialis; MM, nucleus
mamillaris medialis; MFB, medial forebrain bundle; ML, nucleus mamillaris
lateralis; MI, tractus mamillo-thalamicus; OT, tractus opticus; PC, pedun-
cularis cerebri; PH, nucleus posterior hypothalami; PMD, nucleus pre—
mamillaris dorsalis; PMV, nucleus premamillaris ventralis; RE, nucleus
reuniens thalami; RH, npuecleus rhomboideus thalami; TT, tractus mamillo~
tegmentalis; WM, nucleua ventralis thalamis, pars medialis, Z1, zona incerta;
LH.A, lateral hypothalamic area.

-
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DISCUSSION
.. &
The results of these experiments jindicate that the neuroendocrine
responses elicited by ISS, PS and stimulation of adjacent non-reinforcing ;
sites (N%S) are similar. These observations are reviewed in the context of
information available for each hormone examined.

1

Hypothalamic-pituitary-adrenal axis

The pr€§ent studies show that ISS results in rapid activation of the
. hypotha]am{g-pituitary—adrena1 axis. There was no significant difference in
" mean CS leyels in ISS comparedlto PS rats. The elevation during successive
periods of stimulation on the same day was significantly less than the
(:} : precgding period, suggesting either that the initial perioqhoffstimulation has
‘ a gfeater effect or that the CS response varies diurnally. It has been
reported that the CS response to minor stresses such as handling varies in i
relation to peak and trough of the adrenal diurnal cycle (Brown and Martin,
1974; Zimmerman and Critchlow, 1967).

Several previous studies have examined the hormonal concomitants of ISS
with respect to the question of whether the behavioral response is an
emotionally quiescent or exgited state. Adrenal steroids are elevated during
ISS in most animal species (McHugh; et ‘al., 1966; Natelson, et al., 1977;

~Sadowski, 1972). The cat appears to Qé an exception (Endroczi, et al., 1967). \\;

Although ISS activates neuroendocrine pathways involved in the secretion
of adrenal steroids, tbe questioﬁ of whether. the ‘response fis either specific

to or reqbired for ISS remains unclear. McHugh et al. (1966) showed that

S - :
. | !
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lateral preoptic stimulation in the monkey, which was previously demon\strated
to be' reinforcing, resulted in endocrine changes 1ike those which occurred
after 1SS, whereas electrical stimulation of non-reinforcing loci did not
tncrease plasma corticoids. In the experiments reported by Sadowski et al.
(1976), forced stimulation in rewarding sites led to a lesser activation of
corticosteroid synthesis than when the animals actively pressed on the lever.
In the rat, ‘ISS with electrodes in the MFB caused similar elevations of -
adrenal steroids whether PS was\given when awake or anaesthetized (Uretsky et
a1..'1966). In one study it was shown that hypothalamic 1SS, forced
stimulation and esgape avoidance 1 nduced by midbrain tegmental stimulation
each resulted in' similar elevations of adrenal steroids (0lds and Yuwiler,
1‘972). Since the MFB and mammillary peduncle are reported to mediate adrenal
responses to photic, acoustic and sciatic nerve-stimulation (Feldman et al.,
1971, 1972a, 1972b), it seems 1ikely that the CS response is the result of
direct stimulation of pathways involved in hypothalamic control of ACTH
secretion.

@ !
+ S

Growth _Qmone

Numerous studie; in humans and animj;ls have demonstrated that physiologic
GH secretion oc;:urs in an episodic pattern (Martin, 1976, Martin et al., 1977;
1978; Stewart et al., 1977). In the rat, postpubertal males exhibit a 3.3 h
rhythmﬂs discharge of GH (Tannenbaum and Martin, 1976) with levels rising
within a 15 min period from less than 1 to greater then 400 ng/ml.

The final comon pathway for the regulation of GH secret'lon 1ies within
the hypotha]auic ventromedial nucleus (VMN)-arcuate region (Rice et al., 1976;

P
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Willoughby et al., 1977). Bilateral ablation of the hypothalamic VMN reduces
plasma GH levels and stimulation results in release (Frotman and Bernardis,

1968; Frohman et al., 1968; Martin, 1976). Disconnection of specific inputs

to the medial basal hypothalamus in the rat has differential excitatory of

inhibitory effects on GH secretion (Krey et al., 1975; Mitchell et al., 1973;
Wi1lloughby et al._, 1977). Stimulation of the medial preoptic area results in
inhibition of GH secretion (Martin et al., 1976; Martin et al., 1978a)

Stress alters GH secretion in man and animals, but the response is
species-dependent. In man and prigates, GH is secreted in response to a
variety of stressful stimuli (Re%n, 1974), whereas, in rodents, GH
secretion is inhibited (Martin et al., 1978a; Terry et al., 1976, 1977).
Ablation of the medial preoptic area prevents the stress-induced suppression
of GH in the rat (Martin et al., 1975; Rice and Critchlow, 1976; Rice et al.,
1975). |

In the present study, 1SS from the LH-WFB region causgd inhibition of
pulsatile GH secretion. PS had the same effect, but NSS did not. These
results suggest that stimulation of rewarding sites causes a significantly
greater alteration of neural mechanisms controlling GH release than does
s»t't mulation through non-rewarding sites. The timing of GH secretory bursts
(me.an peal:-to-pealé interval) was signi fic&ntly shorte;r}ed in all stimulated
animals compared to the normal 3.1 h rhythmic discharge in baseﬂne sampled
rats. These findings are consistent with previously reported findi ;lgs on
effects of stress on GH secretion in the rat (Terry et al., 1976b, 1977d),

although we have not a‘ppllied intermmittent stress for similar periods of time.
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Stimulation in the LH-MFB region could influence ascending and/or
descending fiber:s from 1{mbic structures knowpn to have an effect on GH
secretion. It is unlikely that the elevations in plasma CS directly inhibit
GH secretion since administration of dexamethasone has no effect on pulsatile

GH release (Terry and Martin, unpublished observations). '

Prolactin

Basal Prl secretion is characteri zed by a series of bursts of release
(Sassin et‘ al., 1972; Saunders et al., 1976; Terry et al., 1976b). Although
the neural substrate mediating pulsatile basal Prl secretion is not \we'l'l ’
established, the hormone has been shown to be secreted in_response to stress
in both man and animals (Bohnet and Friesen, 1976; Terry et al., 1976b).
Hypothalam'lg deafferentation attenuates the Prl response to stress in rats
(KruTich et al., 1978).

Blood Pr1 was reported to r'l‘se significantly during low-level LH-MFB ISS
in rats, but failed to \ri se further when the current and operant rate welre
increased (!flanquier and Ro]ls; 1976). The present results indicate that ISS
causes a rapid and significant elevation of PRL, which returns to baseline
levels at the end of each peri'od of stimulation. The significant reduction in
Prl levels between the first and second periods of stimulation suggests that
the first exposure to ISS in the day has a greater stimulatory effect than
subsequent stimulations, a finding that could imply either exhaustion of

pituf tary Prl stores, adaptation of a behavioral respons%ﬁr depletion of CNS

neurotransmitters or peptides that mediate Prl release. The Prl response to

PS, although less, was not significantly different from 1SS. Forced

)
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" stimulation of NSS animals also re%ulted in Prl1 reledse, butr the response was
significantly less than occurred during stimulation of rewarding sites. Thus,
as observed with CS and GH, the Prl1 response to 1SS is similar to that which

occurs 1n other stressful”conditions.

Catecholaminergic involvement in ISS and neuroendocrine regulation

There is substantial evidence that:catecholamines “‘a:;e important in both
regutation of hypothalamic-pituitary function and in the mediation of ISS.
Several reports have documented a role of norepi néphri ne (NE) and dopamine
(DA) in the physiologic regulation of 'GHB‘ Pr1 and €S secretion (Fuxe et al.,
1-973; Jones et al., 1975; MacCleod, 1976; Martin, 1976; Martin et al.,ﬁ 1978a;
Van Loo‘n, '1973)s Major caéecholami nergic pathways are also hypothesized to be
involved in ISS; these include the mesolimbic and nigrostriatai DA and the
ascending dorsal NE systems (Antelman and Caggiula, 1977; Hall et al., 1977;
01ds, 1977; Wanquier and Rol1s, 1978). There is a considerable degree of
ovér'lap between terminations of the catecholaminergic systems -that support ISS
and those involved in the regulation of hormone secretion (Hokfelt et al.,
1978). It is likely that the neuroendocrine responses which occur during ISS

are also dependent upon central catecholaminergic systems.

- Potential role of hypothalamic neuropeptides

Measurement of anterior pituitary hormones in the peripheral blood
indicates that intense activation of the hypoth'alamic-pituitary axis occurs
during ISS. This does not imply that pituitary hormones are required for ISS,
but raises the possibility that hypothalamic releasing or inhibiting factors
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are involved in mediation of the response. Infusfon of somatostatin (SRIF)
into normal rats results in an abruﬁt fall in plasma GH, which is followed by
rebound GH secretion after cessation of the infusion (Martin, 1976). This
rapid suppressi?n and rebound pattern is similar to that observed during ISS,
and suggests that SRIF release is induced by electrical stimulation of the
MFB. We have shown that passive immunization of rats with antisera to SRIF
prevents the suppression of GH caused by stress (Terry et al., 1976b, 1977d)
or LH-MFB stimulation (Terry and Martin, 1981b). These findinbgsxsupport the
hypothesis that SRIF is released and responsible for GH suppression in both
experimental situations. The rapid surge in Prl during ISS is presumably the
result of release of prolactin releasing factor (PRF) (Terry and Martin,
1978a; Vale et al., 1977). Preliminary studies (not shown) show that ISS is
not accompanied by release of thyroid stimulating hormone (TSH), supporting
the concept of a physiologic PRF separate from TSH releasing factor (TRF).
Similarly, CS responses are presumably the result of release of corticotropin
releasing factor (CRF).

A numtﬁr of studies have shown that systemic, cerebroventricular or local

~ Injection of TRF or SRIF “induces a variety of motor, behavidra[ and

electrophysiological changes (Brown and Vale, 1975; DeWied and Gispen, 1977;
Renaud et al., 1975; Vale et al., 1977). The possible 1n€eraction of CNS
neurotransmitters and hypothalamic peptides in the mediation of ISS
concomitant with activation of the hypothalamic-pituitary axis merits further
consideration (Terry and Martin, 1978b).
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Conclusion’
It {s evident that stimulatfon of the LH-MFB during ISS results in
perturbation of GH, Pr] and CS secretion. As PS in rewardng sites elicits

similar neuroendocrine effects, it is possible that the responses observed are

not the consequence of positive reinforcement, but rather result from either
(1) direct stimulation of neural pathways that regulate the secretion of
hypothalamic release and/or release-fnhiﬁitfng factors or (2) aversive
effects, as has been suégested by Steiner et al. (1969). The responses to
ISS, PS and NSS are qualitatively and quantitatively similar to those known to
occur with a variety of noxious ;timuli. i.e. 'stress'. ‘OQur experimenis do
not resolve the central issue of what 1SS represents but do indicate that,
from a neuroendocrine standpoint, the effects of centrally reinforced

behavioral activation cannot-be readily separated from stress.
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C. CONCLUSIONS

Results of these studies confirm earlier obsgrvétions that male albino
rats secrete growth hormone in a rhythmic manner with rises occurring
approximately every 3.3 hour§ and reaching levels greater than 800 ng/ml.
This rhythmic pattern was similar in all rats. Animals maintained on the same

11ght-dark cycle did not have growth hormone rises at exactly the same fime,

~ but there was usually not more than a one hour difference in timing between

animals, or in the same animal sampled on different days. These data suggest
that the rhythm was 1ight-dark entrained, although longer sampling perio&s
with alteration of the 1ight-dark cycle would be required to substantiate this
conclusion.

' Female albino rats'also secreted growth hormone rhythmically, however, the
rises occurred more frequently than males and were of lower amplitude. The
pattern of growth hormone pulses was more eratic' than males and there was no
clear indication of entraimment to the estrus nor the ]1ght-dark cycle.
Pregnancy, parturition and suckling sighificantly altered the frequency and
amplitude of growth hormo:; rises and ebbs. Thus, the female rat was rejected
as a suitable model for further experiments because 1t did not fulfill the
criteria of constancy in the amplitude, frequency and entraimment of its
growth hormone secretory rhythm. '

v
Swimming stress suppressed pulsatile growth hormone secretion for up to 5

“ hours. Self-stimujation and passive-stimulation through electrodes in the

lateral hypothalamic-medial forebrain area also inhibited growth hormone
release, but levels rose quickly after cessation of stimulation. The growth
hormone responses to lateral hypothalamic activation could not be clearly

distinguished from the response to stress.
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Growth hormone suppression resulting from stress or lateral hypothalamic
stinulation could be due to release of Somatostatin, inhibition of a growth
hormone releasing factor, disruptiow of c?techolauinerg'lc neurotra'nsnpi ssion,
or ablwter‘ations in other. pept‘ldergi7 and/or aminergic systems. The purpose of
the next series of experiments (séction 111,A,1,2) was to determine (1) the *
role of somatostatin in spontaneous rhythmic growth hormone secretion i.e. are
the rises and ebbsbdue to 1ntem1ttent. release of somatostatin followed by
postinhibitory rebound or episodic rg1ease of a growth ‘hormone_ releasing
factor, and (2) wh;thqr supprgssion of this rhythm induced by swimming stres;
and lateral hypothalamic ;tir;ﬁlation is mediated by somatostatin. To this
end, male rats were passively imd'nized with antiserum to somatostatin and

their growth hormone responses to the aforecientioned stimuli were observed.
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II1. ROLE OF SOMATOSTATIN IN REGULATION OF GROWTH HORMONE SECRETION
" A EFFECTS OF PASSIVE IMMUNIZATION AGAINST SOMATOSTATIN ON GROWTH
HORMONE SECRETION . o | '
1. ANTISERUM TO SOMATOSTATIN PREVENTS STRESS-INDUCED INHIBITION OF
GROWTH HORMONE SECRETION IN THE RAT*.

ABSTRACT L s

Plasma growth h;rmone levels fall and remain low for several hours after
stress in the rat. When antisera to somatostatin are administered to rats
prior to stress, growth hoﬁmone éecretory pulses are partia11y restored, The
resu]ts provide evidence that circulating somatostatin plays a prominent role

in stress-1nduced 1nh1b1t1on of growth hormone secretion 1n the rat.

° [y

LS

INTRODUCTION .

‘érowth hormone (GH) secretion in the rat is characterized by‘pulsaii1e or &
episodic release (Mértin et al., 1974; Martin, 1976). ‘In freely-behaving, :
non-stressed male rats surges of GH secretion occur at intervals of 3.2 to 3.@"- .
hours, reaching plasma concentrations of 300 to 400 ng/ml (Tannenbaum and
Martin, 1976; Martin et al., 1975). Between bursts, levels of GH are
undetectable (< 10 ng/m1). The surges in GH are entra1ned to the light-dark
cycle with major secretory episodes occurring at 1030 to 1230- hours andiat '
1330 to 1500 hours when lightsi;urn on at-0600 hours (Tannenbaum and Martig:\\

1976; Martin et al., 1975; ’wﬂ/\oughby anﬁaﬁ:in, 1977) Pulsatile GH
| L R
f

*Terry et al., 1976b. ‘ N
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.surges are blocked.by adrlnistration of souatostatin (GH-release 1nh1biting
hormone), a tetradecapeptide 1so'l¢(ted from the hypotha%anus ( Brazeau et al.,
1973), and by bilateral lesions placed in the nypothalau\i& ventromedial nuclef
- ©  (Martin et al., 1974; Martin, 1976). 1
Stress in the rat results in ac?té inhibition of GH secretion (Schalch and
Reichlin, 1966; Takahashi et a‘l.. 197?; Kokka et al., 1972; Krulich et al.,
1972; Collu et al., 1973; Brown et al., 1974). We now report that stress
suppresses pﬁ]sati,le GH release for at least 5_hour~s and that antiserum to

< L somatostatin administered prior to stress'partfaﬂy restores the GH secretory

pattern.

‘ METHODS AND RESULTS

O Male Sprague-Dawley rats (300 to 350 ﬁ) were prepared with permanent
.indwelling intra-atrial catheters and adapted to ‘small isolation boxes to
.pem'iffrepeated blood sampling wi thqut disturbance to the an‘ima'l (Martin et
| al., 1974; Martin, 1976). This experimental procedure is important since even

minor stress, such as_handling, inhibits GH secretion (Brown and Martin, 1974;

1974; Martin, 1976).

Martin et al., Cage adaptation was carried out by

housing the animals in the isolation ¢chambers for a period of 48 to 72 hours
prior to sampling.. A1} animals had reached their presurg1cai- body weight
beﬂ;re study. 'E/ach rat was given, free access to water and Purinaprat chow;
the 1ight-dark (LD)‘cycle was 12:12, with lights on from 0600, to 1800 hours.
Blood samples (0.4 m1) were taken every 15 minutes from 0930 to 1500 hours to .

encompass two GH secretory episodes The plasma was separated and frozen; red
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U blood ceHs were resuSpended in ph_ysiologic saHne and returned to the aninul

,efter the removal of the next sample. This technique prevented a fa'ﬂ in

hematocrit and aﬂowed multi ple samp1es o be taken without hemodynamic
: di sturbande., P'Iasnia GH was measured in dupH cate samp'les by ;adioimunoassay
| - usi ng mater1als supplied by the Nat1ona1 Insti tute of Arthritis, Metabo]ism,
‘Diabetes and and Digestive Diseases*, ‘ .
To deveiop a model to study the effects of stress on. GH secretion, two'
~ different stressful condit‘lons were used. In’ the first, the effect of an
fntraperitoneal inJection ‘was eva'luated. Si%ormﬂ rats were ‘samp] ed for 5 A
hours ( 1020 to 1500 hours) on two separate occasions Three of the animals’
were first sampled without hand11ng and three were 1njected with 0.5 m] of
physiological saline 1ntraper1 toneaﬂy at 0830 hours. The sequence was ‘
reversed 2 to 4 days latér. The area encompassed by a sing1e GH secretory
; C} epi sode was calcmated by planimetry. In order.to standardize the
determ1 nation, a period of 3.5 hours was taken from the onset of each
§ ' secretory episode. Both saHne-i njected (Fig. 16A) and contro] groups had a
| n6‘r’1\na1 pulsatile pattern of GH release. Howeve-r, animals that were 1njected. -
had a significantly lower, mean i ntegrated GH level _(P < .05) compared to'th‘e '
noninjected group (62.9 + 7.2 compared to 105.6 + 12.5 ng/m\'per 3.5
hours)* (Table III). These results demonstrate that a minor stress %an

al ter the subsequent secretion of GH without éompleter aboHshi ng the

‘!n

pulsatile pattern.
In a second experiment, the effect of a more severe stress on GH secretion
was assessed. After the baseline blood samples were obtained ~each animal was’

removed from its’ iso’lation cage at 1000 hqurs,‘ placedl‘i na 1arge water bath at

. ®

A

. *Datx represented are means + SEM stati stical evaluetion was’ performed
Cl ) with student s t-test for paired and unpeired samples..
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37%. and forced to swim for 30 minutes. 'Each rat was then returned to the-

isolatwn cage and sampled for 3 5 to 5.0 hours.{ Six cbntrol rats Showed

-

.comp'lete suppresswn of, pulsatﬂe GH secretwn for up to 5.0 hours after

' stress, conf'nrmmg prekus reports (Schalch and Reichlin, 1966‘- Takaheshi et

1., 1971 Kokka et al., 1972; Krulich et al., 1972; CqHu e,t’ a] , 1973; Brown

et al. ., 1974;; Brown and Martm 1974) that acute st'ress causes inhibition of

"\ GH in the rat and demonstrating that this suppression is duw% to abolition of -

pulsatile 64 release.

.If the GH suppression to stress s médiated by vsoma‘\tostatin, we
hypothesizéd that its effects might be blocked or diminished by administration
of a{ large dose of antiserum to somatostatin. Two different a{/tisera:to
somat‘ost‘atin were uséd. One antiserum (AS 1) was generated ih normal rabbits
by mgectmg somatostatin conjugated to thyrog?obuhn and the second (AS 2)
by injecting somatostatin conjugated to bovine serum albumin. At a Q11ut1on
of 1122000 poth antisera bound more than 50 percent of 125I—]abeled '
“tyrosine-1 somatostatin and ‘at a dilution of 1:300 they bound more than 95

percent. The antisera were épgcific for somatostatin and showed no

+ cross-reactivity to thﬁxyotrophin releasing hormone, luteinizing hormone

releasing hormone, and various other small peptides. Three rats were given

" 1.0 ml each of AS 1 and three were given 1.0 ml of AS 2 intravenously through

the cannulae at 0830 hours. Control rats received normal rabbit serum. Each
anirrlla'l\was placed in the swimming tank from 1000 to 1030 hours anfi blood
~samp1es were taken every 15 minutes from 0930 to 1500 ‘hours.

'{’iasm’a GH levels were low (< 1Q ng(m]) in all animals: prior to stress.

Each of the six animals given antisera showed a partial restoration of

‘pulsatile GH secretion to above baseline levels within 15 minutes to 2.5 hours

:
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af%er stress (Fig. 166) . In contrast, the serum control group showed compléte

‘suppression of GH thronghout the sampling period (Fig. 168). Over the

3. 5-hour perfod, the mean integrated GH levels of Jnimls given the anti serms

were significantly greater (P < .01) than that of the control serum group

(25 § + 5,5 as compared to 7.6 + 1.3 ng/ml).  The mean 1nte§rated GH Tevels of

the group treated with antiserums to sontostat‘ln were si gniﬂcmﬂy lower (P
< ,005) than_those of the saline\-indected group (Table III).
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Table III.
rats injected with antiserum to somatostatin.

v

Integrated plasma GH levels in noustressed, saline—injected animals and in stressed .

1

i éerum:GH
Experimental group N . (ng/ml per 3.5 hours)* .
Nonstressed . 6 . 105.6 + 12.5%
Sealina’z—injected t oo . 6 o 62.94 7.2%
Stressed + normal rabbit serum 6 f/i.ﬁ + 1.3 .
Stressed + antiserum to spﬁatostatin !i - ‘25.5 + 5.58°

G
.

*Derived by calculating area under secretory curve.
pared to nonstressed.rats. §P < ,01 compared to
* P < ,005 compared to saline-tinjected rats,

?

by pla\imnetty. _ﬂﬁean +-8,E.M,
controls treated with normal rabbit seérum;

$F < .05 com—
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Fig. 16, Growth hormone secretion in individual unanesthetized
rats. (A) Plasma GH levels show typical pulsatile pattern in

saline~injected rat. (B)
- pulsatile GH secretion in

Stregs causes complete suppression of
animals first treated with normal rabbit

serum, Growth hormone levels remain low (< 10 ng/ml) for 4.5 hours

after stress. (C) Partial restoration of Gi pulses in rats treated
with antiserum to somatostatin. Two- dist:lncf.‘ GH surges are evident:
. 15 minutes and 225 minutes after stress. Values of plasma CH are

expressed in terms of the

rat GH referenc;/preparation No. 1

supplied by -National Institute of Arthritis, Mecabolism, and

Digestive Diseaaee .
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() . / " DISCUSSION » ' o
Somatostatin is present not only in the hypothalamus but also in l

extrahypothalamic brain reg1ons and in. pancreas, stomach and intest1ne
) (Brownste1n et a}., 197§; Patel et e}., 1975). iAdministration of
' Lpﬁarh)acoldgic doses of somatostatin inhibits GH in animals (Brazeau etral.,~
1974; Lovinger et a1., 1974; Martin, 1974 Buch et al., 1974).and man - (S11er,
et ‘al., 1973 Besser et al., 1974; Yen et a]., 974) and a1so suppresses

gTucagon, 1nsu1in secretin, and gastr1n secret1on (Gerich et a]., 1974 8loom

et al., 1974 Unger, 194). To quallfy as a hormone, ‘the pept1de must be

‘

demonstrated to have physio]og1c effects and to circulate  in the blood. Our
findings that two d1fferent ant1sera part1a11y restore the pulsat11e pattern
- of GH secret1on after- stress provide compelling evidence that somatostatin

‘:E plays a prmnwnent role/dn stress-1nduced 1nh1b1t1on of GH in the rat and -

A et Mot e i S e

suggest that th1s effect is due to c1rculat1ng somatostatin*, The fact that
plasma GH r1ses before stress were not- increased by the antiserum indicates

that the eplsodic pattern of GH secretion is not due solely to somatostatln

PO ——

. we be11eve th1s suggests that norma] pulsat1le surges of GH areé due to
o .
hypothalam1c release of H re1eas1ng factor.
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*Two. short commun1cat1ons that also 1nd1cate an effect.of antlserums to
somatostatin _on GH:secretion appeared after submission of this report.
Ferland &t als" (1976) reported that plasma GH levels in the rat rose two to
threefold after 1ngect}on of antiserum to somatostatin’without any effect on
the pu]satlle pattern. Arimura et’ al, (1976) found significantly higher
(i} levels of plasma GH .30 minutes after electroshock 1n animals first treated
with antiserum to somatostat1n s
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‘ \m. A, 2. THE EFFECTS OF LATERAL HYPOTHALAMIC-
. STIMULATION AND somnosm:ﬁu’ ANTISERUM ON PULSATILE GH.
FREELY-BEHAVING RATS: EVIDENCE FOR A DUAL REGULATORY MECHANISM*

\r
W ) .

"ABSTRACT .
1 - oy ' ‘\ - .
v :
The purpose of this investigation was to examine the role of somatostatin

L

(SRIF) and electrical stimulation of the 'lateral hypotha]amic—med'lal forebrain
bundle (LH-M-'B) on dynamics of pu'lsatile GH secretion in freely-behaving,
chronically cannulated male rats with implanted brain electrodes. The effects
of acﬂni nistration of antisomatostatin serum (AS¢SRIF) on pulstile GH and on
TSH and PRL secretion was also studied. The resul tsfqy be summarized as

follows: 1) circulati ng AS §RIF increases trough levels of GH in

freely-behaving rats,. bq; has no significant effect on the amplitude of GH z
secretory bur-sts‘ or mean GH' Tevels; 2) L_H-BI-'B' excitation can stimulate GH

release if delivered when ci rculating GH Tevels are jow; 3). LH-MFB stimulation
inhiBits secretion of GH'{if ‘given at the time of a siontaneous GH burst; 4)

stimulation-induced GH inhibition is prevented by pretreatment wi th AS-SRIF 3

" - suggesting that; this response is mediated by endogenous SRIF; and, 5) AS-SRIF

increases TSH secretion, but has no’effect on Prl.

These resuﬁ:s provide evidence to support the hypothesiQ:hat p‘i tuitary GHL
secretion is regulated by a combination of excitatory and inhfbitory
influences, the inhibitory .component of which is mediated by SRIF.

*Terry and Martin, 1981b.
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_Somatostatin (SRIF) has'beeh shown to inhibit GH and_ TSH secretion in a ' s
var1ety of species (Vale et al., 1977; Schally et al.. "1978). Previous L é’

studies in rats have shown'that pass1ve 1mmunizat1on with ant1sera to SRIF - ;U e
(AS-SRIF) prevented a decrease of GH secretion by. stress (Arimura e; al., . -
"1976; Terry et al., 1976b), reversed the starvatlon-1nduced depress1on in
plasma GH (Tannenbaum et al., 1978 ), increased basal or trough serym GH and . ‘
TSH levels (Ferland et al., 1976 1977, Terry et al., 1977b; Arimura and s ";;L
'°S;ha11y7 1976; Gordin et al., 1976; ghihara'et“al., 1978), and enhéncgd the ‘
Y TSH response to cold exposure (Eérland et al, 1976) or to TRH (Arimura ang ) r‘ 
- Schally, 1926; Gordin et al., 1976). Antisomatostatin serum a]so increased a '
basal aH levels in dogs (Schusdziarra et a)., 1978). Active 1mmun1zat10n L
¢:§ ) against SRIF in baboons (Steiner et al., 1978) or sheep ({(Varner et al. ‘}930) ’
“resulted in elevated-baseline GH secretion, Chihara et al., (1978) reported
that both GH and TSH responses to AS-SRIF required an intact med1él basal Co |
hypothalamus and that the TSH respogse to A§—SRIF was médiated by hypgthalamic
"TRH. Although there appears to Fe genera] agreement that system1c ﬁ'
“administration of AS—SRIF results in elevation of baseline or "trough® GH
levels ‘reports differ as to WWFt effect AS-SRIF has:on the amplitude and
frequency of GH secretory bursts and on overall mean plasma GH léVels {Ferland
et al., 1976; Steiner et a]., 1978)
It has beer suggested that  SRIF 1is 1nvo]ved in the phys1olog1dal control » i
;of basal GH secretion and- that episodic bursts of GH release may be due to the

Jhtermittgn; release of a“GH-rele&sing hormone (GHRH). fEhle et al. (1977)
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reported \Ehat" electrical stimu'latio‘n of the amygdala in conscious monkeys
produged an increase in plasma GH when the.levels were low; when 1éve15 were
high; GH- decreased as a result of stimulation. These results suggest that
amygdalar stfmu'lation delivered during periods of episodic. GH release results

-in suppression of GH secretion, possibly due to SRIF release\\an effect

potentiany reversible by pretreatment with AS-SRIF. Conversely, stimulation
duri ng a trough period, when GH ievels are low, 1ncreases GH secretion. This

effect could be due to GHRH release or to inhibition of SRIF release and

~ should not be affected by AS-SRIF.

The present study was designed to detemihe the rdle of SRIF in pulsatile
GH secretion in the rat under conditions known to elicit efther a stimulation
or 1'nh1bit10n of GH secretioq. E1egtr1ca1 stimulation of the lateral
hypothalamic-medial forebrain bundle  (LH-MFB) was previously shown by us to
cause inhibition of GH secretion when delivered during a spontaneous surge of
secretion (Terry and Martin, 1978a). The present results indicate that the
effects of such sthgulati on are dependent on the timing of delivery of the

.Stimulation in relation to the \spon‘taneous, episodic GH secretion. X
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MATERIALS AND METHODS

1. Character%zation of antiserum of SRIF

Antiserum to SRIF was generated in sheep and characterized by mexhod§
previously described (Rorstad et al., 1979b).
2. Animals and experimental design

Male Sprague-Dawley (Charles River) rats weighing 300-400g were housed at
constant temperatufe (22 + 19C) in individual cagesgkith free access to
laboratory chow and water during all experiments. The light-dark cycle was
maintained at i2:12h with 1ights on at 0600h. A1l animals were observed for 1
week prior to surgery. ’

Expe#%ment 1.) Animals, implanted with chronic indwelling cannulae placed

in the riéht atrium via the right external jugular vein were adapted to

isolation test chambers, using methods previously described (Terry and Martin,

L 1978). After recove}y of preoperative body weight (usually 1 week

tEEEtQEeratively) blood samples (0.4 ml) were withdrawn every 15 minutes for
period;\afjﬁh (1000-1600h). Each animal was sampled in the basal state (BL) 2
days before receiving 1 ml of antiserum to SRIF (AS-SRIF) or preimmune normal
sheep serum (NSS) iv at 0900h. This procedure allowed 2 sets of control data,
NSS and BL.' All blood samples were immediately centrifuged, anq the plasma
was separated and stored at —20°Q for subsequent assay. '
Experiment 2. Animals were mafntained and implanted with indwelling
cannulae as described in experiment-1, Monopolar nichromeyelectrodes (0.2 mm
diameter) with tapered exposed tips were sterotaxically implanted/in the right

lateral hypothaldmic-medial forebrain bundle (LH-MFB) using deGroot

4
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coordinates: ahterior, 4.4; lateral 1.4; ;1epth (5{?332 m, as previously
described (Terry an;! Martin, 1978a). One skull sc;'\g\w served as the
indi fferent electrode. Animals were observed daily B‘qstqperati vely and blood
samp1ing was not 1'"ni_t1‘ated until each had attaiped pre}grgical bo&y weight,

usually 7d. Blood samples were withdrawn every 15 m1nutés for periods of 6

1/2h (0930-1600h) in the basal state without stimulation (‘i\onstmulated

\ v

baseline control).
A model 7150 Muclear Chicago constant éurrent generator was used for all
stimulations and the pulses delivered were monitored on a Tekt nix

L=

oscilloscope. Stimulation parameters consisted of symmetrical, Yiphas‘lc
Each puls€

square waves delivered in 0.2 sec: trains at 400 pulsé pairs/sec. ‘
paif was 0.5-1.0 m sec 1n duration with a current of 100 uA. I:i?\ﬁdual rats
were placed in an isolation box and ellectr'rcal connectors and venous car.u_lulae
were assembled as dequ bed elsewhere (Terry and Martin, 1978a). The number
of stimulations delivered was counted electronically: Three days after the
non-stimulated baseline control, two blood salnplés we‘re removed at10939 and
0945 followed by administration of 1 ml of NS§ iv at 0950. A1l a;nimals were
stimulated at approximately 3800 stimuhtigns/h, similar to nonreiri'forcing‘
condi tions, as pre'»;'lously described (Terry and Martin, 197Ba). One @ur B
peribds of stimulation were delivered at 1030, 1230, and 1430h. On day 6,'1
ml of AS-SRIF was followed by electrical stimulation delivered in an identical
manner. ,
3. Antibody titers of ‘_rat “plasma after administration of SRIF-AS

Antibody titers in plasma of SRIF-AS-treated rats from experiment 1 were

assessed by determining the capacity of aliquots of rat plasma obtained lh.and
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1251 [Tyr:,ll SRIF, Plasma samples

7h aftgr SRIF-AS administration to bind
from each rat were dﬂutoed 1:20 in the RIA buffer (Rorstald et al., 1979a,b).
Binding to labeled SRIF was determined under the condiations used in the RIA
for SRIF (Rorstad et al., 1979a,b).

4. Hormone assays ‘ ]

Plasma GH, PRL and TSH frqm experiment 1 were measured in duplicate by RIA
using materials ki ndlyesuppHed by the National Pituitary Agency. Regults are
expressed in terms of the respective NIAMDD reference preparation. In -
exp:griment 2, only plasma GH was measureé. Aliquots of AS-SRIF were assayed
for GH," PRL and TSH. To examinebpossiblq interference in the double antibody

-~

RIA's by AS-SRIF or NSS, which was administered to the animals, ‘
hypophy sectomi zed rats were i njegted i vvwith 1 ml of AS-SRIF or NSS and bled
Th later. The serum obtained was tested to determine aw,§tfect on the

standard curves for GH, TSH and PRL. There 1s no cross-reactivity with’ ovine

GH.

<

5. Histological verification of electrode placement

‘At the end of the experiment 2, rats were anesthetiied with pehtobarbita‘l
and perfused with 10 percent formalin through the left ventricle. The brains
were removed and fixed in 10 percent f9r'ma1in and sucrose for 24h. Brain
sections (40 um) were cut on a cryotome, stained with a clresyl violet/thionin
solution and examined microscopicajly for electrode path and tip location.

6. Analysis of data .

Experiment 1. The unpaired Student's t-test was used é{) compare-mean 6!1 .
plasma levels of GH,"PRL and TSH, mean peak and trough 'level‘s of GH pulses a,,
between treatment groups, and mean SRIF binding capacity of the plasma.

4
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Experiment 2, The meané)]evel of GH was determined for the first
(1030-1130), second (1230-1330) and third (1430-1530) periods of stimulation
in AS-SRIF- and NSS-treated rats or non-stimulated baseline controls.
Statistical comparison was done using the unpaired Student's t-test.

k.

RESULTS
. L] ‘ .
Effect of AS~SRIF and NSS on pituitary hormone RIA'§_¢_
Sheep AS-SRIF c;)ntained a small amount of material reacting in the rGH
assay (3.6 + 0.1 ng/ml). Rat TSH and PRL were undetectable in the AS-SRIF.

The RIA standard curves for GH, TSH, and PRL were not displaced by serum from

" hypophysectomized rats that received AS-SRIF or NSS, indicating that the sheep

sera did ,nth\cause épurious values in these RIA's.

Effects of AS-SRIF on GH, TSH and PRL secretory profiles: Experiment 1.
Figure 17 shows the mean plasma GH levels of the AS-SRIF and NSS-treated

groups of rats. Both groups exhibited a pu]’saﬁt::ﬂe pattern of GH secr‘étion,
with most peak GH ya]ues' > 200 ng/ml and trough values < 7 ng/ml. GH profiles
of animals administered AS-SRIF indicated that surges of secretion occurred
ear]ierﬂthan in NSS—treated animals (1000 and 1300h vs 1100 and 1400h, /
respectively) and mean GH trough values in AS-SRIF treated rats did not fall
below 50 ng/ml1. Although AS-SRIF administration resulted in an elevation of -
the mean 6h GH level, the difference was not signifi;:ant when compared to BL
and NSS controls (122.4 + 21.4 vs 85.6 + 9.5 and 77.2 + 10.8 ng/m
respectively; Figure 18). 'The mean peak GH level after AS-SRIF was 404.2 *+

43,6 ng/ml, not significantly higher than NSS and BL controls, 359.2 *+ 62.3
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and 434.4 + 39.2, respectivé‘ly (Fig. 419). However, éhe mean trough levél of
GH was signif ic)ant'ly e1ev§ted in AS—SRIF-—tre;ted animals compared to cor;'tm‘ls
(16.5 + 5.3 vs 6.6 + 0.4 and 6.8 + 0.3 ng/ml; p < .005; Fig. 19). No h
significant differencel was observed in the GH secretory pattern between. BL and
NSS rats. -

‘Tr:e mean plasma TSH levels of AS-SRIF and NSS—-treated ammals are shown in
Figure 20. The mean 6h TSH level was increased significantly in AS-SRIF .
treated amma]s compared to BL and NSS controls (241.8 + 0.8 vs 136.2 + 4, 2
and 148.1 + 7.5 respectively; p < .001) as-illustrated in Figure 18.

In contrast, no difference was observed in the secretory profiles or mean
plasma PRL levels of AS-SRIF and contro) groups (Fig. 21)., The mean 6h PRL
Tevel of SRIF-AS—tv;eated rats was 4.9 * 0.8, not significgnt]y different from

BL and NSS animals, 4.3 + 0.6 and 3.3 * 0.3 ng/ml, respectively (Fig. 18).

EAY

L3

Effects of LH-MFB stimulation and AS-SRIF on GH segret}ion: Experiment 2
Typical episodic secretion of GH was observed in the ntzn-stimu]ated
baseline control group with peaks at 1115 and 1430 and a trough at
approximately 1300!2 (Fig. 22). LH-MFB stimulation in NSS—treated animals at
the initiation of or during a GH peak (1030—TT30h and 1430-1530h) restlted in
the suppression of GH secretmn to trough levels, whereas, stimulation during
the trough period (1230-1330h) resu]ted in the release of GH (Fig. 22).
Pretreatment with AS-SRIF antagonized the 1nh1b1tory effect of LH-MFB

stimulation on GH during peaks but had no effect on stimulation-induced GH

_release during trough periods (Fig. 22). These results are summarized in

Figure 23. Mean plasma GH was significantly lowered below the baseline
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) control by LH-IFB stimulation dur'!ng secretory bursts at’ 1030 and 1430h, an ,
effect that was prevented by AS-SRIF admini stration. Conversely, mean plasma ,
GH was e1eVated significanﬂy above baseline by stilulati on dur'l ng the trough |
period at 1230h “in N§S- and AS-SRIF-treated animals with no. signi ficant
di fferen:\ e between the two treatmentﬂ groups.
' CNe T ‘ .

o~

Antiserum to SRIF in plasma
The’ mean p1asma. binding capacity of. 125! L'Tyrll SRIF by a 1/20

d1'lut10n of plasma from experiment 1 at Th post-AS-SRIF treatment was 56. 5 +

1.5 percent, significantly less than at Th, 64.0 + 1.4 percent (p < .01,

n=6). When compared to titers of anﬂ serum used in the RIA, the b1nd1ng —

capacities of these samples were equivalent to 1:200 at 1h and 1/620 at 7h.

Althbgigh the 1;1 nding capacity ;t 7h’ was signi fi‘can't'!y less, 1t remained hi gh.

©

Histological verification of electrodes

Electrode tips were located in-LH-MFB region similar to. ‘studies“previ ously

reported (Terry and Martin, 1978a). K o
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Fig. 1¥. Effects of an iv injection of AS-SRIF at 0900h on
mean plasma GH in freely-behaving, chronically cannulated
male rats. Top, Typical pulsatile GH secretion is evident
in NSS-treated rats. - Bottom, AS-SRI¥ results in elevated

trough levels. Vertical lines represent SEM. Number of
animals in each group is shown in parentheses.
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'‘Fig. 18. Mean.6h plasma GH, TSH, and PRL levels in
‘ untreated (baseline), NSS-, and AS-SRIP-treated rats.
' The mean .6h plasma TSH (middle) was increased signif- \ -
) icantly (p < .001) in AS-SRIF-treated animals. ,

Although mean plasma GH (left) was higher after AS-SRIF,-
* the increasé was not significant. Mean plasma PRL (right)

was unaffected. Numbers of samples in each group are -

shown in parentheses. TVertical bars _represent SEM,
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Fig. 19. Effect of AS-SRIF on mean peak and trough GH

levels.

Left, The mean peak level of GH was not affected

by AS-SRIF.

Right, The mean trough GH level was increased’

significantly (p <..005) by administration of AS-SRIF.

“ Vertical lines represent SEM. Number of sa_mples‘ln each

group is shown in parentheses.
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. Fig. 20. Effects of an iv injection of AS~SRIF at 0900h on
mean plasma TSH in freely-behaving, chronically canmnulated
rats, Top, Normal 6h TSH secretory pattern in NSS-treated
rats. Bottom, Increased TSH secretion in AS-SRIF-treated
animals, an effect that is host pronounced lh after injection.
Numbers of.animals in each group are showm in parentheses.
Vertical bars represent SEM.
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Fig. 21.° Effects of an iv injection of AS-SRIF on mean plasma PRL in
freely-behaving, chronically cannulated male rats. Top, Normal 6h
PRL secretory profile in the NSS-treated group; Bottom, AS=SRIF had
no significant effect on the 6h PRL secretory pattern.. Vertical

bars represent SEM. Numbers in parentheses indicate the number of | -

aninf:als in each group.
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Fig. 22. Effects of LH-MFB stimulation and AS~SRIF on mean plasma GH
in freely-behaving, chronically cannulated male rats. Top, Typical
pulsatile GH secretion is evident in the non-gtimulated baseline
control group. Middle, stimulation at 1030 and 1430h suppresses
episodic CH; whereas, stimulation at 1230h results in GH release - N .
above trough levels. Bottom, pretreatment with AS~SRIF ant:agonizes
stimulation~induced GH suppression at 1030 and 1430h, but ‘has no
effect on increased GH secretion resulting from stimulation at 1230h.
Arrows indicate the administration of NSS or AS~SRIF at 0950h, Cross-
hatched squares represent hourly periods of stimulation and the
enclosed number indicate the number of stimulations/h. Vertical bars
represent SEM and numbers in parentheses indicate the number of :
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Fig.c 23. Effects of AS-SRIF on mean.plasma GH during hourly“

Stimulation dyring secretory

episodes (1030-1130 and 1430-1530h) in NS$-treated animals
results in suppression of GH (*p < .001), an effect reversible

by AS-SRIF.

The antagonistic effect of AS~SRIF on stimulation-

induced GH suppression was less promeunced ($p < .02) during the

8econd secretory episode.
period (1230-1330h) induced GH secretion (+p < .05); this effect

was not influenced by AS-SRIF.

LH-MFB excitation during a trough

Vertical bars represent SEM and

numbers in parentheses indicate number of samples.
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DISCUSSION

The present study indicates that passive immunization with AS-SRIF
increases base‘Hn& or trough GH levels in freer;behaving rats without

significantly affecting the amplitude of GH secretory episodes 'and overall

S

mean plasma GH. Several investigators have repor:ted increased basal serum GH

in response to circulaAting AS-SRIF (Fer]ar!d et al., 1976, 1977; Terry et al.,
1977b; Chihara et al., 1978a), and our results confimgthese studies. GRH and
TSH responses to AS-SRIF require an intact medial basal hypothalamus (Chf;\ara
etlal., 1978b); therefore, it 1s most likely that the GH response to AS-SRIF
is due to the binding of $RIF released into the portal cirr;ulation from the

median eminence. Reports d1 ffer as to the effect of AS-SRIF on GH secretory

bursts and mean plasma GH level. Ferland et al. (1976) observed a 2-3 fold

.increase in the amplitude of GH secretory peaks after AS-SRIF adn'l nistration _

to unanesthet?zed rats. It is possib]e that in these experiments suff1c1 ent

time had. not elapsed from surgery to samp1i ng to permit recovery of normal

episodic GH secretion. Varnei.et al, (1980) reported similar effects on GH

.secretory spikes and an increase in the overall serum GH in sheep {mmunized

against SRIF. “In contrast, Steiner et al. (1978)’ found a marked diminution in
episodic GH burslts and ‘no_‘;i?fference in the. to>ta1,1 ntegrated 12h GH secretion
in baboons after active immunization against SRIF. These conflicting results
could be explained by the confounding effects of fasting, cannulation stress,
anesthetics, passive (acute) vs active (chronic) immunization against

circ_uhti ng SRIF, species ;H fferences ‘1n the temporal fpattern of GH secretion,
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or the variabitity in GH levels and 1imited number of animals. Data from the
present éxpeg"lments support the hypothesis that trough periods of diminished
GH secretion are the result of episodic SRIF release.

Previous studies from this laboratory showed that electrical stimulation

. in suppresgion of GH (Terry and Martin, 1978a). The results of the present’ .
study suggest that activation of the LH-MFB, an area known to contain
ascending monoaminergic pathways (Moore and Bloom, 1978, 1975; Hokfeft et al.,
1978), causes rapid inhibition of GH secretion when levels are high. A

o - similar effect on GH was observed after amygdalar stimulation in conéciousl

monkeys (Ehle et al., 1977) and in anesthetized rats’ ”(Martin et al., 1972).
This effect may have been the result of the stimulation-induced GHRH release

C}\ and/or inhibition of SRIF release and was not ,altere'd' b:y administration of
AS-SRIF. Taken together, these Lresu1 ts provide evidence to support 'ghe
hypothesis that GH is regulated by the episodic secretion of at least two
hypothalamic bypophysiotropic hormones, (;ne inhibitory and the ther
excitatory, the {nhibitory component of which is mediated-by SRIF.. The
possibility also exists that circulating GH may have feedback effects to
reguIa;e cychj?p( that this might influence r,espo'nsés to stimmation of

gion. ‘

the séme brain

-

In tﬁj s study we also observed that the iv 1nJeci:10n of AS-SRIF caused a

si gnifi::anf 1ncreasé in the mean 6h TSH 1ev/e1 . , There was no discernib]e‘:
effect on episodic TSH secretion. This ‘sugges“is Fhat‘ SRIF exerts a
physiologicany’ important inhibitory e%fect on TSH secretion. It f;as been
shown that hypothalamic destruction or pretreatment w‘l‘th anti-TRH a_béH shed

-
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the TSH response to AS-SRIF (Chihara et al., 1978). therefore, it ap’pears that

the 1 phibi tory effect of SRIF on TSH is dependent on stimnation by TRH.,

| Serum PRL was unaffected by AS-SRIF, suggesting that SRIF is not involved in

‘the regulation of PRL secretion. -

It is 'possib‘le tﬁat the decline in both GH and TSH aftgr AS-SRIF was ‘du,e

to a decrease in tﬁe neutralizing- effectfv;ness of AS-SRIF after 6 hour;s of ./

2 #

myl ti p'le sampling. To effect couplete 1munoneutralization of. ¢irculat1ng

SRIF ‘for extended periods, sm]‘l amounts of AS-SRIF could. be adlinfstered

-

after removal of each bllo_odﬁ_samp'le.
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3. CONCLUSIONS
Results of these experiments support the hypothesis that spontaneous

‘ rhythmiq grbwth hormone secretion is determined by a combination of excitatory

and inhibitory influences, the 1nh1b1_tory— component of wh'lgjl is mediated by
somatostatin. Circulating somatostati:l ant'ls;rmn 1ncreas?d the amplitude of
growth hormone ebbs, but had no signific);nt effect on the magnitude of growti;
hormone rises qr mean levels. Furthermore, stress- and stimulation-induced
growth hormone. suppression was prevented by p,retreatment ‘with somatostatin
antisera, suggesﬂt’lpg that this response is mediated by endogenous

somit'ostati n. Interestingly, 1;£éra1 hypothalamic stimulation during growth

" hormone ebbs I;:aused g';owth hormone release. ’ This effect was not augmented by
somatostatip antiserum, suggesting it was due to a growth hormone releasing
factor or stimulation of such By enhanced catecholamine release.’

Although these studies indicate that somatostatin has an i“mportant
ey 4 , s

: ;
T E o

Vl.mfu‘rlfct'l on in growth hormone regulation, they do not define the pathways

1nvpl ved in this pmbcess. Hence, the next'sequence of experiments (section
IIIfB,1,2,3) were devised to define the site of origin of -hypothalamic |

somatostatin and determi ﬁe the effects of étress and hypophysectomy on: Tevels

€

of this peptide in discrete hypothalamic and extrahypothalamic sites.
) @
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CENTRAL SOMATOSTATINERGIC PATHWAYS INVOLVED IN REGULATION
0F GROWTH HORMONE SECRETION

1
w

IIT. B. 1. BIOCHEMICAL MAPPING OF SOMATOSTATINERGIC SYSTEMS IN RAT BRAIN:
EFFECTS OF PERIVENTRICULAR HYPOTHALAMIC AND MEDIAL BASAL AMYGDALOID LESIONS ON
SOMATOSTATIN-LIKE IMMUNOREACTIVITY IN DISCRETE BRAIN NUCLEI*

ABSTRACT
Immunohistochemical studies have demonstrated the presence of somatostatin
(growth hormone release-inhibiting factor)-pesitive cell bodies in the
periventricular nucleus of the hypothalamus and in the medial-basal amygdala.
In order to map biochemically the projeétigns of these cgll groups, :
e}ectrolytic lesions were made in these s£:uctures and somatostatin was
measured by radioimmunoassay in microdissected brain nuclei. Bilateral’

destruction of the periventricular nucleus significantly decreased

.somatostatin-1ike immunoreactivity (SLI) in the median eminence, and in the

rostral periventficu]ar, medial preoptic¢ and arcuafé nuclei. Bilateral
lesions placed in the medial-basal amygdala significantly decréased SLI in the
medianleminence and suprachiasmatic nucleus. . Similar deplé{ﬁons were observéd
fo]1owingllesjons of the st#ia(terminalis.' These results suggest that both
the periventricular and amyggsjoiﬁ\somatostatin sy;tems may participate in the
regq]ation of growth hormone secretion via their projeciions to the median

\

eminence and other hypothalamic nuclei.

~2

*Crowley'and Terry, 1981a
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INTRODUCTION

There {is substantial evidence that somatostatin, (growth hormone

‘release-inhibiting factor) a tetradecapeptide present in brain and in several

peripheral tissues, cqnstifg}:es an important regulatory 1n1;1uence on the
secretion of growth hormone (GH) from the anterior pituitary gland.
Somatostatin suppresseks tbe normal pulsatile release of GH (Martin et al.,
1974) and antagonizes the discharge of GH elicited by ’a‘variety of
experimental manipulations in rats and other species (Martin, 1976; Martin et
al., 1978a). It is likely that somatostatin interacts with other neural and
hormonal systems in the overall physiological control of GH s.ecretion.

There are numerous reparts on the regional localization of somatostatin
within the central nervous system, using immunocytochemical techniques (Alpert
et al., 1976; Baker and Yu, 1976; Dube et al., 1975; Elde and Parsons, 1975;
Hokfelt et at., 1975, 1978; Parsons et al., 1976; Setalo et al., 1975) and
bioassay or radioimunoassaj; of microdi ssected brain areas (Browstein et al.,
1975; Epelbaum et al., 1975; Palkovits et al., 1976; Roistad et all., 1979b).
With these approaches, the highest conceni?rations of somatostatin-like
immunoreactivity (SLI) are observéd in the median eminence, and lower, but
significant, amounts are also present _wifhin the breoptic area, me‘u{ﬁi}'basa]
hypothalamus and amygdala. Immunohistochemical studies have shown thﬁi’. these
regions predominantly contain somatostatin-positive fibers and nerve
terminals, while SLI-containing cell bodfes appear to be clustered within the
periventrigular hypothalamic nucleus, medial, cortical and basomedial
anygdaloid nuclei ,Werta, intersti tigl nucleus of the stria terminaﬁs

—
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: -and hippocampus (Alpert et al., 1976; Baker and Yu, 1976; Dube et al., 1975;
_ Elde_and Parsons, 1975; Hokfelt et al., 1975, 1978; Parsons et al., 1976;
Setalo et al., 1975). ‘( - . '

It has been suggested that the somatostatin in the :ﬁe@ian eminence derives
from cells locatged mor;e rdstrany because "large 1esions‘ of the preoptic area
and anterior hypothalamus mariiedly decm;ase somatostatin in t.his,st:‘ucture
(Critchlow et al., 1978; Epelbaum et al., ]977“!’, Moreover, total or frontal
deafferentation of the medial basal hypothalamus reduces SLI within this
fragment (Brownstein et al., 1977; Epelbaum et al., 1977b). It is unclear at
pr;esent whether these effects are due to destruction of the periventricular
hypothalamic somatostatin system or to interruption of somatostatin-
éontain‘lng fibers from otli:er forebrain structures, or both.

The objective of the present investigation was to define more precisely
the specific pﬂrojection patterns of the anterior periventricular hypothalamic
and media]-basﬂ amygdaloid soinatostatin:positive cell groups by employing the
biochemical mapping approach (kbbayashi et al., 1974; 0'Donohue et al., ‘
‘1979). ‘ To this end, discrete "lesions were plaéed in these areas, accordi ng to
stereotaxic somatostatin mapping (Hokfelt et al., 1978), and SLI was _ .
determined in i nd;lvidual bra1~n nucled that-were microdissected from the

hypothalamus and other forebrain structures..
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METHODS

Animals
Adult, male Sprague-Dawley rats, 200-250 g body weight, were obtained from
Harlan Industries (Indianapolis, Ind.). Animals were housed in groups of 5

and maintainéd on a 14h light, 10h dark schedule and ad Iib food and water,

Surgery ' C ' ‘ ;
Anil}lals were anesthetized with chloral hydrate and bIaced in a Stoeiting
stereotaxic apparatus, with the top of the incisor bar 23 mm from the surface
of the animal platform. In one experiment, bilateral electrolytic lesions
were placed in the per1ventr1cu'lar hyboihalamic ﬁucleus at the level of the
periventricular nucleus. This corresponds to the locat'lon of periventricular
cells that display somatostatin—er 1munof1uorescence (Hokfelt et al.
1978). The coordinates were 6.8 mn anterior to the 1nteraqr1cu1ar-11ne; 7.0
mm ventral to the dural surface, and the electrode was lowered in the
mid-line. The lesions wére made by passing 2 mA current from a Pulsar 6bp
stimulator {Frederick Haer, Brunsmck Me. ) for'5 sec to a Z4—gauge |
platinum-iridium electrode that had al lmgf ip exposed.- For sham-operated

T e

animals, the electrode was lowered to 4 mmi beneath the dural surface and no

current was passed.
In a second experiment, bilateral éTectr lytic lesions were 'placed either

in the medial-basal amygdaloid area or in the stria terminalis. The amygdaloid .

placement corresponds to the location of cells show{ng somatostatin-1ike '

immunofluorescence (Hokfelt et al., 1978), while lesions of the stria
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termi nalis interrupt a major amygdaloid efferent pathway . For thé amygdaloid

placement, the coordinates were 6.0 mn anterior; 3.3 my lateral and 8.0 mm
ventral. 'For the stria ;:emi ;tali s placement, the coordinates were 6.0 mm
anterior, 3.4 mm lateral and- 3.8 om venﬁa]., For each lesion, 8 mA current
was passed for 5 sec. - Sham-operated animals had the ‘electrode lt;wered Just’

dorsal to "the medial amngah; and no Gurrent was passed. .

Microdissection of brain regions

After one ‘week's‘recovery from surgery, all animals were decapifated and
their brains removed rapidly and frozen with powdered dry ice. S$erial coronal
sections, 300 um thick, were cut in a m‘icrotbme cryostat at -7°C and frozen
onto microscope slides. Sections of 50 um thickness were cut through the
extent of the lesion and stained with thionin.for histological evaluation.
Only animals bearing "correct’ly placed iesions were used for fur-th’er study.
Individual brain nuclei were removed with stainlegs Eteel cannulae as [/
described previously (Palkovits et al., 1975). Table IV provides further
details of the mi crodissection prdcedure. Tissue specimens were expelled into
50 u1 of ice cold 1 N HC1 and sonfcated for approximately 3 sec. Aliquots of

5-10 41 were removed for analysis of protein content (Lowry et al., 1951).

The remaining homogenate was stored at -90% until somatostatin was measured.

’

Somatostatin radio'lmunoassqy (RIA)

The somatostatin content of tissue samples was’ detemi ned by a specific

RIA as described elsewhere (Rorstad et al., 1?79a,b). Synthetic cyclic

11

somatostatin and Tyr" -somatostatin were purchased from Bachem (Torrance,
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Calif.). The purity of each pepfﬁdE was verified by high pfessure liquid
chromatography (éourtesy of Dr. D. Desiderio) and amino acid analysis

(courtesy of Dr.-A. Kang). Iyrll-somato§tatin was radioiodinated by a

' ' ‘modification (Rorstad et al., 1979) of the method of Greenwood et al. (1963)
and stored iﬁ-pliqubts at‘-90°C. The radioiodinated product was purified by
iop-exchange chromatography on a column of carboxymethyl cellulose (CM-52,
Whatman, Clifton, N.J.) By a previously described method (Arimura et 51.,
1975; Rorstad et a1:, 1979a,b). Sdaernatants of the homogenates were
neutralized with 1 N sodium hydroxide and 0:1 M sodium phosphate. Median
eminence extracts were diluted 1:15 in the assay buffer, and the other regions
were'measured undiluted. Samples of 10 ul were assayed for SLI in

triplicate. Individual samples from the same region of lesioned and

(} sham-operated animals were measured for SLI in the same assay to eliminate

between-assay variation.

\

Sheep B-antisomatostatin (Rorstad et al., 1979a,b) bound 32.8 * 2.1% of
1251_1abeted Tyr!! somatostatin at a final dilution of 1:150,000. The

s o e i e o

minimal detectable concentration of the RIA was 10.2 pg/tube. The

§
within-assay coefficients of variation for samples that contained means of 78 .

=~

and 242 pg/tube somatostatin were, respectjve]y, 8.1 (n = 12) and 12.8 (n
' . =12); The between-assay coefficients of variation of samples that contained
-means of 52, 106 and 194 pg/tube were {2.4, 10.6 and 11.8, respectively (23 -
assays). There was no interference by other h}pothalamic pep;ides (Rbrstad et
al., 1979). The displacement curve of mediaq eminence extracts was shown to
be parallel to the standard curve, indicating immunologic similarity. It has
- been shown previously that SLi from acid extracts of median eminence, anterior

hypothalamus, and amygdala'are biologically active (Rorgtad et al., 1979a,b).
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RESULTS

-
¢

Experiment 1: effects of periventricular hypothaldnic lasions

Table V presents somatostatin concentrations in 12 brain nuc']gi,from

‘sham-oﬁerated animals and animals with periventricular lesions. These data

were analyzed by t:lnpair:ed Stu'dent's t-tests. Bflateral destruction of the
periventricular hucleus significantly decreased the ;eve'ls of .
somatostatin-11ke immunoreactivity in the median eminence (<72 percent), in
the arcuate (-850 percent) and med'l‘al preoptic nuclei (-33 perc'ent‘), and “in the
periventricular nucleus immédiately rostral-to the lesion (-43 percent). No
changes in somatostatin concentration were~noted in the ventromedial nucleus,
or in tﬁe other telencephalic and mesencephalic structures dissected.

Fig. -24A depicts a typical anterior periventricular lesion. In the
animals used in this study, damage was largely limited to the periventricular
nucl%us, with 1ittle or no involvement of the adjacent medial preoptic,
paraventricular or anterior hypothalamic nuc1he1 or the median eminence.

-

Experiment 2: effects of medial-basal amygdaloid ;and stria terminalis lesions

( Table VI presents somatostatin concentrations 1n'8 brain nuclei after

medi;]-basél amygdaloid, stria‘ terminalis or sham lesions.’ Lestfons'c;f the
medial amygdala significantly réduced somatostatin-1ike 1munoreac'c1v1ty in
the median eminence (-36 percent) and 1n the suprachiasmatic nucleus ( 28

percent). These effects were mimi cked by transection of the stria terminalis

A{Table VI). However; neither lesion affected ;hé soatostatin content of the
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caudate, interstitial stria terwinalis, medial preoptic, periventricular,
ventrmdm or arcuate nuclei. '
Fig. 24b,c shows the extent: of ti ssue dmge fol Ioutng typical

medial- lnsa‘l unygdaloid and stria teminﬂis lesions. The amygdaloid lesions

usual‘ly destroyed most of the medial, basomedfal and cortical "amygdaloid

r;uclei and occgsionaﬂiy damaged parts of the central .and lateral amygdaloid
riucl*ei. Lesions of thewstrfa terminalis tended to be smaller, and usually

imi‘mv,ed the adfacent fimbrfa, internal capsule and dorsolatéral thalamus.
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Table IV z
- . Microdissection of discrete brain regions . o , S e
' -Brain Region ' ) ) No. Punches/brain . Cannula’ size &mm) Appfoxiiate
. - coordinates (uM)*
N. caudatus 2 1.0 A8920 - .
N. accumbens 4 — 0.5 e Aé920
N. interstitialis st£iae terminalis 4 0.5 _ A6860
_ . N. preopticus medialis 2 0.75 A6860 ' .
3 N. periventricularis 4 0.5 A6360, A6060 |,
N. suprachiasmaticus 4 C .o 0.3 " A6360, 'A6060
- N.  ventromedialis 4 1 0.5 A4620
; N. arcuatus 6 ' ' .0.3 A4620-A4110
Median eminence 3. 0.5  A4630-A4110
N. amygdaloideus medialis 4 0.5 . A4620, A4380 ,
N. amygdaloideus centralis 4 0.5 - A4620, A4380 A
N. interpeduncularis ! 2 i + 0.75 Al.8, Al.4
Central gray 4 . 0.5 ’ Al1.8, Al.4

. ! : - - [ i
" *%(Based on refs.: Jacobowitz and Polkovits 1974; Palkovits and Jacobowitz 1974)
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Table V

Effects of lesions in the periventricular nucleus on soqiatostatin-like immunoreactivity (SLI) in selected

brain nuclei in male rats

-

~

};’\v

Brain region

SLI (pg/ug protein + S.E.M,)

’

Sham (n = 9) Léesion (n = 9)

N. caudatus 2.4+ 0.5 3.0+ 0.25 %
N. accumbens | 4.4+ 0,9 5.3+ 0.7 S " )
N. interstitialis striae terminalis 15.1 + 1.4 13,3 + ‘1.2 ] '
N. preopticus ui'edi\alis 4.5+ 2,0 9.7+ 1.3% - o ~ |
N. periventricularis 21.2 + 2.7 11.8 + 1.84% ’
N. ventromedialis 25.1+ 5.1 j 18,6 + 2.4
N. arcuatus 81.2 +.13.1 41.0 + ’3.8** .
Median eminence 599.2 + 98.6 169,5 + 45,84k ]
N. amygdaloiéeus medialis 12,3 + 1.3 9.2+ 1.4
N. amygdaloideus centralis 10.4 + 1.5 11.4 + 1.0 o
N. interpeduncularis , 1.3+ 0.1 2.0 + 0.6 R
Central gray . ‘ 5.5+ 0,7 6.5+ 0,8 o
*P < 0,05; **P.< 0.01; ***P < 0,001 vs sham, based on Student's t-tests.

. i . . . |

|
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Table VI : R

ES . : ‘
Effect§ of medial-basal amygdaloid or stria terminalis lesions on s tostatin-like immunoreactivity
{SLI) in selected brain puclei in male rats .

b

) . SLI (pg/ ug:&iinﬁ)ﬂﬂ ) d

Brain region . Sham (n = 10) Egdala l‘e:;on Stria terﬁiﬂalfg :
. o ’ : (p = 13) . lesion (n = 7)
N. caudatus . 6.4 + 0.7 6.9+ 0.5 6.3+ 1.0 ° , C d
N. interstitialis stri} rerminalis 20.8 + 1.0, 19.6 + 1,5 . 18.2+ 2,5. - b
. N. preopticus medialis 20.9 + 4.8 28.3 + 4.5 19,4 + 4.7 ‘
S N. periventricularis " 46.6 + 4.6 46,8 + 4,5 40.5 + 4.6
f. suprachiasmaricus 18.1 + 2.0 13.0 4. 1.4% . 12,74+ L. r
N ventromedialis . 64.5 + 7.3 53:4 + 5.9 61.6 + 8.9 - »
N. arcuatus ; - 223.1 + 18.1 181.6 + 24.4 266.8 + 10.0 S ’
Medisn eminence " 899.4 + 89.9 575.1 + 79.4% 584.4 + 74.7% .

*P < 0.05 vs sham, baseq.on single factor énalysis of variance and Newman—feuls tests.

~
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' the per'lventricular nucleus (A'lper't et al.,,1976 Hokfelt et al., 1978),

o

DISCUSSION- T : i
¢ A.
The resul ts of the present stully indicate that the hypothalamic
]

somatostatin-positive ce‘l‘l group, demnstrated inmUnoh'i stochenfca'l]y to be in

appears to be the. the source of approximately two-th1 rds of the somatostatin
fn the- median eminence and of approximately 50 percent of the somatostatin in. '
the arcuate nucleus. These findings suggest that the decr‘ease in SLI observed

in the median eminence after Iarge hypathaTamic lesions or frontal S

‘deaff'erentation in earlier studies (Brownste'ln et al., 1977; Critchlow et al.,

© 1978; Epelbaum et al., 1977b) may be attributable in part"t;o destruction of

this periventricular system. However, the use of the microdi s'svect'iﬂon

’

technique in the present study has also revealed that the s“oﬁatosigati n present’

' n the adjacent ve'nt;;'omedia'l nucleus probably de}'ives from- other sources

+ the anteri orr' hypothalamus mi th decrease further the SLI in this area. B

because neither perﬂentricular nor amygdala lesions affected the SLI of thi s |

structure. However, it still cannot be excluded that more extensive damage to

The present data also. raise the possibility that these periventricular

cells send proJecti.ons in the anterior direction becduse their destruction

" significantly decreased SLI in the periventr'icular nuc'leus rostra'l to the

lesion and in the medial preoptic nuc1eus This is cnnsistent with the

. resul,ts of previous studies (Epelbaum et al., 1977b), showjng that

I et o)

ventromedial hypothalamic lesions or deafferentation of the medial-basal .

hypothalamus Tower the somatostatin content of the preoptic area.

b )

4
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The present study is the first report on the possible projectiéns of the
1nmunohis'tochem1c;'l iy identified medial—basal'amygdaloiq somatostati ri-posi tive
cell groﬁpQ It was originally hypothesized that leslions of this region would
decrease SLI in t~he interstitial nucleus of t;1e stria terminalis, medial

preoptic and ventromedial nuclei, areas.known to receive amygdaloid efferents

“from the stria terminalis (De 0Imos and I ﬁgram, 1972)." However, no decreases

of SLI were obServef:I in these areas following amygdaloid or stria ter,n;rl nalis
lesions, and identification of their sources of somatostati n require§ further
investigation. It was unexpected that bilateral destruction of the.ngtedial w
amygdala would decrease SLI in the median eminence and suprachi asmati‘c
nucleus. To the alfthor's knowledge; there are no reports of amygda!oii d
projections to these regions, and therefore, the present results should be
interpreted with‘ca"ution. However, s'imﬂar depletions of SLI in these nuclei
were observed following interruption of the stria temrlnaHs;, ‘1mpHcat1 ng this
tract as the route for these putative somatostatinergic amygdalo-hypothalamic
projections. "1t is suggested that thé previously described (Brownstein et al.
1977; Critchlow et al., 1978; Epelbaum et al., 1977h) effects on somatostatin
of rostral hypothaTamic lesions an{ edial-basal hypothalamic deafferentation
may be due in part to interrt)ption of fibers of amygdaloid origin{ as well as

to periventricular hypotha]amic damage.

It is interesting to note that besides somatostatin, there is evidence

!a\ .,u}‘

that the stria terminalis carries(;net-enkephaﬁn, neurotensin (Uhl eﬁ al.,

’“--ﬁ

P
1978), and a-melanotropin-containing (0'Donohue et al., 1979) fi bers. Thus, ~

this tract may contain several peptidergic systes involved in
Timbic-hypothalamic function. . P

.
0 . ~
P
.
.
.
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The present findings that both the amygdala and periventricular nucleus
contriﬁute somatostatin to the median eminence, where presumably it is -
released to affect GH secretion, is consistent wjth studies;on the involvement
of these brain regions in control of growth hormone (GH) secretion. For
example, GH ;ecretion is facilitated by medial preoptic legions and is
diminished by stimulation of this area (Epelbaum et at., 1977b; Martin et al.,
1975). Basal GH release is also decreased by stimulation of the medial
amygdala (Martin, et al., 1974b). In addition, the suppression of GH
secretion by stress is prevented by either medial preoptic lesions (Rice et
al., 1978) or by passive immunization with antisomatostatin (Arimura et al.,
1976; Terry et al., 1976b). Therefore, it is possible that these experimental
manipulations affect GH release by interacting with the somatostatinergic
systems tentatively identified in the present study. Further experiments are
tn progress to test this possibility and to determine the origin and
fufictional significance of the somatostatin present in other forebrain

structures.

1% g

%
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I1I. B, 2. THE EFFECT OF HYPOPHYSECTOMY ON SOMATOSTATIN-LIKE IMMUNOREACTIVITY
IN DISCRETE HYPbTHALAM[C AND EXTRAHYPOTHALAMIC NUCLEI*

ABSTRACT

Several hypothalamic and extrahypothalamic sfte,s that have high
concentrations.of somatostatin-positive nerve terminals and/or ¢ell bodies are
important in the regulation of GH secretion. GH fs capable of inhibiting its
own secretion under certain prescribed conditions, and a short loop feedback
regulatory mechanism may Mvéﬁre somatostatinergic pathways. The purpose of
this investigation was to determine the effect of removal of GH by
hypophysectomy on the content of somatostatin-1ike immunoreactivity.(SLI) in
di screte hypothalamic and extrahypothalamic nuclei.

Individual nuclei were removed from frozen brain sections of
hypophysectomized and shamoop'erat;ed male rats. The tissue contént of
somatosta'tin was determined by a specific RIA.  The content of SLI in the
median eminence of hypophysectomized animals was significantly reduced by 38
percent, compared to sham-operated controls (278 + 53,2 vs 4;&7.0 + 57.4 pg/ug
protein, respectively). Significant reductions of SLI in the medial preoptic
(50 percent), arcuate (33 percent), and periventricular (30 percent) nuclei ’
were also observed in hypophysectomized animals when compared to controls
(10.2 + 1.6 vs 20.0 + 3.0; 60.2 + 8.2 vs 89.8 + 13.3; and 19.4 + 1:8 vs 27.8 +
3.1 pg/ug protein, respectively). No significant changes were detected in the
ventromedial, suprachiasmatic, med?a'l. central, or cortical amygdaloid nuclei
nor in the nucleus interstitialis striae terminalis. -

These data suggest that GH may exert a feedback effect on specific
hypothalamic nuclei that invo]ves somatostaﬂ\r‘l-containi ng systems.

*Terry and Crowley, 1980a.
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) INTRODUCT ION

The secre'tion of GH 1s ;;ret‘:ise'ly regulated by both stimulatory and
{nhibitory neural influences. This control is achieved by at least two
hypothalamic hormones: EiH-releasing factor, the str;l\lcture of which is-still
unknown‘. and the structurally-identified tetradecapeptide GH-releasm'g
1n;|1bft1ng factor (somatostatin) (Martin et al., 1978&;;Mart1n, 1976).
Administration of specific antiserum to somatostatin to una-nesthetized rats
elevates basal GH secretion and partially reverses stress-induced GH\
inhibition (Arimura et al.., 1976; Ferland et al., 1976; Terry et al., 1976b,
1977). These findings support a role of somatostatin in physiological GH
secretion.

Evidence reviewed elsewhere (Martin, 1976} indicates that unger certain
prescribed conditions, GH a]sc; is capable of inhibiting its own secretion.
Administration of GH, implantation of GH-secreting tumors, or di ref:t
hypothalamic placemént gf GH pellets reduce pituitary GH\levels. These
effects occur over a rather prélonged time cour§e and may indicate only that
the setpoint of the GH regulatory sysfem is sensitive to circulating levels of
GH. However, acute experiments have also shown‘that pharmacologically
stimulated GH secretion can partially block the subsequent GH responsé to a
second stimulus (Martin,.1976). ) | A

These inhibitory effects of GH may involve aﬁ ~1nterac\t10n with
somatostatinergic systems. Several hypotha;lamic and ex}:rahypothalamic sites

that are important for the .regulation of GH secretion contain high

\
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concentrations of somatostatin-positive cell bodies and/or nerve terminals
(Martin, 1976; Martin et\ﬂ., 1978a). *An increase in hypothalamic
somatostatin content occurs after GH admihistration to normal rats (Kanatsuka
et al., ‘f979) , and intracerebroventricular injections of GH in rats releaseé
somato§;at1 n into the hypothalamic portal blood (Chihara, 1979). Furthermore,
hypothalamic fragments.incubated in vitro release somatostatin after exposure
to GH (Sheppard et al., 1978). ‘ ‘

If a short loop feedback regulatic;n‘of GH involves an interaction with
somatostatin, then removal of GH by hypophysectomy should'affect the content
of somatostatin in the brain. Hypophysectomy results in depletion of
somatostatin in the hypothalamus, septum, and preoptic areas (Baker and Yen,'
1976; Wakabayashi et al., 1976; Ferandaz-Durango et al., 1978; Berelowitz et
al., 1978), an effect reversible by admipistration of GH (Hoffman and Baker,
1977). However, the localization of these effgcts to speciﬁc\ nuclei within
these regions remains undefined. The purpose of the present study was to
determine the effects of hypophysectomy on the concentration of somatostatin

in individual nuclei of the hypothalamus and telencephalon.

MATERIALS AND METHODS

»

Hypophysectomized (n = 10) and sham-operated control (n = 11) male ‘ \
Sprague-Dawley rats (200 g) were purchased from Zivic-Miller Laboratories
(A11ison Park, PA). Animals were houseq in group; of four and maintained
under constant temperature (24'6) and a 14h light, 10h dark cycle with 1ights
on at 0600h. A11 animals were given rat chow and a s.olut‘l on that containéd 35

mM NaC1, 1.1 mM KC1, 0.32 mM-CaCl, ‘and 0.09 mM MgC1, ad 1ibitum.

129 -
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Dissection of the brain ‘ ‘ {

g ‘ !

Two weeks after surgery hypophysectomized and sham-operated rats were

alternately sacrificed by decapitation, and their brains were immediately
removed and snap frozen on powdered dry ice. In order to define precisely the
localjzation of somatostatin within the various regidns of the brain, a

microdi ssection procedure was used. Serial coronal seé:tions, 300 um in
thickness, were cut in a cryostat at -7C. Individual brain nucllear regions

were removed from the frozen sections with hollow -stainless steel needles

unq;r a stereomicroscope, according to the method of - Palkovits (1975).
Dissections of the regions have been describ:ed elsewhere (Crowley et al.,

1978), and details of ihe microdissection are presented in T‘ab1e VII. For \
determination of somatostatin, tissue areas phnched from the frozen sect'lons |
were expelied into 50 ul ice cold l N HC1 and sonicated for approximately 3
sec with a Kontes Micro-Ultrasonic Cell Disruptor (Kontes Co., Yineland,

N.J.). After sonication, 12-u1 (arcuate and suprachiasmatic nuclei) or §-ul

© (al other nuclear regions) aliquots of each sonicate were removed for

detemination of protein by the method of Lowry et a1 (1951) using bovine

serum albumin (Sigma Chemical Co., St. Louis, M0) as the standard The

sonicates were thgn centrifuged 1n a Beckman Microfuge (Houston, TX) for 2

min, and the supernatants were removed and‘ stored at -90 C. ‘ Total K
hypophysectomy was confirmed by careful inspection of the sella turcica,

failure to gain weight over the 2-week perfod, and measurement -of serum GH

with materials supplied by the NIAMDD. ¢



Moo
v . ——E—— r—— e ST s

[Ep—

e

Assay of somatostatin

y

The -somatostatin content of tissue samples was determined usi ng a highly ‘

- specific and sensitivé antiserum to somatostatin, as described elsewhere

(Rorstad et al., 1979a,b). Synthetic cyclic somatostatin and [Tyrn]

somatostatin were purchased from Bachem, Inc. (Torrance, CA). The purity of
each péptide was verified by high pressure 1iquid chromatography (courtesy of
Dr. 0. Desiderio) and amino acid ana)ysis (courtesy of Dr. A. Kang).
[Tyrli]somatostatin wss radiolodinated by a modification of the method of
Greenwood et ai. (1963) and stored in aliquots at -90 C. To 25 41 0.5 M.
sodium phosphate buffer, pH 7.'4, were added 50 u1 5.78 x 10'5 M (10 ug)
[Txrn]somatostatin\in 0.002 M ammonium acetate buffer, pH 4.6 Two mCi

Nal2%1 (100 mCi/m1) were added, followed by-25 u1 freshly prepared 6.59 x

10'4 M chioramine-T (0.15 mg/ml) dissolved in 0.05 M sodium phosphate
buffer, pH 7.4, After a reaction time of 40 sec at room temperature, 50 ul
1.3. x 10',? M sodium metabisylfite (0.25 mg/ml1), dissolved in 0.056 M sodiqm
phosphate buffer, pH 7.4, were ad&ed. This was followed, after an additional
10 sec, by 100 u1 0.1 percent »(wt/vo]) human serum a1b?min (Cohn fraction V;
Sigma Chemical Co., St. Louis, MO), dissolved in 0.1 M sodium phosphate
buffer, pH 7.4, The radioiodinate ﬁ;oduct was purified by ion e;cﬁange
chromatography on a column (0.7 x[14 cm) of carboxymethyl cellulose (CM-SZ\;
Whatman, Inc., Clifton, NJ) by a reviousjy described method (Arimura et al.,
1975; Epelbaum et al., 1977a).

125

To compare the binding and displacement characteristics of I-1abeled

125

[Tyrn]somatos'tatin to I-1abeled [Tyrllsomatostatin, as used in

previous RIAs (Rorstad et al., 1979b; Terry et al., 1981a),

131
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sburro antiserum raised against sheep gammaglobulin, at a dilution determined

[Tyrlléomatostatin was radioiodinated by methods desc’ribed el sewhere
4

(Rorstad et al., 1979b). P
Supernatants of the sonicates were neutralized with 1 N sodium hydroxide

and.0.1 M sodium phosphate buffer immediately be%ore introduction into the

assay. Median eminence g;tracts were diluted 1:15 in the assay buffer, and

the other regions were measured undiluted. Samples of 10 uJ were assayed for

somatostatin-11ke immunoreactivity (SLI) in triplicate. .
Aliquots of median eminence extracts were also assayed using the

1251 labeled [Tyrllsomatostatin and a 1:25,000 final dilution of sheep B

antisomatostatin (Rorstad et al., 1979b). Individual samples from the same

nuclear region of hyp\oﬁhysectomi zed and sham-operated animals were measured

for SLI in the same RIA to eliminate between-assay variation. RIA was

performed using a 1:150,000 final dilution of sheep antisomatostatin (Sheep B)

with an assay buffer o: 0.1 M sodium phosphate, pH 7.2, which contained 0.01 M

EDTA, 0.05 M NaC1, sodium azide (O. l percent wt/vol), and human serum

albumin. Standards and unknown samp]es were incubated for.24 h at 4°C

before the addition of approximately 12,000 cpm 125I—}]abeled [Tyr ]- or

1251-1abe1ed [Tyrllsomatostatin in a f1n_a] volume of 0.4 ml. The 're;ucti,on

mixture was incubated an addi fiona? 24 h ‘before the addition of a 1:400 final -

dilution of nonimmune sheep serum and an appmpriat‘e'ly diluted portion of

experimentally to yield an easily visualized pellet and a satisfactory
precipitation of antisomatbstgtin. After an addj tiomal 18-24 h incubation at
4 C, the tubesvwere centrifuged and the radioactivity in the pellet was

determined. .

*
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as eliminated a@ extraction

somatostatin was added to supernatants

*To assess 1f peptidase activity

procedure, 100 pg of synthetic ¢
of tissue sonicates and assiyéd for somatos%tatin. In addftion, median

eminence extracts were reassayed for SLI 3“months after the i nitial

% .
déterminations because the concentration of SLI in 0.1 M HC1 extracts has been

‘ shown to decline with storage at -20 C over several Awe'eks to months (Rorstad

et al. 1979b).

The values were pooled by. the treatment groups and means and SEs were
calcuTated. The mean concentration of SLI in ea;:h brain area w;s expressed as
picograms of SLI per ug protein + SE. ‘Statistical analysis of the data was

"

performed by the unpaired Student's t-test.

¥

: ' RESULTS

.The adequacy of hypophysectomy was demonstrated by total .failure of weight .

gain over the 2-week period, absence of recognizable pituitary tissue in the

pituitary fossa postdmortem, and disappearance of GH from the serum.

Somatostatin RIA

125I-labe]ed

Sheep B antisomatostatin bound 32.8 + 2.1 percent of
[Tyrlllsomatostatin at a final di‘]ution of 1:150,000. The label was stable
up, to 4 weeks when stored in aliquots at -90 €. The minimal detectable
concentration of the RIA, defined as the concentraﬁon of somatostatin that

125

resulted in a binding of "““I-labeled [Tyru]somatostatin to antiserum

that was 2 SD below the mean binding achieved in the absence of somatostatin,

- -
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was 10.2 pg/tube (mean of .23 assays). The within-assay coefficients of
variation for samples that contained means of 78\qnd 242 pg/tube somatostatin
were; respectively, 8.1% (12 determinations) and 12.8% {12 determinations).
The between-assay coefficients of variation of samples that contained means of
52, 106, and :194 pg/tube were 12.4%, 10.6%, and 11.8%, }espectively (23
assays). The.somatostatin RIA did not exhibit any cross-reactivities with a
wide variety of hypothalamic peptides examined up to 10 pg/ml. Lin?ar
regression iines relating logit B.,/Bo and the natural logarithms of the mass
‘of synthetic somatostatin per tube and serial dilutions of the HC1 extract of

e 125I—]abe]ed [Tyrll]sbmatosfatin were

the median eminence using th
parallel (somatostatin: r = 0.992; y = 1.05x + 3.61; median eminence extract:
r=0.983; y=-1.1x + 4.15), indicating immunological similarity. The
standard curve and gisp]acement curve of median eminence extracts using the
41251—1abe1éd ETyrl]somatostatin were also shown to be parallel .
(somatostatjn: r =-0,970; y = 1.07x + 4.21; median emiﬁence extract: r =
-0.999; y = 0.99x + 5.12), in aéreement with studies described elsewhere ©
(Rorstad et all; 1977a,b). In addition, the standard curves for somatostatin
us%ng 125¢_1abeled [Tyrll]— or‘[Tyrl}soﬁatostatin were parallel,

Thé'recovery of sydihetic cyclic somatostatin from gupernatants of tissue
extracts was 98.6 -percent + 7.91 percent (n = 10), indicating that peptidase
activity was eliminated after the extraction‘procedure. Moreover, there was
no change in SLI in median eminence extracts reassayed 3 months after the
initial determinations (sha operated controls: 462.8 + 80.4 vs. 447.0 *+ 57:4

- pg/ug protein; hypophysectomized: 272.6 + 62.6 vs. 278.8 + 53.2; n = 10, p >

0.2).

-~
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Effects of hypophysectomy

The effect of hypophysectow on SLI in selected hypothalgmiq and
extrahypothalamic nuclear regions is shown 1‘n Table YIII. The content of SLI
in the median eminence of hypophysectomized animals was significantly lowered
by 38 percent; compared to sham-operated controls. A significant. reduction ;)f
SLI in the r.ned1a1 preoptic (50 percent), arcuate (33 percent), and.
periventricular (30 percent) nuclei was also observed in hypophysectomized
animals when compared to control rats. No signifié?,g changes were detected
in the ventromedial, suprachiasmatic, medial amygdaléid, central amygdaloid,
or cortical amygdaloid nuclei nor.in the nucleus interstitialis striae
terminalis. —

To confirm these findings, SLI was measured in median eminence extracts
from hypophyséctom*l zed and sham-operated animals using lzsl-labeled
[Tyrllsomatostaﬂn, as described earlier (Rorstad et al., 1979b; Terry et
al., 1980). The median eminence concenfration‘s of SLI did not differ

125

significantly (n =10, P > 0.1) in the two RIAs comparing I-labeled

125I-labe.*'led [Tyrn]somatostat'ln (hypophysectomized: 243.2 +

[Tyrl]- to
36.6 vs. 272.6 + 52.6 pg)ug protein, respectively; sham-gperated: 471.6 + 93.1
vs. 462.8 + 94.3 ug/pg protein, r’espec'tiver). These data indicate that both
RIAs measure the same amount of SLI in the same sample. It has been shown

125I-labeled [Tyrllsomatostatin and Sheep B~

previously, using -
antisomatostatin, that SLI from hypothalamic and extrahypothalamic extracts
has .b101og\1ca1 activity (Rorstad et al. 1979b). Thus, these data sdggest
hypophysectomy results in a reduction in immunoreactive and bioactivé

somatostatin in discrete diencephalic and telencephalic sités.

~
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Table VII. Microdissection of brain regions in hypophysectomized and sham-operited control rats

A

Appréximate

A2
’
)
T

Punches/brain Cannula size

Brain region . (mm) Coordinates (um)@
Median éminence 3 0.5 _A4620-A4110

N. arcuatus 6 0.3 A4620-A4110

N. periventricularis 4 0.5 A6360-A6060

N.- preopticus medialis 2 ~ 0.75 A6860

N. ventromedialis 4 0.5 A4620 '
N: suprachiasmaticus 4 0.3 A6360-46060
* N. interstitialis striae terminalis 4 ] 0.5 A6860 }
N. amygdaléideus medialis 4 0.5 A4620-A4380

N. amygdaloideus centralis 4 0.5 A4620-A4380

N. amygdaloideus corticalis 4 = 0,5 A4620-A4380

N, Nucleué. .

%See (Jacobowitz and Palkovits,lQ?Pl;,; Palkovits and Jacobowitz, 1974)

4




Tor repume e T o

(LT

<

; ‘ | !
4 < - ° s . .

Table VIII. Effects of hypophysectomy on SLI in selected hypothalamic and extrahypothalamic

nuclei of the male rat ° ,

va

SLI (pg/ug protein + SE)? .
Brain region ¢ Hypophysectomized Sham-operated control"

Median ‘eminence 278.8 + 53.2° | 447.0 + 57.4
N. arcuatus , : ' 60.2 + 8.2° 89.8 + 13.3 4
N. periventricularis " 19.4 + 1.8° 27.8 + 3.1
N. preopticus medialis , ' 10.2 + 1.6 20.0 + 3.0
N. ventromedialfs . 18.2 +. 2.2 ~ 20.5 + 3.3
‘M. suprachiasmaticus . 9.4+ 2.2 . U094+ 3.0
N. interstitialis striae terminalis ' 20,2 + 2.4 19.6 + 1.9 :
d. amygdaloideus medialis 20.0 + 2.6 16.8 + 1.5 T
N. amygdaloideus centralis - . 16.5 + 1.2 13.9 0.9
-N. amygdaloideus corticalis . ©17.2°+ 1.9 15.6 + 2.3
= _ . . ) (a8

N, -Nucleus. . - . ' . *

: %Means and standard errors of 10 and 11 separate determinations for hypophysectomized and sham—operated

. control animals, respectively.

~ , ( I

\
! bP < 0.01 vs. sham operated. - . " 7

|
l £P < 0.05 vs. sham operated.
[ dP < 0.025 vs. sham operated. ’

} ’
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DISCUSSION

‘ " The present study indicates that hyMMsegtqw Aresu]ts in a-significant
de'creas‘e in the sor;natostati n content of four discrete r,eéions of the rat
brain. The regfons affected we_ré the median eminence, arcuate, hypothalamic
beriventricular, ;md medial preoptic nuclei. Thus; removal of the target.
gland, the pituitary, results in a dec}-ease in the concentration of' the
inhibitory hormone for GH secretion. Similarly, Wakabayashi et al. (1976).
Fernar;dez-Durango et al. (1’97@), and Kanatsuka et al '(1979) also reported
decreased tissue levels of radioimmunoassayable somatostatin in hypothalall;ic
fragments after hypophysectomy, and Baker and Yen (1976) observe& depletion of
somatostatin, as measured 1munocytochem1ca1\1y, in the median eminence after
hypophysectomy.' In contrast, Bere1ow1-tz; al. ( 1958) observed a depletion of
jmmunoreactive éomatostatin in the septum and preoptic area of the brain, but
not in the hypothalamus, after hypophysectomy, and Epelbaum et al. (1977b)
found no effect of hypophysectomy on somatostatin cdntent in the mediobasal
hypothalamus, preoptic area, amygdala, 6r cortex. It is possible that these
discrepancies may be due to di fferences in the tissue dissection.

Reduction of hypothalamic somatostatin tlzontent after hypophysectomy could
be the result of either decreased synthesis, increased release, a greater rate

of secretion than synthesis, increased degradation, or degeneration and repair

. of the median eminence—pituitary'stalk (Raisman, 1973). It is unknown at

present which of these conditionsA results in the pos thypophy sec tomy decrease

”

in hypothalamic somatostatin observed in the present and in prev%ous ;

(Kanatsuka et al., 1979; Wakabayashi et al. 1976; Fernandez—-Dun‘angd et_al. R

- J'\
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1978) studies. quever,ﬂit is unlikely that these changes are due to

nonspecific effects. In addition to somatostatin, LHRH (Fernandez-Ddrango et

" al., 1978; Baker and Denﬁocly. 1976) and TRH (Bassiri and Utiger, 1974) are - *

also depleted by hypophysectomy , but there seem to be d:if'ferences among these

hormones in their pattern of change after surgery. For example, somatostatin

was observed to prog;essi vely -decrease up to 2.5 months‘ after hypophysectomy,
whereas LHRH did not decrease further after the 24th postoperative day
(Fernandez-Durango et al., 1978). Moreover, although hypothalamic LJHR!Ii
decreased after hypophysectomy, the LHRH in the organum vasculosum of the
lamina terminalis increased in female rats (Wenger et al., 1978).
Furthermore, TRH was found to decrease 2 weeks posthypophysectomy but was

partially réstored after 4 weeks (Bassiri and Utiger, 1974)., Therefore, it

seems that hypoph_yéectonw has separéte effects on somatostatin, LHRH, and TRH

" systems.

It 1s‘ possible that h,ypophysecfomy interrupts a short loop ‘Inhibitony'
feedback mechanism involvi ng an interaction of GH with somatostatinergic '
systemg. Using 1mwnocytoéhemica1’technique§, 'J-!o‘ffmqn 'and Baker (1977)
observed that GH Freatmen;: preven;:e’d the ﬂeﬁ]efion:‘of SGmatpstatin in the:.
median eminence if therapy was initiated inme&*l a'te]y' ;fter hypophysec tomy ‘ano‘
partially restored somatostatin when treatment began after a prolonged ’
postoperatilve interval. Similar results were obtai'ned with RIA measurements;
:(Kanatsuka et al., 1979). The question .0f whether removal of ‘other pi tuitar}

honndnes may also affect brai_n' somatostatin remains unanswered. -Although

‘somatostatin has been implicated in_the physiological regulation of TSH

%

139

-
St kT R < R P i

sy

.
WM ST oAb me o Dok et e b be 4 e sma
.




R

n ek e e R TSI ks et A v oot o

()

U SO v e e

T

secretion (Martin, 1976; Martin et al., 1978a), ngither thyroidectomy nor T4
tﬁeatmént modify the hypothalamic content of somatostatin, LHRH, or TRH
(Fernandez-Durango et al., 1978; Berelowitz et al., 1978).

Brownstein et al., (1975) have described the regional localization of
somatostatin in several hypothalamic and extrahypothalamic sites of the rat
brain, using the biochemical mapping approa;h. Immunocytochemic] studies
(Elde et al., 1978; Elde and Hokfelt, 1978) have demonstrated
somatostatin-postive cell bodies in several telencephalic and diencephalic
nuclei, including the caudal periventricular hypofhaTamiq and corticomedial
amygdaloid #uclei (Brownstein et al.,-1975; Elde et al., 1978). Evidence from
this laboratory 1nd1cate; that these two somatostatin cell groups project
axons to the median eminence (Crowley and Terry, 1980a). 1In addition, the
periventricular system also seems to innervate the medial ﬁreoptic, rostral
periventricular, and arcuate nuclei, all of which showed changes in
somatostatin content after hypophysectomy in the present study. Taken
together, these findings raise the possibility that GH exerts an inhibitory
feedback action on its own secretion bj affecting somatostatin cell Sodies in

ntricular hypothalamus (and possibly the amygdala) that innervate the

preoptic area~and medial basal hypothaﬁamus.
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IIT. B, 3. THE EFFECTS OF EXERCISE STRESS ON SOMATOSTATIN CONCENTRATIONS IN

DI?ETE BRAIN NUCLEI*
' ABSTRACT

Plasma growth hormone levels fall and remain low for several hours after
stress in the rat. This effect is partially reversed by administration of
antiserum to somatostatin. The present study was undertaken to determine the
role of central nervous system somatostatin in stress-induced growth hormone
suﬁp;ession. Adult male'rats were forced to swim for 30 minutes in a tank
filled with water at 37°C. They were sacrificed immediately afterwards by
decapitation. Their brains were snap-frozen and seruﬁ was collected for
growth hormone radioimmunoassay. Somatostatin was measured in 10
microdissected, individual brain nuclei by a specific and sensitive
radioimmunoassay. Serum growth hormone was significantly lower in stressed

rats compared to "nonstressed" controls. Swimming stress resulted ip a

“significant reduction of somatostatin in the median eminence and medial
portion of the caudate nucleus. There were no significant changes of
somatostatin levels in the periventricular, arcuate, ventromedial, medial
preoptic, suprachiasmatic, accumbens, central amygdaloid or interstitial stria
terminalis nuclear regions. These results suggest (1) stress-induced
suppression of growth hormone secretion in the rat is mediated by the release
of somatostatin from nerve endings in the median eminence into the portal
system to inhibit pituitary release and, (2) somatostatin-containing nerve -

fibers which innervate the caudate nucleus may influence extrapyramidal

mechanisms associated with proldﬁbsg physical stress.

|

*Terry and Crowley, 1980b.
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7 INTRODUCTION

Acute or Fhronic exposure to stressful stimuli consistently suppresses
growth hormone (GH) secretion in the rat, as demonstrated by a reduction in
mean plasma GH levels with abolition of the ultradian rhythm (Tache‘et al.,
1978; Terry et al., 1976b, 1977d). These effects appear to involve the
hypothalamus, rather than the pituitary gland directly, and may be mediated
through altered release of the hypothalamic hormones that regulate pituitary
GH secretion (Campbell et al., 1977; Taché’et al., 1976b, 1977d). Thus,
stress—induced GH suppression may be due to the diminished release of
GH-releasing hormone, the structure of which is still unknown, or to the
augmented release of the structurally identified tetradecapeptide GH-release
inhibiting hormone (somatgstatin). In order to test this latter hypothesis,

the present experiment has investigated the effect of an acute stress on

somatostatin-1ike immunoreactivity (SLI) in individual nuclei microdissected
from hypothalamic and extrahypothalamic regions known to contain
somatostatin-positive nerve terminals andJor cell bodies (Brownstein et al.,

1975; Elde et al., 1978).
METHODS p

Male Sprague-Dawley rats (Harlan Ind riés, Indianapolis, Ind.) were .
housed in groups of 4, maintained under constant temperature (24°C) on a
14-10 h light-dark cycle with lights on at 0600 h, and ad libitum food and

water. Animals were removed from their cages at 1000 h, placed in a large

142
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water ba}h at 37°C and forced to swim for 30 min as previously described
(Terry et al., 1976). Thé control group was left undisturbed in a s;parate
room. After 30 min of forced swimming, stresséd and control animals were
sacrificed alternately by decapitatipn and their brains were rapidly removed
and frozen with powdered dry ice. Samples of trunk blood were centrifuged and
stored at -20%C for the subsequent measurement of serum GH with materials
supplied by the NIAMDD. Serial coronal sections, 300 ul thick, were cut on a
microtome cryostat at -7% and frozen onto microscope slides. Individual
brain nuclei were removed with stainless steel cannulae (Crowley et al.,
1978). Table IX ptevides further details of the microdissection procedure.
Tissue specimens were expelled into 50 yl of_ice cold 1 N HC1 and sohicated
for approximately 3 sec. Aliquots of 5-10 ul were removed for analysis of
protein content, and the remaining homogenate was stored at -90°C until the
somatostatin content of tissue samp1351was determined by a sensitive and

specific radioimmunoassay (RIA), as described elsewhere (Rorstad et al., 1979;

Terry et al., 1980). Syntﬁqtic cyclic somatostatin and Tyrll-somatostatin

were purchased from Bachem, Inc. (Torrance, Calif.), and the purity of each
was verified by high pressure liquid chromatography and amino acid analysis:
Tyrll-somatostatin was radioiodiﬁated by aimodification (Rorstad et al.,
1979b; Terry et a].,~1980;5 of the method of Greenwood et al. (1963) and
purified by a procedﬁ>é described elsewhere (Arimuré et al., 1975; Epelbaum et

al., 1977). Sheep B antisomatostatin (Rorstad et al., 1979b; Terry et al.,

11—somatostatin at a

1980a) bound 32.8 *+ 2.1 percent of 12°I-labeled Tyr
final dilution of 1:150,000, with a minimal detectable concentration of 10.2

pg/tube. Supernatants of the homogenates were neutralized with 1 M NaOH and
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'~ were noted in the other telencephalic, diencephalic or mesencephal ic

T and e e el BTN WS AR ALY R K teait e % e et A W € St e 4 o e ot hiates 48 s 22

r

0.1 M sodium p"hospﬁate. Median eminence extracts were d‘ilute\d 1:15 in the
assay buffer, and the other regions were measured undiluted. Samples of 10 ul

were assayed for SLI in triplicate.

RESULTS

Table X presents somatostatin concentrations in 12 brain nuclei from -
non-stressed and stressed animals. These data were analyzed by u}ﬁpaired
Student's t-tests. Swimming stress significantly decreased the levels of SLI
in the median eminence (-47 percent) and-the medial portion of the caudate
nucleus (-17 percent). No significant changes in somatostatin concentration
structures dissected. Serum GH was significantly (P < 0.001) lower in
stressed animals compared to’ non-stressed controls {6.4 + 1.0 vs. 49.5 +°12.5

ng/ml, respectively). /
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Table IX. Mictodisse%ion of discrete brain regions
No. punches/ Cannula size Approximate
Brain region : - brain (um) Coordinates {um) *
N. caudatus (medial part) 2 0.75 A8920
K. accumbens 4 0.5 A8930 .
- N. interstitialis striae terminalis ‘4 0.50 AGR60
N. preopticus medialis 2 0.75 A6860
'N. pertventricularis 4 0.5 A6670, A6360
= . ‘
& N. suprachiasmaticus 4 0.30 A6360, A6060
Median eminence 3 0.50 A4620, A¥380 ‘
N. arcuatus 6 0.50 A4620, A4380 .
. N. ventromedialis - 4 0.50 A4620
‘ - N. amygdaloideus centralis 4 0.50 A4620, A4380
N. interpeduncularis 2 0.75 A1800, A1400
Periaqueductal gray 4 0.50 A1800, 41400
*Baged on (Jacobowitz and Palkovits,1974; Palkovits and Jacobowitz,1974)
\ r
' #
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Table X. Effects of stress‘on somatostatin-like immunoreactivity (SLI) in selected brain nuclei in

male rats

Brain region

a_ SLI (pg/ug protein + S,E.M.)

a

Control (n = 13)

Stress (n = 12)f

N. caudatus (medial part) 11.6 + 0.9
N. accumbens 24,8 + 1.9
N. interstitialis striae terminalis 31.8 + 2.4
N. preopticus medialis 11.9 + 1.7
N. periventricularis - 56.8 + 2.8
N. suprachiasmaticis 26,2 + 2.6
Median eminence 679.1‘-_!-_ 96,2
N. arcuatus 67.5+ 7.3
N. ventromedialis ’ 17.2 + 1.5
N. amygdaloideus centralis ' 20.1 + 3,2
N. interpeduncularis 4.2 + 0.5
' Periaqueductal. gray - 13.6 + 1.3

®

9.6 + 0.5%,
22.4 + 2.9
31.9 + 3.1
10.1 + 1.6
'53.5 + 5.5
20.5 + 2.2
362.4 +32, 6%
56.9 + 4.8
14.4 + 1.6
14.6 + 1,6

4.1 + 0.5
13.7 + 1.5

* P < 0.05; * P < 0.001 vs sham, based on unpaired Student's t-tests.
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‘ * DISCUSSION

The present study indicates that acute physical stress in the rat results
in a marked depletion of somatostatin in the median eminence, concomitant with
suppression of mean serum GH. These results suggest that stress-induced GH
suppression may be due to adgmented release of somatostatin from the median‘
eminence. Several recent reports provide compelling evidence in favor of this
hypothesis. First, treatment with antiserum to somatostatin prevents
stress-induced inhibition of GH secretion 1n’the rat (Arimura et al., 1976;
Terry et al., 1976b), suggesting that this effect is due to circulating
somatostatin. Second, recent evidence from this 1aboratory indicates that the
somatostatin-positive cell bodies that are localized to the anterior
hypotha}amic periventricular region (Elde et al., 1978} appear to be the
source of at least two-thirds of the somatostatin present in the median
eminence (Crowley and Terry, 1980,'1981a). Destruction of this area, or
deafferentation of the medial-basal hypothalamus, greatly decrea;e median
eminence somatostatin content (Brownstein et al., 1977; Epelbaum et al.,
1977b) and also abolish the stress-induced suppression-of GH release (Collu et
al., 1973; Mitchell et al., 1973; Mitchell et al., 1973; Rice et al., 1978).
Therefore, the decrease of somatostatin in the median eminence observed after

stress could be the~result of increased release of the peptide from this
periventricular sysZiiNQnto the adenohypophyseatl portal blood. This in turn

would 1nhibit pituitary éh\ggszftion. Although increased somatostatin release
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from the médian eminence appears to be the most 1ikely explanation for'the‘
‘ipduced't1ssue levels;, obsérved in the pre;ent study, increased degradation or
deéreased synfhesis of the hormone cannot be ruled out. '

It is interesting to note that a small, but significant, reduction of
somatostatin occurred in the medial aspect of the caudate nucleus after
stress. This region contatins §omatostat1n-pos1t1ve'nerve fibers (Elde et al.,
1978), but the functional significance of this system is not clear. The
present findings raise‘the possibility that somatostatin-containing nerve
fibers that innervate the caudate nucleus (Elde et al., 1978) may influence”

extrapyramidal mechanisms associated with prolonged physical stress.
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‘ 4. CONCLUSIONS (
- The present data indicate that somatostatin-containing perikarya in the
‘ caudal hypothalamic periventricular and corticomedial amygdalar nuclel project
axons to the median eminence. These two projections contribute‘98»percent of
hypothalamic somatostatin. 'The periventricular cells also project axons to
the arcuate, medial preoptic, and rostral periventricular nuclei.

Hypophysectomy caused a significant reduction of somatostatin in the
terminal projection areas of the periventricular somatostatinergic system, but
did not lower somatostat{n fn the cortigomedial amygdala. Swinming stress
reduced median eminence somatostatin, suggesting increased release.

Thus, it is possible that the periventricular and amygdalar
somatostatinergic systems function to regulate growth hormone secretion
through their projections to the median eminence and by innervation of neurons
at sites known to influence growth hormone release, i.e. arcuate nucleus.

Because the arcuate nucleus has a high somatostatin concentration and
stimulation of the ventromedial-arcuate complex causes growth hormone release,

tion was focused on a method to selectively lesion arcuate perikarya.
Monosodium glutamate is known to rapidly destroy neurons in the arcuate and

was employed as a "selective neurotoxin" to study the role of this nucleus in

regulation of growth hormone secretion (section II1I,C).
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[II. C. EFFECTS OF THE NEUROTOXIN MONOSODIUM GLUTAMATE ON GROWTH HORMONE
SECRETION AND BRAIN SOMATOSTATIN -

"l. 'MONOSODIUM GLUTAMATE: ACUTE AND CHRONIC EéFECTS ON RHYTHMIC GROWTH

HORMONE AND PROLACTIN éECRETION, AND SOMATOSTATIN IN THE UNDISTURBED MALE
*
RAT

‘\l

ABSTRACT

The present investigation was designed to determine the chronic effects of
neonatal monosodium glutamate (MSG) administration (4 g/kg s.c.) and the acute
effects of MSG (i g/kg 1.p.) on episodic growth hormone (GH) and prolactin
(PRL) secretion and brain somatostatin (SRIF) in unanesthetized, chronically
cannulated male rats.

Adult rats showed the t§p1ca1 physical characteristics that result from
neonatal MSG administration. Analysis of episodic GH secretion showed a
significant reduction {n:»(l) the amplitude of GH secretory peaks; and (2) the
mean 5.5-h plasma level of GH. Bursts of plasma PRL were inhibited by MSG,
but the mean 5.5.-h plasma levels were not affected. SRIF concentrations in
the medial basal hypothalamus were reduced by 60 percent after neonatal MSG.
Acute administration of MSG to adult rats caused an 1mngd1ate, lodg-lasting,
suppression 'of rhythmic GH secretion qu a rapid, transient release of PRL.

‘ These results suggest: (1) neonatally administered MSG causes a marked

disturbance in episodic GH and PRL secretion in adult rat; (2) MSG induces a

-

*Terry et al., 1981a.

150



()

o

e e 4 "

e o et AR e hn e wnee e g ol AR o o e e

decrease in hypothalamic SRIF and poss{bly GH-releasing factor; and (3) the

- P

9

+ acute effects of MSG on GH and PRL may be due to the inhibition and/or

excitation of a complex neurqna1 network involving monoaminergic and
! 3

“peptidergic systems. 4

INTRODUCTT%N

-Large doses of monosodium glutamate (MSG) administered neonatally cause a
well-described syndrome in adult rats manifested by behavioral disturbances,
tail automuti]étion, and* neuroendocrine deficiencies characterized by stunted
growth, obesity, hypothyroidism, hypogonadism and pituitary atrophy (Bakke et
al., 1978; Cameron et al., 1976; Holzwarth-McBride et al., 1976; Lamperti et

\ o

al., 1980; Millard et al., 1980; Nasagawa et al., 1974; Nemeroff et al.,

1977a,b, 1978; Olney, 1969; Pizzi et al., 1977; Redding et al., 1976; Schubert

et al., 1980; Terry et al., 1977c). The pituitary content and plasma levels
of growth hormone (GH) are decreased aft@? neonatal MSG administration (Bakke

et al., 1978; Nasagawa et al., 1974; Nemeroff et al., 1977a,b; Redding et al.,

1976; Terry et al. 1977c¢). The prolactin (PRL) response is less clear ‘and

there may be a difference between sexes.

administered either orally or subcutaneously, rapidly destroys neurons in the

arcuate nucleus, circumventricular regions, and inner retina-in a number of

It is well established that MSG,

species (0Iney, 1969a,b; Olney et al., 1976). Biochemical and

immunchistochemical studies indicate that the neurotoxicity of neonatally

administered MSG is associated with destruction of dopaminergic, cholinergic

and probably GABAergic systems in the tuberoinfundibular tracts which

R
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.originate in the region of the arcuate nucleus (Clemens et al., 1978;

Holzwortr;—McBride et al., 1976; Lamperti et al., 1980; Nemeroff et al.,
1977a,b; Walaas and Fonnum, 1978). Since the tubérinfund1bu1ar tract contains
peptidergic and several neurotransmitter elements (Hokfelt et al., 1978),
destruct—ion’of these pathways may ‘be the nehrochergica'l basis for the
neuroendocrine abnormalities that occur in adult rats after neonatal MSG
treatment.

Monosodium glutamate administered to adult rats does not i nduce.netjrotoxic
lesions in the brain, bixt it does alter the secr"et'ior‘l of anterior pituita!;,y
hormones (Nemeroff et al., 1978). I'ntrar!entricularh_injeét'l_ons of MSG
increased p]as'ma Tuteinizing hormone levelsv in anesthetized male rats. (Ondo et
al., 1976). Acute treatment of adulf rats with low doses of MSG wa$~reported
to cause a significant increase in LH and testosterone (0Tney et al., 1976).

The purpose of the present investigation was to determine: (1) the chronic
effects of neonatal MSG administration; and (2) the a‘cute,effecés of MSG on
rhyghmic GH and PRL secretion, and brain levels of somatostatin (SRIF) in

undisturbed, chronically cannulated adult male rats.

MATERIALS AND METHODS

!

Animals and experimental procedure’

To study the chronic effeéts of MSG on pulsatile GH and PRL release,
pregnant Charles River Sprigue-Dawley rats were housed in air-condi fioned

quarters on a 12:12 h hight'zdark schedule with lights on at 06:00 h and given

' laboratory chow and water ad 1ibitum. Female .and some male pups were removed-
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‘ and sacrificed '1ugne;liate1y after birth so'thit each 11tter contained 6 males.
0!‘; alternate days for the first 10 days of 1ife, the offspring were i,njected°
with either 5 doses of monosodium glutamate (4 g/kg body weight s.c.) (Sigma
Chemicals, St. Louis, Mo.) or an equal volume of vehicle (0.9 percent Nab't, pH
7.4), according to methods desche& previously (Nemeroff et al., 1977). Al1l,
animals were weaned after 21-22 days of age and placed 1in groups of 2/cage.
Body weight, nasal-anal length, and the Lee index (3 body weight/nasal-anal ,
length) (Lee, 1929) were recorded periodically. One group of MSG-treated and
control animals, 4 months of age, were implanted with chronic indwelling
silastic cannulae placed in the ri ghz atrium via the right external jugular
'vein and adapted to isolation test chambers, using methods described elsewhere
(Tannenbaum and Martin, 1976; Terry et al., 1977d). After recovery ‘of

preoperative boii; weight (usually 2 weeks post-operatively) blood samplés were

(n

wi thdrawn every 15 min and immediately centrifuged, the plasma frozen until

! assay, and red blood cells Er‘esuspe’nded in normal saline were retugned to
animals at the time of the next sample. Each rat was sampled for 5.5. h

i beginning at 10:00 h. A second group of 110-day-old MSG- and thic]e-injec_ted

rats were sacrificed by decapitation, and samples of the medial basal '
hypothalamus, medfal preoptié area, corticomedial and basolateral amygdala,
and cortex were dissected, as described previously (Epelbaum et al., 1977b;
Rorstad et al., 1979b; Schubert et al., 1980). After &ete}mination of wet
weight, Lrain fragments ‘were placed in 1 ml ice-cold 2 M acetic acid (tissue!
w/v, <0.1). The fragments were homogenized using a gTaés Potter-ElveriJem '

homogenizer. The homogenate was frozen at -20% overnight and, after

thawing at room temperature, was centrifuged at 2000 X g ¢ 4°%C for 30 min.
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The supernatant was collected and stored at -20%C. The pi\tu’ltary gland was
simultaneously removed, weighed, homogenized in 2 lilT of 0.1 M phosphosaline-]
percent bovine serum albumin buffer pH 7.6, an;l centrifuged at 2000 X g for 30
min. The supernatant was diluted 1:100 in the RIA buffer and frozen until
subsequent assay for GH and PRL. Representative anim?a]s from éach group were
anesthetized with ether and perfused with 10 percent formalin, Brains were
removed and processed for conventional 1ight microscopy, as described

-

elsewhere ( Terry and Martin, 1978a).(*

In a second experiment, designed to determine the acute effects of MSG on
episodic GH and PRL secretion, nomé‘l male rats (400-500 g) with chronic
1ndwe111'ng cannulae were administerdd MSG, 1 g/kg 'l.p.,;or an equal volume of
vehicle (0.9 percent NaCl, pH 7.4) at 10.50 h. Individual rats were usually

used as their own control, receiving vehicle injections on one experimental
day and MSG on a subsequent day. Each animal was sampled for 5.5 h beginning
at 10.00 h.

Radioimmunoassay for somatostatin

Somatostatin was determined by methods described previously (Rorstad et

al., 1979b). Results are expressed as somatostatin-like immunoreactivity

(SLI) in pg/mg tissue.

1

I3

GH and PRL radioimmunoassays

Growth hormone and PRL were determined in duplicate by a double antibody
RIA using materials supplied by the National Pituitary Agency. Values are
expressed in terms of the respective NIAMDD reference preparation. Minimum

sensitivities of the assays are 3.2 ng/ml of GH and 1.9 ng/m! for PRL.

~ 154

Ny, p



()

Analysis of data

Data was analyzed using the student's t-test to compare differences in GH,
PRL and SRIF levels or growth parameters between treatment groups.

Differences were considered significant at the P < 0.05 level. o
-5

RESULTS

Chronic effects of MSG on growth (Table XI

Animals treated neonatally with MSG sho;ved stunted linear growth, obesity
and tail automutilation, as described in previous studies (Bakke et al., 1978;

Cameron et al., 197ﬁ\ Holzworth-McBride et ert'l et al., 1980;

Millard et al., 1980 Nasagawa et al., 1974; Nemeroff et/al., 1977a,b; Olney,
1969; Pizzi et al., 1977; Redding et al., 1976; Schube't et al., 1980; Terry
et al., 1977c). The body weight and nasal-anal lengtl of 110-day-old

MSG-treated rats was reduced significantly when ared to the control

group. The Lee mdex, a measure of body fat (Bernadakis and Patterson, 1968;

" Lee, 1929), was elevated in the MSG-treated group compared to controls. Tail

automutilation was observed in 67 [;er‘cent of MSG-treated rats at 24 days of
age, and in virtlzual'ly 100 percent at 110 days of age. A few animals afflicted
with open skin lesions were removed from the study. Food and water
consumption were not recorded; previous studies have\shown no significant

di fference between MSG- or saline-injected male - or female rats (Nemeroff et

al., 1977a,b; Redding et al., 1976).
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Chronic effects of MSG on pituitary GH and PRL (Table XII)

The size and weight of the pituitary glands of MSG-treated rats v;rere
reduced by approximately 62 percent (P < 0.001), There was va marked decrease
in total GH content and concentration in pituitaries from MSG-treated
animals. Total content of PRL was markedly reduced by MSG. However, the
pituitary concentrat(zn of PRL was not decreased significantly,

Chronic effects of MSG on brain SRIF (Fig. 25) '

The concentration of SRIF was reduced by 60 percent in the medial-basal
hypothélanus. Although there‘ was a slight decrease in SRIF 1n the basolateral
amygdala, it was not significant.

Somatostatin levels in i;he medial preoptic area, corticomedial amygdala

and cortex were not affected by MSG.

Chronic effects of MSG on rhythmic GH and PRL release

Individual control animals (n = 9) exhibited the typical ultradian GH
rhythm (Fig. 26). Two major episodes of GH secretion were evident during the

5.5-sampling period,gwith most peak values greater than 400 ng/ml and trough

) va]ﬁes less than 6 ng/ml. Prominent GH secretory bursts were consistently

observed at 10:30-11:30 and 13:30-14:30 h. Individual MSG-treated animals had
markedly suppressed pulse amplitudes (usually < 100 ng/ml) of shorf duration
(usually < 1 h) (Fig. 27). Meaﬁ plasma GH levels of animals administered MSG
were reduced to baseline trough values except for 2 low amplitude peaics that
occurred at 10:30 and 14:15 h (Fig. 28). - The mean 5.5-h plasma GH level was
reduced significantly by neonatal administration of MSG (Table XIII).
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Mean PRL levels in control rats were generally low throughout with 2-4
random bursts that occurred most frequently in the afternoon (Fig. 29), as

described elsewhere (Terry et al., 1977d). Neonatal administration of MSG

* suppressed. random PRL bursts, but did not affect baseline levels (Fig. 29).

The mean 5.5-h PRL was not affected significantly by MSG (Table XIII).

Acu\ag effects of MSG on episodic GH and PRL secretion -

The injection of vehicle at 10:50 h did not affect pulsatile GH secretion
(Fig.}30). Acute adninis"tration‘of MSG (1 g/kg i.p.) to normal rats caused
immediate suppression of episodic GH release which persisted up to 5h (Fig.
31). The mean 5.5-h GH.devel of MSG-adninistered rats was 44.4 + 4.4 ng/ml (n
= 11), significantly less (P < 0.001) than saline-injected aniy&—s, 126.9 +
12.4 (n=11).

The injection of MSG to normal animals caused a rapid, transient release
of PRL when compared to the slight effect of normal saline injections (Fig,
32). Prolactin levels rose significantly (P < 0.01, n = 11) to 114.0 + 24.0
ng/m1 within 15 min after MSG administration and then decreased rapidly to
baseline levels. MSG did not affect the random bursts of PRL observed\fn the
afternoon. The minor elevation in PRL after saline injections was probably

the result of a non-specific stress effect.

Histological verification of MSG-induced brain lesions

Examination of Nissl-stained hypothalamic sections from rats treated
neonatally with MSG revealed a striking reduction in the number of arcuate

neurons. No evidence of nerve cell destruction was observed in the

C
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ventromedial, medial preoptic, anterior hypothalamic o; sUprachiasmhtic
nuclei. The opti¢ nerves and chiasma were smaller than coBtrols. There was

no histological evidence of neuronal destruction in adult rats treated acutely .

< with MSG.
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Table XI. Effects of MSG on body weight, length and Lee index in }ats at 110 days of age

Values give'n are the mean + S.E.M.; the number of animals is given #n parenthéses.

e

Group Body weight (g)

Nasal-anal length (cm)

Lee index*

Control (30) ) 506.8 + 12.8

MS5G-treated (18) 408.7 + 10,2%%

27.0 + 0.3

22.3 + 0.2%k%

0.295 + 0.001

0.334 + 0.002%%*

i/‘body weight (g)/nasal-anal length (cm).
** P <0,02.

*k% P <0.001.
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Table XII. Effects of MSG on pituitary €H and PRL d

Values given are the mean + S.E.M.; the number of animals 1is given in parentheses.

«

Group Pituitary wet - Pituitary GH Pituitary PRL
weight (mg) :
ug/gland ug/mg wet ug/gland ~ ug/mg wet
y weight weight
Control (8) 711.98 + 0.48 288.6 + 2.3 24.1 + 1.7 21.9 + 1.9 1.8 +-0,1
MSG-related (7) 4.26 + 0.51% 43.1 +9.9% 8.2 + 1.6% 7.7 + 1.8% 1.5 + 0.2
* P < 0.001.

** Not significant.
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Table XII. Mean 5.5-h GH and PRL levels in control and MSG-treated rats

There were 9 animals in each group. Values given are the mean + S.E,M.

?

Experimantal group Mean 5.5-h plasma GH level Mean 5.5-h plasma PRL levels
(ng/ml) (ng/ml) -
= ‘ Control 75.1 + 11.1 5.8+ 1,38
—
’ MSG-treated L 12.5 + 1.2% 5.3 + 1,5%%
* P < 0.001.

** Not significant.
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Fig. 25. Effects of neonatally administered MSG on SRIF concentrations

in the brain of adult rats. MSG caused a significant reduction (P < 0,001)
in MBH SRIF. 1In this and subsequent figures, number of animals in each
group are shown in parentheses and vertical bars indicate SE of the mean.
Abbreviations: MBH, medial basal hypothalamus; MPOA, medial preoptic area;
CMA, corticomedial amygdala; BLA, basolateral amygdala; Cx, cortex.
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Fig. 26. Pulsatile GH secretion in individual adult control rats after |
neonatal administration of 0,97 NaCl s.c. GH secretion is characterized
by high-amplitude secretory bursts that showed regular 3-4h interpeak
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Fig. 27. Pulsatilé GH secretion in individual adult rats after neonatal

MSG administration (4g/kg s.c.). MSG-treated animals show evidence of
( pulsatile GH release with marked suppression of pulse amplitude
(usually < 100 ng/ml) and pulse duration (usually < 1h).
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Fig. 28. Suppression of mean plasma GH levels in adult rats after neonatal MSG
administration. Typical pulsatile GH secretion is séem in control animals (OO .
Mean plasma GH levels of MSG-treated rats are reduced to baseline levels with two
low-amplitude short-duration peaks at 10.30h and 14.15h @—@).
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Mean plasma PRL levels in adult rats after neonatal MSG administration

Fig. 29.
(4 g/kg s.c., upper graph) and vehicle control (0.9% NaCl, lower graph). MSG

suppressed random PRL bursts, but did not affect low basal levels.
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Fig. 30. Pulsatile GH secretion in individual control rats
(upper and middle panels) -and mean plasma GH (lower panel)

: after the injection of 0.9% NaCl i.p. at 10.50h (indicated
by arrows). The injection of normal saline did not affect
pulsatile GH secretion.
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Fig. 32. Acute effects of MSG (1 g/kg i.p., upper graph) and vehicle
control (0.9% NaCl, lower graph) on mean plasma PRL levelss MSG caused
a rapid, transient release of PRL when compared to’ velilcle controls. The
minor elevation in PRL after NaCl was probably a non-specific stréss

effect. ‘
o
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DISCUSSION

Growth hormone secretion in control rats was characterized by
high-amplitude secr‘etory b}lrsts which reacm{d levels greater than 400ng/ml.
The bursts showed a striking dcute profile with a rapid rise in plasma GH,
abrt:pt termination of secretion, and decline in plasma GH to low or detectal_ﬂe
levéls. The surges of GH secretion showed regular 3-4-h interpeak intervals
which were entrained to éhe light-dark cycle. These results are in agr'eemenf .
with studies describeéd elsewhere (Martin et al.; 1978a; Tannenbaum and Martin,
1976; Terry et al., 1977d) Neonatal MSG administration resulted in growth
retardati.on, 1ncreased bgdy' fat, decreased pituitary mass and a signi fican;
reduction in the mean 5.5-h pl‘asm GH levels and pituitary content of GH, ’
cénfiming previous studies (Bakke et al., 1978; Cameron et al., 1976;
HoTzworth-McBride et al., 1976; Lamperti et al., 1980; Millard et al., 1980;
Nasagawa et al., 19{4;fNeneroff et al., 1977a,b; Olney, 1969; Pizzi &t al.,
1977; Redding et al., 1976; Schubert et al., 1980; Terry et a‘lb., 1977¢c).
Growth hormone secretdry profiles 1n.MSG-treated rats were‘charac‘terized’ by
Jow ;ﬁplitude bursts (usually < 100;n9/n1) of short duration (usually < 1 h);

trough levels remained low or undetectable.
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The pulsatile nature of GH secretion is thought to be regulated by
stimulatory (GH-releasing factor, GRF) and i nhib)itory (GH-release inhibiting
factor, somitostatin or SRIF) hypothalamic hormones (Martin, 1979; Martin et
al., 1978a; Terry and Martin, 1981b). The structure of GRF is unknown whereas
SRIF has been characterized as a tetradecapeptide (Brazeau et al., 1973). The
release of these hormones is in turn regulated by monoanines (Martin, 1979;
Martin et al., 1978a). The reduced amplftude and duration of GH pulses
observed in the present study could result from decreased 1eve145 of
stimilatory GRF or by {ncreased secretion of SRIF. We favor the Former
hypothesis. ‘

Although the precise localization of hypothalamic GRF,-containing neurons
1s unknown, electrical stimulation of the ventromedial-arcuate r;eg'lon of the
hypothalamus stimulates GH secretion in anesthetized rats (Martin, 1979). It
is H‘ke1y that destruction of arcuate neurons by MSG affects GRF neurons to
result in defective pulsatile GH secretion. This fdea {s supported by recent
studies of Millard et al., (1980) which show that GH release induced by
morphine is decreased in MSG-treated rats. The alternate hypothesis is that
MSG rats have an increased secretion of SRIF. Hypothalamic neurons containing
SRIF are located primarily in the anterior hypoi:ha'lanic-peﬂvg.ntricular zone,
which is unaffected by MSG. The decreased cqncentration of SRIF in the
hypothalamus in MSG-treated rats is unlikely to be due to the direct effects
of the neurotoxin, and may reflect altered GH feedback effects on SRIF
levels. Hypophysectow 1s reported to reduce SRIF levels in the hypothalamus
(Baker and Yen, 1976 Fernandez-Durango et al., 1978; Terry and CrowIey,

1980a).
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Pharmacologic studies indicate that pulsatile GH secretion in the rat is
dependent upon fgci]itatory noradrenergic and serotoninergic inputs to the (J
medial basal hypothalamus (Martin, 1979; Martin et al., 1978a,b). Dopamine
appears to have a minor role in GH regulation in the rat. The qeurotoxicity
of neonatally administered MSG is associated with destruction of dopami nergic
and cholinergic systems in the arcuate nucleus-median eminence region (Clemens
et al., 1978; Holzworth-McBride et al., 1976; Lamperti et al., 1980v; Nemeroff
et al., 1977a,b; Walaas and Fonnum, 1978) but norepinephrine and serotonin
- levels are unaffected. In c:mc'lusion. we favor the hypothesis that decreas(ed
GH secretiion in MSG-treated 1s due to a deféct in hypothalamic GRF resulting
in decreased pituitary GH sjntﬁes1s ahd failure of pulsatile release. . ‘
Neonatal administration of MSG suppressed random PRL bursts that usually
@ | occur in the afternoon in u-ndisturbed, freely-behaving male rats (Terry et
al., 1977d). However, mean 5.5-h plasma PRL levels and the pituitary
_ concentration of PRL were not affected by MSG despite a significant reduction
in the total pituitary PRL content. The results are in agreement with those.
’ of Clemens et al. (1978) and Nasagaw‘a et al. (1974). Lc;w plasma PRL levels
were unexpected since it is known that dopamine has a direct inhibitory effect
on p1tu1tar:_y prolactin release (MacLelod, 1976) and MSG decreases
tuberoinfindibular dopamine. Nemeroff et al.(1977a,b) reported increased
plasma PRL Jevels in adult male, but not female rats after neonatally
adninisteﬂred MSG. - The failure to demonstrate increased PRL levels in female
rats m§~be r;elateg to decreased estrogén Tevels \secondary\:to\ functional
ﬁypogonadism that occurs in MSG-trea}:ed animals. Clemens et ai. (1978) found

that 5-hydroxytryptophan, a serotonin precursor, caused marked enhancement of

-
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PRL release in MSG-treated- animals. Thesé results suggest that MSG-1induced
Tesions result 1n an impaired release mechanism for PRL, possibly due to the
absence of a PRL releasing factor. ‘

The acute administration of MSG to freely-behaving adult rats caused an
immediate, long-lasting suppression of rhythnic GH secretion and rapid,
transient release of PRL. Olney et al. (~1976) suggested that a dose of MSG
below that required to destroy arcuate neurons might .neverthe‘less stimulate
them to fire at increased rates and therby disturb endocrine systems regulated
by these neurons. They reported- that 1ow doses of MSG caused elevations of
lutei ;nzfng hormone and testosterorle, presumably mediated by stimulation of
the release of luteinizi ng hormone releasing hormone. These results have not
been confirmed by other {nvestigators (Ne,meroff et al., 1978). Neitherr‘
haloperidol nc;r atropine blocked the acute effects of MSG on serum PRL and GH,
suggesting that postsynaptic dopami ne"rfgic z;nd cholinergi c~‘~recvéptors do not
mediate these“effects (Nemeroff et al., 1978). However, these results should
be interpreted with caution since atropine also inhibits episodic GH secretion
(Martin'et al. 1978). Results of the present study do not st;pport the
hypothesis that MSG administration excites tuberoinfindibular dopaminergic
peurons, since acute activation of this system alone would be expected to
Tnhibit PRL ~r'e]ease (MacLeod, 1976) and have little,- if any, effect on
episodic GH secretjon (Willoughby et al., 1977). )

A number of“hypotha] amic peptides, 'i ncluding substance P, s—endorphih,
a-MSH and neur;tensin. are reported to stimulate PRL secretion in the rat
(Martin, 1979). Acute MSG adminfstration may activate one of these
peptidergic systems. . /

1
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2. CONCLUSIONS .

Neonatal a&ninistration of monosidium glutamate is associated with
destruction of dopaminergic, cholinergic and GABAergic ;ystems in the tubero-
infindibular tracts that originate in the arcuate region. It is also
associated with cell loss in th‘e retina and circumventricular organs and
causes mul tiplé neuroendocrine deficiencies including stunted growth,
increased body fat, hypogonadism and hypothyroidism. Thus, it is not a
"selective neurotoxin".and its effects on growth hormone secretion are
difficult to interpret. ,
‘Despite these caveats, results of this study suggest that monododium

glutamate caused a marked disturbance in rhythmic growth hormone secretion

characterized by decreased amplitude and duration of growth hormone rises with

_ low trough values. These .findings were accompanied by a. significant reduction

Aof somatostatin in the medfal basal hypothalamus. The reduced amplitude and

duration of growth hormone pulses probably-resulted from decreased levels of a
growth lzormo;ue releasing factor, possibly due to destruction of arcuate |
neurons. Since hypophysectomy reduced somatostatin in the medial basal
hypothalamus, decreased levels after monosodium glutamate were thought to
reflect a growth hormone feedback effect and not a direct action of the
neurotoxin. VAR '

Acute monosodium glutamate admi nisirqtion is thought to excite

tuberoinfindibular neurons without causing cell death. If dopamine stimulates

growth hormone release, then one would expect acyte monosodium glutamate

qdﬂnistﬁtion to increase plasma growth hormone levels. Such an .effect. was

not observed in the present experiments. Nevertheless, ‘other studies have

\}-shown that dopamine has a minor role in growth hormone regulation in the rat.

-
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The next series of experiments were devised to ascertain the role of the
two other major catecholaminergic neurotransmitters, norepinephrine and
epinebhrine.,in gr&wth hormone regulation. To this end,-animals were
adninistered selective inhibitors of enzymes responsible for the Bjosynthesis
of norepinephrine and epinephrine, doﬁauine-B-hydroxyIase and

norepinephrine-N-methyltransferase, respectively (section IV,A,B,).
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IV. ROLE OF CATECHOMAMINES IN REGULATION OF GROWTH HORMONE SECRETION

A. EVIDENCE FOR a-ADRENERGIC REGULATJON OF EPISODIC GROWTH HORMONE AND
PRpL/\CTIN SECRETION IN THE UNDISTURBED MALE RAT.*

Mcr

The present experiments were designed to study the effect of the centré]]y
active u-adrenergic receptor agonist, clonidine, on episodic GH and PRL .
secretion 1n male rats after selective blockade of norepinephrine (NE) and
epinephrine (EP) synthesis with the dopamfne-g-hydroxylase inhibitor, FLA-63.

Freely behaving.‘éhronically cannulated rats were maintained on a constant
11ght-dark cycle 1n.1sofatjon test chambers. Beginning at 1000h, blood
samples were remove& every 20 min fsr 5-h periods without disturbing the
animal. FLA-63 was adninistered (10 or 20 mg/kg ip) at 0845 h. Clonidine (15
or 150 ug/kg iv) was given at times that coincided with the spontaneous
occurrence of episodic GH peaks or trouéhs~observed‘in control animals. ’

Results of the present study are summarized as follows: 1) selective
blockade of NE and EP synthesis with FLA-63 (20 mg/kg) caused complete
suppression of episodic GH but had no significant effect on PRL release; 2?'
clonidine (150 ug/kg) restored the pulsatile pattern of GH secretion in
FLA-63-treated rats, and 3) clonidine (15 and ﬁSO ug/kg) stimulated SRL
release-1n a .dose-dependent n;nnér. "

These findi ngs suggest a major stinulatory/l role of a—adrenergic receptors

in episodic GH and PRL secretion.

*Terry and Martin, 1987a."
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INTRODUCTION

GH 1is thought to be regulated by the release of both inhibitory {SRIF) and
excitatory (GH-releasing factor) hypothalamic hypophysiotropic hormones that
are, in turn, regulated by monoaminergic neurons. GH release induced by
amygdg]ar or hippocampal stimulation is prevgnted by a-methyl-p-tyrosine
(a-MT) and a—adrenergic blockade (Martin, 1974b; 1976), results that are
consistent with the interpretation &hat catecholamines, particularly
norepinephrine (NE), may function as neurotransmitters in the pelay of these
responses from higher neural centers to hypothalamic peptidergic neurons.
Several investigators have provided evidence for a stimulatory role of the
central noradfenerg%c system in primates operating thraugh a-adrenergic
receptors (Martin et al., 1978a; Krulich, 1979). Recent reports suggest a
similar function of the NE system in rats (Durand et al., 1977; Martin et al.,
1978b; Vijayan et ;1., 1978; Ean et al., 1979; Negro-Vilar et al., 1979).

The pattern of GH release has been documeqted in. several species,
including man (Martin, 1974; Martin et al., 1978a; kru]ich, 1979). In the rat
the surges of GH occur in a wel} defined ultradian rhythm that is entrained to
the light-dark cycle (Tannenbaum and Martin, 1976). 1In contrast to primates,
rats react to stress by an inhibition of GH secretion (Terry et al., 1977d).
These factors make the study of the role of central neurotransmitters
difficult, and stress;free experimental conditions are a prerequisite for

meaningful results.
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The role of the central noradrenergic system in the regulation of PRL
secretion is sti}l largely unknown, and the available information is
contradictory. Systemic administratfon of clonidine induced elevation of PRL
levels (Durand et al., 1977; Stevens and Lawson, 1977). Administration of
phenoxybenzamine had a similar effect, whereas a-blockade with pﬁentolam‘l ne or
8-blockade with propranolol had no consistent influence (Martin et al., 1978a;
Lawson and Gala, 1975).

The present experiments were designed to determine the effects of
dopmﬂne-s hydroxylase inhibition and central a-adrenergic activation on

episodic GH and PRL secretion in the undisturbed, freely b‘[ehav'lng male rat.

Materials and Methods

L

.,Anfma'ls

Ma]e Charles River Sprague-Dawley rats (300-350 g) were housed in
temperature and humidity controlled laboratories with a 12 h 1ight:12 h dark

. cycle (1ights on at 0600 h). The animals were given free access to laboratory

chow and water. Animals were implanted with chronic indwelling SiTastic
cannulae placed in the right atrium via the right external jugular vein and

adapted to isolation test chambers, using methods previously described

(Tannenbaum and Martin, 1976; Terry et al., 1977d). After recovery of

preoperative body weight (usually 1 week postoperatively). blood samples were
withdrawﬁ every 20 min and immediately centrifuged, the plasma was frozen
until assay, and red blood cells resuspended in normal saline were returned to

animals at the time of the next sample. Individual rats were usually used as

" thefr own control, receiving control injections on one experimental day and

éhe drug(s) to-be tested on a subsequent day. Each animal was sampled for 5 h

beginning at 1000 h.
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Drug treatments

The dopami ne-g-hydroxylase inhibitor, FM—63
[bis(4-methy1-1-homopiperazinylthiocarbonyl)disuifide; Regis Chemical Co.,
Chicago, IL] was dissolved in normal saline containing 2 percent Tween 20 by
treating with HC1 and adjusting to pH 7.0 with NaOH. It was administered in
doses of 10 or 20 mg/kg ip at 0845 h. The same animal received an equivalent
volume of vehhi'c'le on another day. After demonstration that FLA-63 (20 mg/kg)
suppressed episodic GH secretion, FLA-63-treated rats were subsequently
adninistered the a-receptor agonist clonidine (15 and 150 ug/kg; Boehringer
Laboratov:i‘es,' Montreal, Canada) or vehicle {normal saline) iv at 1035, 1210,
or 1335 h without disturbing the animals. Plgsma PRL was also measured in all

animals.

Hormone assays &

Growth hormone and PRL levels were determined in duplicate by a double
antibody RIA usin{materials supplied by Dr. Parlow and the NIAMDD. VYalues
are expressed in terms of the respective NIAMDD reference preparation.
Minimum sensitivities of the assays are 3.2 ng/ml of GH and 1.9 ng/ml for PRL.

§

Analysis of data

The secretory profiles of GH and PRL were compared in drug-treated and
control animals to determine 1) the effect of FLA-63 (10 and 20 mg/kg) on
pulsatile GH and PRL release, and 2) the effect of clonidine (15 and 150

"
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ug/kg) on GH and PRL secretion in FLA-63-pretreated animals. The student's t
test was used to compare the overall mean plasma 5-h PRL levels in

! FLA-63-treated rats.

-

RESULTS
?

GH and PRL secretion in control rats

The 5-h GH secretory profile in 10 control rats is shown in Fig. 33. GH
secretion in individual animals confirmed previbus observations (Tannenbaum
and Martin, 1976; Terry et al., 1977) that the hormone is secreted in an
ultradian rhythm with 3- to 3.5-h intervals between bursts. Peak GH levels
were greater than 400.ng/ml, and trough values were less than 7 ng/ml. GH
levels were characterized by a broad surge at 1040-1140 h, a trough at
1200-1300 h, and an afternoon surge at 1300-1400 h. PRL levels were low
throuéhout, measuring less than 10 ng/ml. Individual rats showed 2-4 random
bursts of PRL, occu;ring most frequently in the afternoon, as described

elsewhere (Terry et al., 1977d; results not shown).

Effects of FLA-63 on episodic GH and PRL secretion

Administration of FLA-63 resulted in a marked, dose-dependent suppression
of pulsatile GH secretion (Fig. 33 and 34). Episodic GH release began to
return within 4 h after 10 mg/kg FLA-63 but remained suppressed for 6 h after
20 mg/kg (Fig. 34). Therefore, the larger dose was used in all further

;- " experiments. In contrast, FLA-63 had no significant effect either on overall
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PRL‘levels when compared to the control group (3.5 + 0.5 vs, 3.7 + 0.6 ng/ml,
respectively; n = 10 animals per group) or on the PRL secretory pulses (data

not shown).’

Effects of c]onidiné on BGH and PRL in FLA-63-treated rats

Clonidine (15 or 150 ug/kg) or saline were administered randomly at times
that coincided with the anticipated occurrence of spontaneous bursts (1035 and
1335 h) or low trough levels (1210 h) of GH, as had been documented in the
same animal on a previous controi day. Previous studies %n rats kept on a
constant light-dark cycle have shown that GH bursts occur at approximately the
same time (within 1h) bgtween animals or in the same animal tested on separate
occasions (Tannenbaum and Martin, 1976). In FLA-63-treated rats, the larger
dose of clonidine elevated GH levels to values comparable to those seen during

the spontaneous pulses of untreated controls (fig.’BSLi__The 15 ug/kg dose had
a noticeable stimulatory effect, but it was not significant (Fig. 35).

Clonidine also caused a significan;d dose-dependent elevation in PRL secretion
(Fig. 36). The stimulatory effect of clonidine on GH and PRL secretion in

FLA-63-pretreated animals was not dependent on the time of administration.
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Fig. 33. Effects of an ip injection of FLA-63 (20 mg/kg) at 0845h on mean
plasma GH in freely behaving male rats. Vehicle-injected control rats
show typical episodic GH -secretion with pulsoa at-1040-1140 and 1300-1400h.
FLA<63 causes suppression of pulsatile GH release for 6 h. In this, and
subsequent figures, number of animals in each grouwp are shown in
parentheses and vertical lines indicate SE of the medn.
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Fig. "34. Dose-dependent suppression of episodic GH secretion by FLA-63.
The smaller dose of FLA-63 caused less Suppressioh of GH release and had

a shorter duration of action.
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0 l 35. Stimulation of GH secretié‘i'bya clonidipe (15 and 150 ug/kg) '
stered at 1210 and 1335 k, respectivelyb o a rat pretreated with ’ .

) ~63 (20 mg/kg) 'at 0845 h. The rise in GH after 150-1ug/kg of clonidine
‘ ip similar in magnitude to physiologic;al spontageous surges in GH.
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Discussion

/
Results of this .‘e.tudy indicate that the central a-adrenergic system is

‘ involved in the generation of episodic GH release tn the undisturbed male

rat. Tregtment with the dop¥mine-s-hydroxylase 1nhibitor FLA-63 in a dose

that is known to cause significant depletion of NE and“epinephrine (EP) in the ~

hypothlanus and qther brain regions (Fu;(e et al., 1979) resulted in total 2
suppr"essm'n of pulsatile GH-release for 6 h. Administration of clonidine, a
centrally active a-adrenergic receptor agoni st, to FLA-63-pretreated animals

caused an é]eyaﬂ on of GH to levels that occur during physiological episodic

t
x

The results are °in agreement with previously reported experiments that ‘
showed that inhibition of cgtecholamine synthesis with a-MT, blockade of
9,-rece'ptors wi{:h phenox’ybé;\;ami ne, or suppression, of monoami ﬁergic
transmi s;sfon with ;eserpi he, abolished GH surges- in chroqical 1y cannulated,

unanestheti zed male rats (Durand et al., 1977; Martin et al., 1978a; Eden et ,

~al., 1979). Blockade of s-receptors with propranolol had no effect 6n GH -

secretion (Martin et al., 1978b). GH reléase similar to natural secr@tory

dopamine receptor

pulses could be induced with clonidine but not with the &

agonist apomrphine (Durand et al., 1977). Simﬂar resmts have been reported
in the female rat. Selective b'lockadg of NE and EP synthesis by . r

diethyldithiocarbamate (DDC) completely abolished the episodic release of GH
in unanesthetized, 6var1ectomize_d rats, and clonidine stimulated GH release to

levels that occur &uring spontaneous release (Negro-Yilar et al., 1979).

- ) .
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These results are .supported further by evidence of Ruch et‘a]. (1976) that _
:1ntra;entr1cular*adm*nisiration of clonidine stimulateS\GH”’élease in the male
‘ rat. Taken together these findings suggest a major stimu1atohy Fole of | -
. a-adrenergic receptors 1n GH release. . - ) e

Hypothalamic somatostatin cgl1 bodies are present in the periventricular
nucledg, an area richly innervated by NE nerve 'terminals and to some extent
" also by EP terminals (Fuxe, 1965; Lofstrom et al., 1976) . Thus, the
periventricular somatbstatin-positive nerve cells that innerva;e the median
eminence (Hokfelt et al., 1978) ma} be under the control of NE and possibly EP
nerve cells. Anderss;n et al., (1?77)lfound that treatment of <f
hypophysectomized rats with fat G@_reduced NE levelsuin the hypothalami
’ ;ubependymaf Tayer anﬂ decreased NE turnover in the posterior periventricular
(:} hypothalamic region. These results are significant because they provide
- further- evidence of noradrenergic mechanisms in the control of GH'secretion.
2 'The present data indicate that sé1ective blockade of NE and EP synthesis
’ hith FLA-63 had no significant effect on PRL segretjon. In contrast; it was
recently reported that 1nvib1tion of dopamine-a nydroxylase by DDC in
overiectomized rats resulted in suppression of PRL release (Negro-v11ar et
al.. 1979) The reason(s) for this difference between sexes {s not.clear.
The effects of clonidine on PRL secretion support the findings ;f Durand
et al., (1977) and Donoso et al., (1971) who showed that administration of
- either clonidine or DL- hydroxypheny1ser1ne. respectively, 1ncreased PRL 1evels
in a-MT-treated male rats. Stimulation of a-adrenergic receptors in
ovariéctomized rats pretreated with DDC resulted in a small rise in PRL

: )\
(Negro-Yilar et at., 1979). The concept is well established that PRL
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secret;ion ‘1s under the tonfc 1nhibitory influence of the tuberg’infundﬂ?ular

1

dopaminergic system (Macleod et al., 1976). Fuxe and Hokfelt (1970) have

shown that activation of NE receptors by clonidine decreased activity in these

tuberoinfundibular dopaminergic neurons. It is possible, therefore, that
clonidine .f;timu]ated I;RL secretion in the présem: experiments ,b& the
s@pressjon of do‘puri ne release from this neuronal system.

Clonidi ng’ has been classed as a pv;eferéntial qz-adrenergic agonist, and
such receptors may be present on pre- and/or postsynaptic mefubranes (Starke,
1977).. The Apresent resilts demonstrating ‘that clonidine stimulated GH
secretion 1n animals pretreated with a dopanine—s—hydro:gyl ase inhibitor

suggest that clonidine activated postsynaptically located a-receptors. -

-Recenﬂy, Fuxe et‘a'l. (1979) reported that clonidine also activates post- or

presynaptic EP receptors in discrete brain regiﬂ'ohs. However, the predominant
effect of cloni&ine was on NE, rather than EP, in the hypothalamus. In
addition, clonidine may activate central histamine (Hy) receptors (Schwartz,

1979). However, there.is no eviﬁence that Hz-receptons are involved in the

stimulation of GH or PRL' secretion in the rat (Weiner and Ganong, 1978;
Arakelian and Libertun, 1977; Rivier and Vale, 1977). Therefore, it is most
Tikely that the stimulatory effect of c‘lbml dine on GH and PRL are due to

" activation of NE receptors.
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IV. B. REGULATION OF EPISODIC GROWTH HORMONE SECRETION BY THE CENTRAL
' " EPINEPHRINE SYSTEM - STUDIES IN THE CHRONICALLY |

CANNULATED RAT*
’ o . ) ABSTRACT

_Catecholamines are postulated to regulate.growth hqrmone (GH) secretion by
their influeﬁce on the release ofntwo hypothalamic substances, somatostatin
(SRIF), which inhipit§ GH re]éase, and GH-releasing factor, as yet '
unidentified. Extensive pharméco1ogic studies in man and animals indicate a
stimalatory effect of central norepinephriné and dopamine on GH, but ffl'—ne t
function of epinephrine (EPIQ—is_uncertain. Furthérmore, many of the agents

" used to study the role of éatechola@ines in GH regulation are not selective in

\¥ﬁht they affect adféhergic as well as noradrenergic and/or dopaminergic,
neuroéransmission. In the preseqt investigation, centrai nervous system (CNS)
éﬁl biosynthesis was selectively interrupted'with the specific norepinephrine

_ N-methyltransferase inhibitors (NMT), SK and F 64139 and LY 78335, and the

.
L 0
¥
L]
'

effects of central EPI depletion on epiéodic GH secretion in the chronically -

“~

cannulated rat were determined. Inhibition of CNS EPI gynthesis with SK and F
64139 caused complete sﬁppression of episodic GH secretion, and concomitantly
reduced the EPI level in the hypothalamus without affecting dopamine oy\
xénorepinephnine. Administration of LY 78335 produced similar effects on
pufsatile GH. Morphine-, but not clonidine-iﬁduqed; GH release é]so was

blocked by SK and F 64139. These results indicate that 1)(£he

®
¢
i

*Terry et al., 1982
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' morphine-induced GH release is mediated by the central EPI system, and 3)

. -
v
» 4 - % ! 2
i
. R - . .
.
- .

1

central EPI system has a major stimulatory function in episodic GH release, 2)
. 4
clonidine stimulates GH release by activation of- postsynaptic alpha-adrenergfc
receptors. Drugs that affect CNS adrenergi¢ systems have a potential role in
the diagnosis and treatment of di sorders of GH secretion.

— e
INTRODUCT 10N

R

Growth hormone ((;H) secretion by the pituitary gland appears to be .
regulated by tw:) hypothalamic hormones, ‘ one 5t1mu1atory {GH-releasing factor),
and the other inhibitory (somatostatim, SRIF). Although there is substantial
physiological' and biochemical evidence for the existence of .GH-re1easi.ng
factor, 1ts structure has not rbeen determined (Martin et al., 1978a) SRIF has
been characterized-.as a tetradecapeptide (Brazeau et al., 1973). Extensive-
studies in man and experimental animals suggest that the release of SRIF and
GH-releasing factor is regulated by catecholamine-containing neurons in the
central ner;\‘lous system (CNS) (Martin et al., 1978a; Martin, 1980).

C;tecﬁola{nines were first implicated in GH regulation in man by the
nciemonstratio}that insulin- and vasopressin-induced GH secretion were
‘p.'xrt'lany inhibited by the a-adrenergic blocker, phentolamine ( Blackard and
Heidingsfelder, 1968). It was shown suy)sequently that L-dopa stimulates GH
secretion in humans (Boyd et al., 197/0; Lal et al., 1975). Because.L-dopa is
a metabolic precursor of dopamine (9/1/\): norépinephrine (NE), and epinephrine
(EPI), it became essential to exa/ly‘{ne the effaxds of more selective

dopaminergic and noradenergic dr/n/gs on GH release. For example, CNS

x
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a-adrenergic receptor stimulation with clonidi ne elicits GH release in humans

(Lal et al., 1975) and a number of Tower species (Chambers and Browm, 1976;

Lovinger et al., 1975 Durand et al., 1977; Terry.et al., 1981a) Evilence

concerning the roIe of brai n DA in GH control 1s less consistent. SIn L\Mus,
s -~ + CN§ DA receptor stmulation with apomorphine causes GH release (La/l et ax..

¥

1973). However, activation or blockade of DA receptors 1n experimenta‘l
animals has little effect on GH (Chambers and Brown, 1976; Lovinger et al,,
1976; Durand et al., 1977; Willoughby et al., 1977}, indicating that 1ts,‘
"effects may be specific to humans.

Ser'laﬁ measurements of p1asma; GH levels Pi'n humans and experimental animals
show abrupt, spontaneous fluctuations (Martin €t al., 1978a; Quabbe et al .',
:1976; Takahashi et al., 1968). For these oscillations to occur, *the

cmm e e o

hypoihalamic-pituité;y connections must be intact (Martin, 1978). Because
episodic GH secretion is pa‘rticullarl_y prominent in the male ,rat,‘ this animal
: has provided a useful experimental model to study the adrenergic mechani sms\
involved in 1ts regulation. In rats, a variety of noradrenergic synthesis
{1 nhibitors and receptor antagomsts b1ock the pulsatile secretion of GH
(Martin, 1980). Moreover, noradrenergic antagonists prevent the increase in
GH induced by morphine (Koenig et al., 1980).

In all the previous studies, the noradrene;gic agonists and antagopists
used may also have affected transmission in e;inephrine (adrenergic) systems.
Résu,lts‘ of eaﬂ%@*@peﬁmnt’s suggest that EPI stimulates GH in primates '
(Meyer and knobﬂ 1967) a-nd rodents {Muller et al., 1967; 1968), but not in .
man (Roth et ?’m 1963; Schalch, 1967 Massara and Strumina, 1970; Rabinowitz

et al., 1968) ﬁihe avaﬂabﬂity of severa] se]ectfve EPI synthesis
0

", ’
e
?

B
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) '1nh1bft0rs, developed for possible use as antihypertehsi've a'genis in humans

(Pendleton et al., 1979 1980; Sauter et al., 1977; Fuller ét al., 1977) have "’
made 11‘. possi ble to a‘lter the synthesis of EPI without affecting
norepinephrine or doplnine., These compounds have been used in the presen.t'
investigation to assess the'{ nvolvemen{: of brain EPI systems in regulation of
episodic and morphine-induced GH secretion in the rat. Results of &Ms study
indicate that the CNS adrenergic system has a major fum;tion Jn the regulation

%

E)

of GH secretion. , ) L s
v - ) , . METHODS

Male Sprague-Dawl:eyﬂ rats (300-350 g, Harlan Industries Inc., Indianapoiis.
IN) were housed in temperature and méi dity-controlled laboratories with a
12:12h 11ght-dark cycle (1ights on at 0600h). The animals were given free

access to laboratory chow and water.
}

The selective EPI synthesi s {nhibitors, SK and F 64139 and“SK and F 29661
[7, 8-di chloro-l 2,3 4-tetrahydroisoqu1noHne and
1,2,3,4-tetrahydroisoquinoli ne-7-sul fonamide, respectively; Smith, Kline and
French Labdratories, Phﬂadelph'!a, PA], which act by inhibiting norepinephrine .
N-methy1transferase (NMT, EC 2.1.1.i8), were disso14ved in 0.15 M NaCl@H 7.0)
to yield a final concentration of 25 mg/m} and administered in doses of 10, 25
f"\/

and 50 mg/kg body weight fp. A third MMT inhibitor, LY 78335
(2,3-di ch}oro-u-mei\hylbenzylanfi ne; E11 L1111y and Company Research

7
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- Labartories, ,Indfanapolfs, IN) was di$solyed in the same vehicle and

administered in doses of 25 and 50 pg/k‘g\body‘ weight ip. 'SK_ and F 64139 and
LY 78335 cross the blood brain blr_'rier ‘dnd tnhibit central and perjphet:'ﬂ EPL
synthesTs (Pendleton et al., 1980; Fuller et al., 1977). SK and F 29661 only,
tnhibits p’eriphey‘al EPI synthesis becahse it does not cross the blood brain .

_ barrier (Pendleton et al., 1§79) The a-agonist ‘clonidine (Boehri nger

Laboratories, Montreal, Quebec, Canada) was given in a dosé of 150 ug/kg iv.
Morphine squate (Elkins-Sinn, Inc., Cherry Hi11, NJ) was diluted in 0. BN
NaCt to a final concentration of 0.5 mg/ml amd adninistered in a dose of 43
mg/kg iv. ( ' S h S

LI
*
LS

.. |

) Experime nta‘l procedure

Experiment 1: An’lmls were implanted with chron'lc 1ndue111ng cannulae
p1aced in the right atrium via the right external jugular vein and adapted tb
tsolation test chambers, using methods - descr1bed previous]y (Terry and Marud?n,
19783) Sampling began after recovery of preoperative body weight (usuallyﬂ

week postoperati vely). Blood samples (4 x 50 ul) were wiﬁhdrawp every, 15

mi nutes énd impediately centrifuged. The p1a§m was fraien at -99°C until.,
radfoimmunoassay of GH and prolactin (PRL), and red bloed cells suspende& f’n
normal saline were retuv;ned to anfmle at the time-of-the next sample.
Individual rats were usually used as' their own éon€r01 receiving control
{njections on one experimenta] day gndv the, drug(s) to be tested on a
subsequent day. Animals (n-B/group) rece1ved either the centrally attive EPI
synthesis inhibitors, SK and F 64139 and LY 78335, the peripherany active,

id
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¥ Sl( and F 29661 or saH ne vehicle at 0930h and were sampled for 3h or 6h
) beginning at IOOOh in order to encompass one or two GH secretgry episodes.

cudbicles. ‘
. Ina 'par'anel experiment, male rats (8/group) were sacrificed by cervical

dis'location 'I 5, 2.5, and 3. Sh after receiving either SK and F 64139, 29661 or

: were di ssected wel ghed, snap frozen on dry ice, and stored at'-90° for
j . ,‘: ; [ subsequent extraction and determination of DA, NE, and EPI. The hypothﬂamic
“ di ssection was limited rostrany by the optic chiasm, caudally by the

mmillary‘ bodies,land laterally by the hypothalamic sulci, and the dorsal cut

H ) ‘ - was éﬁgroximite]y 2 mn from the base of the brain.

* | EXpeHﬁnent 2: Clor;idine or vehicle was given to- SK and F 64139-pretreate&

; C} ‘, 'animﬂs at 1105h, dsing methods described in Experiment 1. °

; = ' .. Experiment 3: - In order to determine if blockade of central EPI 'syhfhesi S

g affeéted morphine-stimul ated Gi-!‘ morphine sulfate (3 mg/kg iv) or normal

sa‘rinq was administered at 1105h to animals pretreated w1th either SK and F

64139, pr vehicle at 0930h. Samples were removed from 1000-1300h as. described‘

" . . above. -

. GH ‘and PRL Radioimunoassa.ys -

GH and PRL were measured in _duplicate by doub]e antibody radioimunoassqys
using materials supplied by the National Pi tuitary Agency, as described
previous?y (Terry and Martin. 1978a). VYalues were determined using the

v ' ' . 191

£ ' The anim}. s behaviog ms\mnitored through one way observation ports in the -'

nor'ma} saHne at 0930h. Their brains were removed immediately and hypothalami

. o weighted Rodbard method (Rodbard, 1474) and expressed in terms of-the NIAMDD - '
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refereﬁce preparation, rGH-RP-1 and rPRL-RP-1. ‘The minihum_detectaﬁle amount
of GH was 2.5 ng/ml and the intra- and,interassa& coeff{cients of‘varigtion
were 3.8 percent and 9.6 percent, respectively (mean °f.30 Qeéermin;tions).
The minimum detectable amount of PRL was 1.0 ng/ml and tﬁe intra- and
interassay coefficients of variétion were 3.4 percent and.10.9 percent,

respectively (means of 6 determinations). A

Catecholamine assays

Concentrations of EP;, NE and DA in the hypothélamu§ were meagured by a -
sensitive radioenzymatic assay. The cateeholamines were extracted accordfngf
to the method of Sole, and Hussain (1977), Qnd separateﬁ by thin layer'~
chromatography, according tq Peuler and Johnson (1977). The hinimum
detectable level of each catecholamine was 10 pg. All samples were medﬁured

in the same assay to avoid jinterassay.variation. .

T

Analysis of data

-

€

The secretory pﬁofi]es\of GH were compared in drug-treated and control ‘
animals to determine: 1) the effect of SK(and F 64139, SK andvF'29661, ana,LY
78335 on pulsatile éH and PRL release, and 2) the effecgglof clonid#né, and

. morphine on GH.secretion in vehicle- gnd/or SK and F 6413§—pretreatea ‘
animals. The effects of saline vehicle, SK and F 64139, SK and F 29§§] and LY
78335 on GH and PRL levels over time were analyzed by two,fgctpr, repeated
measu}es analyses of variance (drugs x timé). In addition, single factor

~analyses of variance, followed by Newman—keuls tests, were used to compare 1)

~
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pTasma GH and PRL levels in SK and F 64139— " and F 29661-, and LY 78335-
treated rats. anﬂ 2) plasma BH levels from 1100-1300h in vehicle or SK and F

-64139—pretreated animﬂs that received drugs at 1105h. Single facto,w &na]yses

of varfance and Nemnan-l(euls tests (Weiner, 1971) also were used to compare

»ti ssue levels of catecho‘lami nes 1.5, 2. 5, and 3.5 after receiving SK and F

64139 29661 or vehicle. A P value less than .05 was defined as significant.

RESULTS

~

Effects Qof SK and 64139, SK and F 29661, and LY 78335 on Episodic GH and PRL

[T TS sy e r = i AS MR PR M Ly 210nt ¥ TS

Secretion

The pattern of GH secretion in individual animals confirmed previous

observations ( Tannenbaum and Martin, 1976) that male rats kept on a coﬁstant

* Tight-dark cycle have episodes of GH release that occur at approximately the

same time (1100-1200 and 1300-1500h) (Fig. 37, left). The centrally active SK
and F 64139 suppressed (P < .001) pulsatile GH for 6h (Fig. 37, right) in a

" dose-dependent manner: (Fig. 38). Adn'l nist?‘afion of the other centrally active

EPI antagonist, LY 78335, also suppressed ( P < ,001) GH release, and this
effect also was dose-related (Fig 39) However, “the peripheral antagonist,
SK and F 29661 (50 mg/kg ip) had no ef,fect on §H when compared to the normal
saline control group (Fig. 40). )

SK and F 64139 caused a significant, dose-related increase in mean 3h
plasna Tevels of PRL (Table XIV). Administration of the peripheral EPI
synthesis inhibitor, SK and F 29661, also elevated PRL levels (Table XIV).

However, LY 78335 did not significantly affect plasma PRL when compared to the

/
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normal saline control group (Table XIV), None of the drugs caused a
R . . X 3
disggrnib]e change 4n the animal's behavior and, specifically, there were no

L}

indications that the drug—treated'hnimals vere stressed. | o e

Effects of SK and F 64139 and 29661 on Hypothalamic EPI

As demonstrated previously (Sauter et al., 1977; Croﬁley and Terry,
1981b), the centrally active EPI synthesis inhibitor, SK and F 64139 (50’mg/kg
ip), caused a significant reductioh (P < .05) in the hypothalamic
concentration of EPI in male rats from 1.5 to 3.5h éfterfadministration,
whereéﬁ, SK and F 59661, the peripheral EPI synthesis inhibitor, had no
effect when compared to time%magched controls (Fig. 41). Neither of thg\drugs
affected tissue levels of DA or NE((Tab1e'XV).

2P -

Effect of clonidine on GH in SK and F 64139-pretreated male rats

To test whether the inhibition of GH release By SK and F 64139 could be_
reversed, by activation of central postsynaptic a-adrenergic receptors,
c]onidinéA(150 ug/kg) or vehicle were administered at a time (1105h) that

coincided with the anticipated occurrence of a GH burst, as had been
- A ,

documented in the same animal on a previous control day. In SK and F

PR

64139-pretreated rats, clonidine caused a significant elevation in mean GH

levels abo&e saline-injected controls (P < .0001, Fig. 42).

e

Clonidine-stimulated mean GH levels were comparable to those seen‘dur{ng

spontaneous pulses in untreated animals., \

\
i
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L Effect of Morphine on GH in 5K and F 64139-pretreated ula rats -
To determine’ 1f EPI was 1nvolved fn worphine-1induéed. GH release, morphine )
K su1fate (3 mg/kg iv at 1105h) was adlinistered to vehicle or SK and F 64139

pretrea‘ted male rats. In the vehicle-pretreated group, morphine had an

- 1med1ate étt%mlutory effect on GH that resulted 1 n mean plasma Jevels greater
then 1000 ng/ml (Fig. 43), si gnificant higher than the (P < :01) group

-

‘recef vfng saline vehicle ( not shown). 'Previous studies have shown that
Jnorphfne-sttmulated GH re’lease in the rat is inhibited by naloxone (Koenig et
al., 1980), indicating that this is a specific effect due to act'l\vation of
é0p1ate receptors. In the present study, the stimulatory effect of qtorphine on
GH was completely blocked by pretreatment with SK and F 641139 { F,'I'g'. 43)-

! R >
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TABLE XIV °.-- ‘ o o
. | EFFECTS OF SK&F 64139, SK&F 29661, AND.LY 78335 ON
: MEAN 3h PLASMA PROLACTIN (PRL) LEVELS

’ES
-
i, v

- ‘ : . N Plasma PR (ng/ml) + SE (n) P

- . . A . .
Normal Saline (ip) ‘ ‘ , . - )

1 . , ‘ Ce o 4.7 + 1.1 (10) .
i ‘ : SK&H 29661 (50 mg/kg 1p) - N . .
H ) R - B - o

o . : : %20.2 + 4.8 (10) ,

a SE&F 64139 (ip) _ : :

e 10 mg/kg . . - . *14.4 + 41 (6) ‘

3 . . 25 mglkg - AU %25.8 + 7.5 (6)° : , : 2
50 mg/kg I o %39.7 + 8.0 (9) -

96}

B e moei
?

LY. 78335 (1p) S L i e
25 mefkg . - - 6.5+ 1.5 (6)- - e gy
.- 50 mgfkg . —_ SR 9.7+ 1.3 (6).

k] v

- . . | . . ) N R N T . . I3 -« ‘o
PR *P less than .05 compared to normal saline . - ) <
L]

+ > t/‘
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- : ©_ TABLE XV

EFFECIS OF SKF 29661 AND-SKP- 64139 ON HYPOTHALAMIC L
CONCENTRATIONS OF DOPAMINE (DA) AND NOREPINEPHRINE .
(NE) IN MALE RATS 1.5, 2.5, AND 3.5 h AFTER INJECTION

> ¢

* . Normal Saline (ip) , SKF 29661 (50 Eg/_k& ip) SKF 64139 (50 mg/kg ip)

DA (ng/g tissue)

-

L5h T 2235 +17.8 2134+ 9.9 f 2‘43.8‘1 6.5
2.5h 21.8 + 1k 219.6 + 10.3 250.1 + 11.8,
3.5h 206.1 1“16.6‘ : 4 190.9 + 13.3 231.2 + 15.0

NE (Mt‘issue) S o | )
1.5h 1498:5°+ 60.8 /1384:0 + 63.0 1313.0 + 36.0
) 2.5 h '~ 1503.0 +118.0 © 1433.0 +111.0 ’ 1327.0 + 7.5
35h 1724 613 . 1300.0 + 62,0 - 1300.0 + 84,0

-

- n = 8 animals in each group.
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Fig. 37. Effecta of SK&F 64139, a central EPI
synthesis inhibitor, on episodic GH secretion in
ipdividual male rats sampled for 5-1/2h. Normal
saline~treated ¢ontrol animsls showed typical epi-
sodic GH release with pulBes occurring between
1100-1200 and 1400-1500h. SK&F 64139 completely |
inhibited the first and partially suppressed the
.second pulse.’ Normal saline or SK&F 64139 were
administered at 0930h. " The letter R followed by
a number in the upper left corner refers to
individual rat identifications.
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1000 1100 1200 1300

.. ' CLOCK-TIME

., 250 7
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e ‘Fig. 38. Dose-related suppression of episodic GH secretion
by SK&F 64139 administered at 0930h. SK&F 64139 inhibited
(P < .002) GH release in. doses of 25 and 50 mg/kg

‘]—;g?pg/kg dése did not suppress GH significantly.

8 of the mean were omitted for clarity. In this, .and
subsequent figures, numbers in parentheses at 1300h refer

to the number of animals in each treatment group.
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Fig. 39. Dose-related inhibition of pulsatile GH release by
the central EPI synthesis ‘inhibitor, LY 78335, administered > -

at 0930h. Doses of 25 and 50 mg/kg inhibited (P < .01) GH. oo
Standard errors were omitted for clarity- -
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PLASMA rGH

sa2) AT
. SKF 296§I(5qu/kq ip)

4007 1 j e
1 SKF 64139 (30mg/kg ip)

200'; N [ D
! B R3 R8

I000 1100 . 1200 1300 1000 \, 1100 " 1200 1300
CLOCK - TIME ~ *

- PFig. 40. Effects of SK&F 29661, a peripheral . (EPI) eyntﬁ“esia
inhibitor, and SK&F on eplspdic GH secretion in individual
male rats. Normal Aaline- and SK&X 29661-treated animals showed
pulsatile GH relegbe (top and middle, respectively). SK&F 64139
completely supprepsed episodic GH secretion (bottom). The. letter
R followed by a er in the lower right corner refers to
individual rat idpntifications.
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NORMAL. SALINE (ip) .
SKF 29661(50mg/kgip)
M SKF 64139 (50mg/kqip)

EPTI (ng/g tissue)
“ . ,
@)

35h . -

Fig. 41. Effects of SK&F 29661 and 64139 on the concentration of

EPI in the hypothalamus 1.5, 2.5 and 3.5h after administration at
" 0930h. SK&F 64139 caused a significant reduction in EPI, but

29661 had no significant effect. %indicates P less than 0.05. -

There were 8 animals in each treatment group. Vertical lines

represent SEM in this and subsequent figures. T L
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Fig. 42. Effect of clonidine, a centrally active a-adrenergic
receptor agonist, on GH secretion in SK&F 64139~ pretreated

(0930h) male rats.
by arrow) caused a significant elevation in GH levels.
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Fig. 43." Effects'of morphine sulfate (M5) on GH
secretion in SK&F 64139~ and normal saline~ pretreated
(0930h) male rats. S administration’ (1150h,

indicated by arrow) to saline— pretreated rats caused
a significant elevatiom in GH .levela. This effect was
blocked completely by pretreatment with SK&F 64139.
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DISCUSSION - S

ResuTts of the present study show that inhibition of CNS EPI synthesis

A = oo

with SK and F 64139 and LY 78335 completely suppressed physiologjé‘; pulsatile
GH release in male rats. In contrast, the peripheral EPI synthesis bﬁloeker;

SK and F 29661, had no effect on GH secretion. This indicates that 1nh1bit10n

e e a w

of brafn, rather than adrenal, EPI synthesis is responsible. The inhibition
of episodic GH secretion by X and F 64139 was accompanied by a signifjcant
reduction in the hypothalamic concentration of EPI, while SK and F 29661 had

‘no effect. Earlier studies have shown that LY 78335 1nh#b1ted hypothﬂgni'c

EPI synthesis (Fuller and Perry, 1977). None of these drugs altered
hypothalamic NE nor DA. _
Previous attempts to investigate the function of EPI in GH regulation in

man and experimental animals were limited by the poor penetrabﬂity of the

blood brain barrier by EPI, and the unavailability 6f agents that directly )

affect brain EPI neurotransmission. In man, peripheral administration of ERL v

in doses sufficient to'produce significant hy’perglycemia‘did not ‘1nduce'GH.

secretion (Roth et al.‘, 1963; Schalch, 1967; Massara and Strumina, 1970) nor- | " |
inMibit arginine-stimulated GH release (Rabinowitz et al.;. 1968). kowévér;

large doses of EPI initiated a marked and prompt increase in p'lasna GH {levels

in fema1e rhesus monkeys (Meyer and Knobﬂ 1967). Moreover, .. '
intracerebroventricular or intravenous EPI administration to rats caused -

release of bioassayable GH (Muller et al., 1967, 1968) Data from the present
experiments, which employed selective EPI antagpnists, 1nd1cgte that the

s

central EPI system has a major function in the generation of episodic GH 1 )

- sacretion in the rat.
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Mdrphine anci the éndogeneusf'ﬂp%oid peptides, m;'t-enkephalin and
B-enﬁorbhin, ha(re\ a potent stimulatory effect on GH ;secret\ion in numt;.rous
gxperimenta]glan";mials, an effect prévénted by tﬁe spgcificl opiate réceptor
b]ocken,‘;wa"loxone"(Mart*ih et al.‘, lgiaa;;Koenigiet al., 1980' Van Vugt and
'Meites, 1980; Imura et al., 19813 .Chihara et al., °1978) Furthermore, the
gynthet'ic enkepha11n analogue, FK—33—824, causes GH re]ease in man (von |
| . Graffenneg et al., 1978). None of the opiolds appear to act directly at the
pituitary, lével aﬁd it"is’likely that'they inﬂuence- the re]ease of GH éither
by modulating the secretion of re'teasmg/ inhibiting factors and/or by
»affecting neurotransmtters (Rwier et al., 1977 Dupont et al., 1977).

vidence to support the latter fiypothesis was provided in a recent study
demonstratmg~ that a-adrenergic receptor blockade with phenoxybenzam ne, or
inhibition of NE and EPI synthesis with diethyldithiocarbamate, a
dopamine-g-hydroxylase inhibitor, abolished the GH-releasing effect of
morphine in the rat (Koenig et a].,"1980). These’ effects were attributed to
noradrenergic mechanisms. —D\ata from the Ipresent' étudy suggest that morphine
enhancesﬁ GH secretion by activai';ion of CNS EPI systems because the ;.electi-ve
EPI antagomst sk and F 64139 completely ‘blocked morphme—mduced GH re]ease.
These results do not necessarily exc]ude a similar role for NE.

‘Previous studies have ‘shown that clonidine restores pulsatile GH release
in rats after-blockade of NE and EPI synthesis with FLA-63, a
dopamine-g-hydroxylase inhit;itér (‘ferry and Martin, 1981). In thg present
- study, clonidine administration to SK 'and\‘FJ 64139-pretreated Anima}s elevated
GH td "1eve'ls that occur during'episodic re]ease: Clonidine also stimulates GH ‘

: secretmn in man and several,species of experimental ammals (LaT et al.,

1)
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1975; Chambers and Brown, 1976; Louinger et al., 1976; Durand et al., 1977;
Terry and Martin, 1981a). The sfigulatory' action of clonidine s most 1ikely
due to activation of postsynaptic a-adrenergic receptors. Cloni ;ﬁ ne activates
post-or presynaptic EPI receptors in discrete brain regions (Fuxe et al.,
1979)}. It is not possible at present to determine whether the effect of

clonidine is due to activation of receptors normally occupied‘ by NE or EPI.

" However, the ability of clonidine to stimulate GH release in SK and F

64139-treated rats demonstrates that the EPI synthesis inhibitor does not
compromise the ability of thé) pitui tary gland to release GH.

In addition to its NMT-inhibiting actions, SK and F 64139 has been
reported to have some adrenergic blocking éffects mediated via ay- and a;-
adrenoréceptors in vitro (Drew, 1981). Thuﬁ, caution should be exercised when
interpreting the interaction bétween SK and F 64139, EPI, and GH, because NMT
inhib1ition or a-receptor blockade could produce similar effects on GH '
release. It is unlikely that these a-blocking actions can account for the
inhibi tory effects of SK and F 64139 on pulsatile GH for several reasons.
First, SK and F 64139 has Tittle postsynaptic adrenergic blocking action, but
does have presynaptic vantag;ani stic properties (Drew, 1981). \!Mwever, this
would senhance NE and EPI release (Starke, 1977), and thus wouid not be
expected tq b?orck GH release. Secondly, central EPI synthesis inhibition with
LY 78335, which does not possess a—{)ht;king properties (Fuller and Perry,
1977), also inhibited GH secretion. Finally, postsyn ﬁtic a-blockade by SK
and F 64139 would be expected to iphibit clonidine-stinulated GH release
(Schaub et al., 1980)., but it did not. V
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The tetrahydrofsoquinoline MM fnhibitors, S and F 64139 and SK and F
29661, both elevated PRL Tevels. The mechanism underlying this effect is
unknown at present but does not appear td"bé related to EPI synthesis
1nh1b}tion because elevation of PRL was not obtained with the benzylamine NMT

{1nh1bitor,-LY 78335. It is possible that the SK and F compounds exert a

direct action on pituitary lactotrophs unrelated to)their effects on £P1

. synthesis.

The dissociation between the effeq}s of the SK and F agents and LY 78335
on PRL also argue against the possibility that thi drug-induced suppression of
GH release is due to stress. \Stress suppresses pulsatile GH release and
stimulates PRL release in rats (Terry et al.g 1977d). Both SK and F 64139 and
SK and F é9661 elevated plasma PRL, but only SK and F 64139 suppressed GH
secretion. LY 78335 also inhibited pulsatile GH release but had no effect on

~ PRL. These dissociations favor the interpretation that the inhibitory effects

on GH are due to inhibition of central adrenergic neurotransmission.

Because octopamine can serve as anlalternate substrate for NMT (Nagatsu,
1973), ;n addition to EPI, it is conceivable that the result of that
interaction or others Tike 1t could have a role in CNS regulation of GH
secretion. However, the distribution and role of octopamine in the mammalian
CNS are unclear and there are no reports that other kn;;n metabolic products
of alternative NMT substrates are active at a-receptor sites withiﬁ the CNS.

N summary, resq]ts of the prsent experiments indicate 1) that central
EPI systems ex;rt a major stimulatory effect on episodic GH secretion and 2)
that morphine-stimulated GH release is mediated by central EPI systems. 3)

clonidine enhances GH release‘by activation of postsynaptic a-adrenergic

L

%
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receptov:s. The selective EPI ?nugonfst, SK and F 64139 {s currently being
investigated in humans as an antihypertensive agent (Dubb et al., 1979). This
drug may also p'rove useful 'in the diagnc:;is and treatment of disorders of GH ’
secretion. A
C. CONCLUSIONS o .
Selective blﬂo)ckade of r;orepinephrine biosynthesis with FLA-63 resulted in ‘
complete suppression of rhythmic growth hormone secretion. Administration of
clonidine to FLA-63-treated animals caused immediate release of growth hormone
to levels observed during a spontaneous burst. Since norepinephrine is the -
biosynthetic precursor of epinephrine, one cannot conclude with certainty that
the ‘effects of FLA-63 on growth hormdne resulted ’only from interruption of
norepinephrine neurotransmiss$ion.
_ To circumvent thjs problem, epinephrine biosynthesis was blocked with
agents that inhibited norepinephrine-N-methyltransferase. These drugs
suppressed -pulsatile and morphine-stimulated growth hormone secretion. In
addi tion;- clonidine released growth hormone after'i nhibition of epinephrine
biosynthesis. |
Thus, epinephrine and probably unorepi nephrine have an important function
- in the generation of rhythmic growth hormone secretion. The effect of
< clonidine-on growth hormone most likely resulted from activation ;)f’
postsynaptic alpha-adrenergic ‘receptors that cot;ld be sti'mulated by ei ther
catecholami h! g v
There is clear evidence that somatostatin and the catect;blamini? )

norepinephrine and epinephrine, are involved in regulation of rhyt' c growth
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hormone. It was hypothesized that: caﬁtﬁo1$ﬁn¢s control growth hormone
secretion by their 1 nﬂuenge on 'Wpothﬂamic peptidérq!c pe‘urons. '—Tc_) test
this hypoth;sis, A ﬁeéifusion system was dgsigngd wherein ,ﬁe...gff&tg ‘of ‘ '
neurotransni tters on somatostatin release coulhd’b’e' obsérved” ig vitro (section

V).
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V. EFFECT OF CENTRAL NEUROfRANSMfTTERS ON SOMATOSTATIN-RELEASE IN VITRQ.
“A. THE RELEASE OF BIOLOGICALLY AND IMMUNOLOGICALLY
REACTIVE SOMATOSTATIN FROM PERIFUSED HYPOTHALAMIC FRAGMENTS*

ABSTRACT

The purpose of this investigation was to 1) dﬂeve]op a hypothalamic
perifusion system which would allow measurement of spontaneous basal
somatostatin (SRIF) relkease, 2) compare the 1rrmuno]og1‘c'al and biological
activities of released SRIF, and 3) study the effect of membrane
depolarization, extracellular calciu‘m, and several neurotransmitters on SRIF
release, Release was greater at the beginning of the perifusion and decayed
with time for 90 min, after which it stabilized and remained constant for 3 h,
the period used to determine the mean rates of release. Basal release was
20.2 pg/fragment ° 10 min. Membrane depolarization with 55mM Kt increased
SRIF release 3- to 4-fold in a calcium-dependent manner.

The immunoreactivity and biological activity of SFIF concentrated by
af‘fs"nity chromatography of hypothalamic perifusates were compared to those of
;ynth'et'ic SRIF and rat hypothalamic extract. Biological activity was assessed
by tﬁe_ inhibition of radioimmunoassayable rat GH released from cultured
dispersed rat anterior pituitary cells. Hypothalamic fragments were exposed
to several neurotransmitters as well as other substances known to influence
rat GH secretion.

Our results may be summarized as follows 1) the perifused medial basal

hypothalamus releases immunoactive and bioactive SRIF at a constant basal

*Terry et al., 1981b.
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rate 2) membrane depolarization with high potassium stimilates a small
releasable pool of SRIF in a calcium-dependent manner 3) a%finity
chromatography is an alternative techniéue\to collect and concentrate SRIF
released from tissues 4) common neurot}ansmitter agents did not modify SRIF

release from the medial basal hypothalamus under the present conditions.

‘ INTRODUCTION' )

The wide distribution of somatostatin (SRIF) together with its effects on
neuronal actjvity and behavior place it in the same cétegory as other
neuropeptides with similar properties (Rorstad et al., 1980). Several of
these peptides, such as substance P, LﬁkH, TRH, opioids, neurotensin, and
vascactive intestinal peptide, are concentrated in nerve endings and are
postulated to comprise a new category of peétide neuropransmitters,(Bennett
and Edwardson, 1977; Duffy et al., 1975; Giachetti et al., 1977; Uhl and
Snyder, 1976; Terry and Martin, 1978b; Elde and Hokfelt, 1978; Snyder, 1978;
Iversen et al., 1978; Hokfelt, 1979). ‘

The highesi concentrations of SRIF are found'in the median eminence (ME)
and mediobasal hypothalamus (MBH). Brownstein et al. (1975) demonstrated that
the ME, arcuate nucleus (ARCN), periventricular nuc]eus,‘ventral premammillary
ndcleus, and ventromedial nucleus (VMN) contain the highest SRIF
concentrations of several hypothalamic nuclei. The localization of SRIF in
nerve terminals, synaptosomes, and secretory granules (similar in size to
those in nerve terminals) suggests a synaptic transmitter role for the peptide

(Rorstad et al., 1980).
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An important step in establishing a potent"iu neurotransmi tter role for
the neuropeptides is the demonstration of their release frpm neuronal sites.
Patel et al. (]9?7) first described calcium-dependent SRI? release from
statically incubated rat neurchypophysis in the presence of depolarizing
concentrations of potassium. Several investi gators have demonstrated LHRH
release hypothalamic tissue and nerve endings i ncubated in vitro (Terry
and Mart::jwmb Rot§ztejn et al., 1978; Gallardo and Ramirez, 1977; Kao and
Weisz, 1977). similar results have been demonstrated for TRH (Terry and
Martin, 1978b; Schaeffer et al., 1977) and the enkephalins (Iverson et al. ’
1978; Henderson‘ et al., 1978). Static incubation systems do not resolve the
time course of events involved in a dynamic process such as neurosecretion;
also, the hypothalamus is always subjected to the influence of its own
metabolic and secretory products that accumulate during the incubation.. These
restrilctions can be avoided by perifusion (superfusion) of isolated tissues or

dispersed cells (Rorstad et al., 1980; Terry and Martin, 1978b; Gallardo and
)

Ramirez, 1977; Kao and Weisz, 1977; Mulder and Smel ik, 1977). 1In preliminary /

reports we (Terry and Martin, 1978c) determined the release of immunoreactive
and bioreactive SRIF from perifused MBH, Similar fesults have been reported '
by others (Iversen ‘et al,, 1978; Wakabayashi et al., 1977; Patel et al., 1978;
Negro-Vilar et al., 1978; Epelbaum et al., 1979a,b). InTthe present report we
describe the release of immunoreactive and bioreactive SRIF from perifused MBH
and the factors which affect it. The effect of several putative ° _
neurotransmitters and the use of immunoaffinity f:hromatography to remove and

concentrate SRIF released fr&u{ tissue were assessed.

~
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MATERIALS AND METHODS

Antmals

Adult male Charles River CD rats, weighing 200-250 g.’were housed at
constant room tenpe;'ature (25 C) on a 12-h 1ight, 12-h dark cycle (1ights on,
0600h) for 1 week before sacrifice. They were given water’ and rat chow ad

11bitum ?

Preparation of hypothalami¢ fragments

A1l animals were decapitated between 0800-0900 h and their brains were
rapidly removed. MBH fragments which contained a portion of the ‘
preoptic-anterior hypothalamic area were dissected with the following
landmarks: anterior border of the optic chiasm, anterior border of the
mammi 11ary bodies, and 1 mm bilaterally and a depth of 1.0-1.2 nm from the
lateral borders to incTude the ME, VMN, and portions of the ARCN, medial
preoptic, and periventricular areas. * Dimensions of representative fragments
were verified by examination under & dissecting microscope. The tissue was
immediately placed in Krebs-Ringer bicarbonate buffer (KRB; 119 mM NaCl, 1.2
mM KH,PO,, 4.7 mM KC1, 1.2 mM MgSO,, 2,5 mM CaCl,, and 24.9 mM
NaHL;O3) to which were added 1} mM.glucose and 0.025 percent human serum
alfunin (fraction V; Sigma Chemical Co.,“St. Loufs, MO) with pH 7.4 when
saturated with 5 percent 002-95 percent 02 at 37.5C. Twenty-four MBHs
were removed in 30 min and transferred to perifusion chambers. To ascertain

which areas and nuclel were included in the MBH fragment, random samples were
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removed immediately after di ssect,on and 4.5 h of perifusion. '‘Half of the
fragnents were snap frozen, cut at 50 um on a cryotowe, and staineci with '
thion'in-cresﬁ violet. The other half were immediately immersed in chilled 10
perce:it buffered formalin, embedded 1n paraffin, sgctioned at 6 um, stained
with hematoxylin and eosin, and examined for tissue integrity by 1ight
microsggpy.

The )pgrifus'lon‘ chambers were made of 1-ml1 disposable syringes fitted
tightly with rubber gaskets into a Plexiglas outer chamber which enclosed the
syringes. This system maintained the chambers at 37.5 C with a constant
temperature.circulator. The temperature inside each chamber was monitored
with an electronic thémistor. Six MBH fragments were placed at the bottom of
each chamber on top of a circular nylon screen to prevent tissue 1oss. We
elected to use six fragments because individual fluctuations are not apparent
vyhen the average of several superfusions is ca]cu]ated (Gallardo and Ramirez,
1977). The chambers were filled with KRB and sealed on top with a rubber plug
which held the 1nlet tube. Each chamber was adjusted to contain 0.3 ml KRB in
addition to the tissue volume. The inlet tube was connected to a2 Manostat
Cassette pump (Manostat, NY) and medium was pumped from the reservoir at 3
mi/h. The pH of KRB was checked frequently. Ten-minute fractions (0.5 ml1)
were collected in O.OIA N HC1 and immedfately lfrozen at -20C.,. MBH fragments
were perifused for 4.5 h. To compare the tissue contents 6f SRIF bef’ore and
after perifusion, MBH fragments were extracted in 0.5 ml 0.1 N HC1 and ‘stored
at -20C. The recovery of SRIF was studied, with and ui'thout the tissue ’
present, by the addition of synthetic cyclic SRIF (100 pg/0.1 ml) to KRB and

the measurement of SRIF-1ike immunoreactivity (SLI) in aliquots of media from

r
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the inlet tube and collected fractions. Recoveries were determined as
follows: percent recovery = 102 X SLI in collected fractions (picograms per
0.7 ml1)/SLY in the inlet tube (picograms per 0.1 ml).

RIA for SRIF,

SRIF was determined by methods previously described (Rorstad et al.,
1979a). Fractions were brought to pH 7.2 with 0.1 N NaOH and 0.1 N Na
Phosphate. The same amounts of neutralized HC1 and KRB was added to the

standard curve. Results were expressed as SLI.

Hypothalamic extracts

For bioassay studies, freshly dissected male rat hypothalami were
extracted in 0.1 N HC1 by methods previously described (Rorstad et al.,

1979a). The extracts were frozen and stored at -zo°c.

Recovery of released SLI by afkinity chromatography (AFC)

Antiserum to SRIF was coupled to cyanogen-bromide-activated Sepharose 4B
by a previously described method (Rorstad et al., 1979b). Small AFC columns
were prepared from 1-ml syringes so that each contained 0.5 mI' of the gel.
The columns were connected in a'series to collect the effluent from the
perifusion chambers. To obtain sufficient SRIF for bioassay studies, 10
hypof:halamjc fragments were stimulated with K+.for a period of 3 h after
preincubation. The columns were eluted with 0.1 N HC1 to remove SRIF,

!
according to previously described methods (Rorstad et al., 1979a,b). Eluted

fractions were frozen and stored at -20°C for RIA and bioassay.
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The recovery of SLf from AFC was assessed by methods previously described
{Rorstad et al., 1979a). Values for SRIF release after AFC were corrected for

recoveries.

J
Dispersed rat anterior pituitary cell bioassay

Dispersed rat anterior pituitary cell cultures were prepared according to
the method of Vale“et al. (1976) with omission of the resuspension of cells in
Viokase. After a preincubation period of 3 days in 35 X 10-mm dishes (Corning
Glass Works, Corning, NY) containing 2 m1 culture medium, the cells were ‘
washed once with culture medium, To 800 ul culture medium/dish were added 200
ul of either 1) a synthetic cyclic SRIF (Ayerst, Montrea!, Canada) standard
solution which contained 20-640 pg in 10 mM sodium phosphate buffer (pH
7.4)-0.1 M NaC1-0.) percent Human serum albumin (fraction V; Sigma), 2) the
SLI eluted by acid from the AFC columns used to collect SLI released from |
perifused hypothalami, or 3) a HC1 extract of rat hypothalamus. s

The latter tw; experimental samples were neutralized with NaOﬁ using
phenol red as a pH indicator and were subsequently diluted in the same buffer
as‘that used for synthetic SRIF, After incubation for 3 h, the culture medium
was aspirated and stored frozen for subsequent assay of rat GH (rGH) by RIA
using materials supplied by the NIAMDD (Bethesda, MD).

s

Preparation of experimental test substafices

High potassium solutions ( K+) contained 55 mM K+, and the NaCl
concentration was reduced correspondingly (70 mM); low sodium ( Na+)

solutions contained 70 mM NaC1l and 5.6 mM K'. Calcium-free (Ca*2-free)
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medium was prepared by omission of CaCIz fron.KRB. No EDTA or EGTA was:
added to Ca'?
releasi ng activity at concentrations of m" --10"8 M in KRB: .

-free solutions. The following substances were tested for

acetylcholine, apomorphine, aspartate, carban&lchoHne, dopamine,
L-d'ihydroxyphenyhcetic acid, y-aminobutyric acid, glutamate, glycine,
L-isoproterenol, mélatonin, morphine sulfate, neostigmine, norepinephrine, apd
prostaglandin E,. Ascorbic acid was added ( 10°2.107¢ M) to prevent

oxidation of monoamines. Al1 test materials were prepared in fresh, well-

gassed KRB less than 5 min before introduction into perifusion chambers.

Analysis of data

Descriptions of the bioassay and RIA data for SRIF have been previously
reported (Rorstad et al., 1979a,b). RIA data are expressed as: I1n B/Bo vs. In
dilution of hypothalamic extract, perfusate, or 1n pg SRIF. Slopes of the
regre'ssion lines calculated by use of the least squares metho& were compared

for parallelism. Bioassay data are presented .as micrograms per ml rGH

, released vs. picograms of SRIF and dilution of hypothalamic perfusates or

extract. Pai réd and unpaired t tests were used to compare data where

appropriate. ‘ 0

RESULTS

J

Histology of the MBH fragment

Serial sections of paraffi n-:embedded and frozen MBH fragments contained
the ME, VMN, and portions of the ARCN, {tledia1 preoptic, and periventricular
areas at different levels (Fig. 44). There was good replication of MBH
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dissections as assessed by histological examination. Histological examination
of tissue perifused for 4.5 h showed variable perineuronal edema, but the
nuclei were of normal appearance and none showed pyknotic changes that would

be associated with cell degeneration.

Basal and K'-stimulated SRIF release ) <

The large quantity of SRIF keleased at the initiation of perifusion
T~ -
decreased with time for 60 min, atter which it stabilized and remained

constant for 3h, the period use determine the mean rates of release for

all subsequent experime g. 45). Fragments released 21.6 *+ 1.9 pg

_ SRIF/fragment’10 min over a 3 h basal period, which was less than 1.5’&\\}h
e in the

percent of the total tissue content. There was no significant chang

weight of the MBH fragments before and after perifusion (14.8 + 0.5 vs. 14.6 *
0.6 mg, respectively). Total MBH SRIF content was 22.2 + 2.1 ng/fragment
before perifusion, no} significantly different from that after perifusion
(22.8 + 3.6).

The recovery of exogenous synthetic cyclic SRIF from thé perifusion system

was 91.2 + 3.8 percent (n = 6) without and 100 * 10.2 percent (n.= 6) with MBH
fragments present. The high recovery of SRIF in the presence -of tissue h
represents endogenously released and exogenous material.
Stimulation with high K' ow Na® in the presence of 2.5 mM Ca+2
significantly (P < 0.001) increased SRIF release to 83.9 * 6.94 {n = 8) and
55.8 + 10.6 (n = 8) pg/fragment®10 min (Figs. 46 and 47 respe;tively), which
represented 0.37 percent and 0.25 percent of the total tissue content,

2

respectively. High K /10w Na' stimulation in Ca °~free KRBuahd Tow
b ]
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Na*/normal K* in the presence of 2.5 mM Ca*z-KRB ‘had no effect (Fig.

46). The hrst depolarizing pulse of high K'/1ow a' resulted in a ‘
significantly greater (P < 0.025, by pafréd t test; n = 8) SRIF release than
the second (52.9 + 8.6 vs. 41.0 + 6.6 pg/fragment'10 min, respectively; Fig.
47).

RIA of affinity~-recovered SRIF

Serial dflutions of SR;F recovered from affinity columns inhibited the
binding of [lzsI]Tyrl-SRIF to antiserum in a paraliel fashion to synthetic
SRIF and a HC1 extract of rat hypothalamus, indicating immunological )
similarity (Fig. 48). The recovery of SLI from AFC columns was 90.2 + 0.98
percent. Thére was no SLI in effluents colle;ted from AFC columns during
K+ exposure, whwich indicated that SRIF was completely subtracted from

perifusates.

Biological activity of released SRIF

Synthetic SRIF, 1mdnoaffinity—pur1f1ed hypdthalamic perifusates, and a
HC1 extract of rat hypothalamus inhibited the release of GH from cultured rat
ante}'ior pituftary cells in a dose-related manner (Fig. 49).. Thg

concentration of bfologically active SRIF in the perifusates was determined by

compar'i son of the amount of rGH released in the »presence.of the hypothalamic

&

perifusates to a standard curve, relating rGH released and the concentration
of synthetic SRIF. The perifusates shown in Fig. 49 contained in total 2.18
and 1.70 ng bfoassayable SRIF, respectively. The hypothalamic extract
contained 2.15 ng bioassayable SRIF/mg ti ssue wet wt. The amount of
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bioassayable SRIF recovered from seven perifusion chambers (10 MBH
fragmentslchamber),ﬂwas 1.64 + 0.14 ng and represented 0.74 percent of the
tissue content released. These results were consistent with the release of

e

immunologically reactive SRIF (< 1.5 percent).

.a'\

&

Effect of several putative neurotransm‘ittersl ‘ -
None of the fo]nlowing subgt'a:nceg had a ‘significantly reproducibie

stimulatory effect on SRIF' release at concentrations of 10'4—10"8 M:

acetylvcholine,‘ afpomo'rphine, aspartate, carbamylchc;line, dopamiﬁé‘”,

L-diHydroxypheny'lta'cetic' acid, y-aminobutyric acid, glutamate, glycine,,

L-isoproterenol, melatonin, morphine sulfate, neostigmine, norepinephrine, or

prostaglandin E2. -Fragments were exposed to k" to determine their
responsivities and viabilities at the end of each experiment. Thaose that did

not respond were excluded, - X : .
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SLI - pg/tragment/1omin

Flg. 44. Light microscopy of a coromal e '

section of the rat MBH fragment. The MBH "
shown' was perifused for 4.5h. The tissue

was fixed in chilled 10X buffered formalin,
embedded in paraffin, sectioned at 6 um, :
stained with hematoxylin and eosin, and
photographed at a magnification, gf.50"

times itsactual size. A, VMN; 5.-ARCN;

C, ME. The third ventricle is-not labeled.
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Fig. 45. Release of SLI from pat MBH perifused with KRB. Each
point represents the mean + SE(of four chambers, each of which
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- “ Pig. 46. Release of SLI from rat MBH perifused with Ca'>-free KRB or

' standard KRB with 2.5 uM Cat2. K* refers to perifusion with 55 mM Kt |
where the Nat was lowered correspondingly (70 mM) to waintain iso- |
tonicity. Nat refers to KRB with 70 mM Nat and 5.5 mM K. :
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Fig. 47. BRelease of SLI Trom rat MBH perifused with cat2-free KRB or
standard KRB with 2.5 mM Cat2Z: K+ refers to 55 mM K' and 70 mM Na*t.
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Fig. 48. Linear regression lines relating logit B/Bo and the natural
logarithms of serial dilutions of a HCl extract oy rat hypothalamus,
serial dilutions of immumoaffinity-concentrated perifusates of rat
hypothalami, and the mass of synthetic SRIF per RIA tube. (hypotha-
lamic extract: r = 0.9780; y = 1.186x + 4.114; hypothalamic perifusate:
r = 0.9938; y = -1.189x + 0.1076; SRIF: r = 0,9923; y = ~1.151x +
5.998). B/Bo is the ratio of [1i5I]Tyr1~SRIF bound to antiserum in
the presence of added SRIF or an experimental smaple to that bound in -
the absence of SRIF. Each point represents.the mean of duplicate
determinations.
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Fig. 49, Inhibition curves relating rGH released into the incubation *
medium in 3 h from cultured rat anterior pituitary cells and 1) the

mass of synthetic SRIF per culture dish, 2) serial dilutions of
immmoaffinity-purified hypothalamic perifusates, or 3) serial dilutions
of a HCl extract of rat hypothalamus. Each point represents the mean

+ SE of six determinations in the case of synthetic SRIF or three
determinations for the hypothalamic perifusates or extracts.
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DISCUSSION

N

To investigate the physiological significance of membrane depolarization
on peptide reTease, certain criteria have been established ITerry and Martin,

1978). 1) Basal and depolarization-induced peptideghelease must be

temperature and calcium dependent. 2) Membrane deogéirizatfon produced by

excess potassium, electrical stimulation, or other :fpolariz1ng agents should
be effective in releasing the peptide. 3) Degradation of the peptide must be
inhibited in order to yield an accurate evaluation of the substances
released. 4) ldentification and quantification of the peptide released should
be verified by more than one method, i.e. immunological and bfiological
activities. Our results show that after an inftial equilibration or washout
period of 90 min, SRIF 1s releaﬁed from perifused MBH at a constant basal rate
which can be maintained for at least 4 h. Exposure to 55mM K+. which causes
cell depolarization, resglts in a 3- to 4-fold increase 1} SRIF release,
representing approximatel}/6.3 percent of the total tissue content. This«
would suggest that membrane depolarization with K* stimulates a small

’ releasable pool of the peptide. ‘

Calcium has long_begn known to be an essential 1ink in the process of
neurotransmission.” When 1ts concentration in extracellular fluid is
decreased, the release of synaptic transmitters is reduced and eventually
abolished. The importance of calcium in the release of synaptic transmitters

has been established at all chemical synapses tested regardless of the nature

of the transmitter. Its role is further generalized to other secretory
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processes, for example the liberation o% hormones by cells in the posterior
pituitary gland, adrenal medulla, and salivary glands (Douglas, 1968). In our

2-free :

studies, high concentrations of kK* did not cause SRIF release in Ca'
media; this provides direct evidence for a Ca+2—dependent release
mechanism. These results are in agreement with several other investigators
who have described K+—stimu1ated, Ca+2-dependent SRIF release from the
hypothalamus and amygdala as well as from hypothalamic and cortical
synaptosomes (lversen et al., 1978; Wakabayashi et al., 1977; Patel et al.,
1978; Berelowitz et al., 1978). Peptidase inhibitors were not added to the
perifusion system because the recovefy of exogenous SRIF was greater than 90
percent.

The validity of the perifusion system was demonstrated by good
preservation of the fine structure of incubated MBH fragments and no change in
the tissue content of SRIF after perifusion. There was satisfactory

replication of MBH dissections, as assessed by histological examination and

‘reproducibility of SRIF content. The histological examination of the MBH

fragment together with the constant SRIF content and preservation of
calcidm—dependent stimulated release suggest tﬂat, although~¥here is variable
perineuronal edema, the tissue is viable at the end of the 4.5-h perifusion.
Immunoaffinity chromatography was an alternative technique to remove and
concentrate SRIF released from perifused tissues. The immunoreactivity and
biological activity of SRIF concentrated by AFC were compared to those of
synthetic cyclic SRIF and an acid extract of rat hypothalamus. The
hypothalamic perifusate demonstrated a dose;response regression 1ine parallel

to synthetic SRIF and the hypothalamic extract, consistent with immunological
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;im11arity. When tested for biological activity, MBH perifusates suppressed
rGH release in a dose-related manner, simila;jto synthetic SRIF and the
hypothalamic extract. Therefore, SRIF released from MBH fragments was
immunologically and bialogically Sihi]ar to synthetic cyclic and endogenous
hypothalamic SRIF. )

The secretion of hypothalamic pep;ides is thought to be modified by the
actions of central nervous systéﬁ~neurotransmitters. Dopamine,
norepinephrine, and acetylcholine were reported to increase thelconcentration
of SRIF in the pituitary portal blood of urethane-anesthetized rats (Chihara
et al., 1978). It has also been observed that dopamine releases SRIF from
incubated hypothalamic tissue (yegro—Vilar et al., 1978) and synaptosomal
preparations (Wakabayashi et al., 1977) and that acetylcholine and serotonin
inhibit SRIF release (Richardson et al., 1979). We were unable to demonstrate
a significantly reproducible increase increase in SRIF release after exposure
of the MBH to physiological concentrations of several common
neurotransmitters. Recently, Epelbaum et al. (1979a,c) reported that SRIF
release was unaffected by substance P, dopamine, y-aminabutyric acid, or
serotonin but was inhibited by vasoactive intestinal peptide. Because basal
SRIF release was very low and approached the fens¥tivity of our assay, we
could not conclusively determine inhibition 4f release below the basal level.
One explanation for the discrepancy in reported neurotransmitter effects is

the type of tissue preparation used to study release in vitro. The isolated

ME is composed predominantly of nerve endings and, thus, could have a response

different from the MBH which contains cell bodies and axons. Specific

neuyrotransmitters may act at axoaxonic, axosomatic, or axodendritic sites to
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exert an inhibitory and/or excitatory ‘effect. It is even more difficult to

compare in vivo with in vitro data because of the complex neuronal circuitry

of hypothalamic-extrahypothalamic connections and accessability to specific
'sites which depends on the method of administration.

The presence of SRIF in synaptosomes of the ME is consistent with a
hypophysiotropic role for SRIF in GH secretion. Its function in other parts
of the nervous system remains to be‘establishedu Evidence that SRIF could
function as a;neurotransmitter jncludes: 1) its selective distributién in
several anatomic pathways, 2) its localization in nerve terminals,
synaptosomes, and secretory granules,lsuggesting its presence in nerve
terminals; 3) its influences on the electrophysiological properties of
neurons; and 4) its potassium-stimulated, calcium-dependent release from

central nervous system tissue. °

B. CONCLUSIONS

Although somatostatin was released from the medial basal hypothalamus in a
calcium—dependent manner, exposure to several neurotransmitters did not cause
a reproducible increase in somatostatin release. Because basal somatostatin
release approached the lower sensitivity of the radioimmunoassay, it was

impossible to accurately determine inhibition of release. These results

- emphasize the difficulties encountered when attempting to compare in vitro and

in vivo data from systems with complex neuronal circuitry.
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CONCLUSIONS

Growth homoné secretion in undisturbed,$ \e'ly-behavihg male rats was

exemplified by spontaneous rises that océ:urred approximately every 3 1/2

A

hours, confiming results described elsewhere (TannenBaum and Martin,/ 1976).

Nadirs in plasma levels were Tow or undetectable. Peaks were frequently

greater than 800 ng/ml and they appeared to be entrained to the 1ight-dark

cycle. There was very 11 ttle intra- or interanimal variation in the

amplitude, frequency or timing of this intrinsic rhythm.

In the female rat, episodic growth hormone secretion occurred

"approximately once each hour during all phases of the estrus cycle with a mean

amplitude of 74 ng/ml. However, some animals had secretory bursts every two

hours. Light entrainment of these pulses was not evident. Growth hormone

rose during pregnancy and remained elevated for several hours after

parturifion. Suckling caused an immediate and brief rise in plasma growth

hormone. Because of these multiformities, the female rat was not used in

subsequent studies.

Neutralization of circulatiung somatostatin with specific antisera caused

an elevation in the nadir levels of plasma growth hormone, but had no

significant effect on summit nor mean levels. Thus, episodic rises in plasma

growth hormone are not due to intermittent bursts of somatostatin release

followed by postinhibitory rebound of growth hormone. These data favor the

concept of a growth hormone releasing factor that is released episodically.
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Further studies provided eviden&e to support the hypothesis that growth
hormone is regulated by ‘episodic secretion of at least two hypothalamic
hormones. JE]ectﬂca] stimulation of the lateral hypothalamic-medial forebrain
;rea had both excitatory and inhibitory effects on growth hormone secretion
that were dependent on‘pkeexisting plasma levels. Stimulation during
spontaneous growth hormone bursts caused an immediate decline 1n plasma
Tevels, whereas, excitation when levels were low caused release of growth
hormone. Passive immunization against somatostatin prevented

b - .
stimulgtion-induced growth hormone release, suggesting the former response was

stimq{;tion—induced growth hormone suppression, but did not augment
mediated by somatostatin, and the latter by a growth hormone releasing
factor., The possibility also exists that circulating growth_ngrmone has
feedback effects’ that could influence responses to stimulation.

Although the précise localization of growth hormone releasing factor
neurons is unknown, it has been proposed that they reside in the
arcuate-ventromedial nuclear region. Neonatal administration of monosodium
caused destruction of hypothalamic arcuate neurons and a marked reduction in
the amplitude of‘growth_hormone peaks. gven though the somatostatin
concentration in the medial basal hypothalamus was reduced significantiy,
nadir levels of growth hormoné remained low. Déspite the fact that monosodium
glutamate was not a selective neurotoxin, it is 1ikely that destruction of
arcuate neurons by this agent caused a deficiency of growth hormone releasing
factor and resulted in absent episodic growth hormane secretion. The

reduction in hypqthalamic somatostatin was probabTy due to altered growth

hormone feedback effécts on this peptide.

!
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Swimming stress in the rat caused prolonged suppression of rhythmic growth
hormone secretion. Intracranial self-stimulation through electrodes in the
lateral hypothalamic-medial forebrain region also suppressed ep% sodic growth
hormone release. There was no discernible difference between growth hormone
responses to stimulation in reinforcing versus non-reinforcing sites.
Moreover, the growth hormone responses to lateral hypothalamic stimylation
could not be distinguished clearly from the response to swimming stress.

These effects could be mediated by decreased growth hormone releasing factor
or increased somatostatin release. Data from further studies favor the latter
hypothesis. Passive immunization with somatostatin antiserum partially
prevented or restored stress- and laterdl hypothalamic stimulation-induced
growth hormone inhibition. In addition, swimming stress decreased the
co}lcentration of somatostatin in the median eminence, suggesting increased
release..

Somatos}:ati n-containing cell bodies are concentrated in the
periventricular nucleus of the hypothalamus and in the medial-basal amygdala.
Data from the present experiments indicate that the periventricular cell group
projects axons to the median eminence, arcuate, medial preaptic and rostral

\
periventricular nuclei, and the medial-basal  amygdalar group innervates the

median eminence and suprachiasmatic nucleus via the stria temminalis. This

somatostatinergic amygdalofugal pathway was confirmed recently by Sanaka et
al. (1981). These results suggest that both the periventricular and amygdalar
somtostatinergic systems may participate in the regulation of growth hormone
secretion via their projections to t,he median eminence and other medial

hypothalamic nuclei.
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Further studies provided evidence to support th%s hypothesis. Removal of
the target gland, the pituitary, caused a decrease in the somatostatin content
of the median eminence, arcuate, periventricular and medial preoptic nuciei.
These findings suggest that growth hormone exerts a short-loop inhibitory
feedback action on its own secretion by affecting somatostatinergic cell
bodies in the periventricular hypothalamus (and possibly the amygdala) that
innervate the preoptic area and medial basal hypothalamus. Recent studies
have shown that the central nervous system is involved in gzowth hormone
autoregulation (Tannenbaum, 1980) and that growth hormone stimulates
somatostatin release (Patel, 1979; Sheppard et al., 1978; Chihara et al.,
1979). | ,

Central adrenergic (and probably norqdrenergic) systems have a major role
in the generation of episodic growth hormone secretion. Initial studies with
the dopamine-B-hydroxylase inhibitor, FLA-63, led to the conclusion that
norepinephrine was the major catecholamine involved in pulsatile growth
hormone secretion. However, FLA-63 also blocked epinephrine synthesis and it
was impossible to be certain if one or both catecholamines were involved.
Stimulation of growth hormone release by clonidine did not resolve this issue
because it could have stimulated a]pha—aérenergic receptors normally occupied
by norepinephrine ‘or epinephrine. . 'ﬁ&

To determine the function of epinephrine in growth hormone regulation,
epinephrine biosynthesis was blocked by selective
\ﬁargginephrine—N—methyltransferase inhibitors, SK and F 29661, 64139 and LY
78335. SK and F 29661 does not cross the blood brain barrier and, although it

inhibits adrenal epinephrine synthesis, had no effect on growth hormone.
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Conversely, the other two agents blocked central epinephrine éynt;tesis,
evidenced by decreased hypothalamic leyels, and inhibited episodic growth
secretion in a dose-dependent manner. Levels of norepinephrine and dopamine

were unaffected. These two drugs also blocked morphine-induced growth hormone

_release. Thus, adrenergic systems must be intact to maintain spontaneous

rhythmic growth hormong secretion. Furthermore, growth hormone release.
induced by morphine is dependent upon adrenergic neurotransmission, =

Epinephrine could generate growth hormone pulses by 1nh\1bi tion of
somatostatin or stimulation of growth hormone releasing factor.
Aduinistration of somatostatin antiserum to SK and F-treated animals caused
growth hormone release {Terry et all., 1981), favoring the former hypothesis.
However, similar effects were observed im non-drug-treated control groups
(data not shown). Other studies concerning thyrotropin secretion, indicate
that epinephrine stimulates thyrotropin releasing hormone and does not inhibi{
somatostatin (Terry, 1981).

To determine the site of action of neurotransmitters that regulate growth’
hormone secretion, hypothalamic fragments were perifused Jn vitro and
somatostatin release was measured. Sorﬁatostatin was released by membrane
depolarization in a calcium-dependent manner. However, several different
neurotransmitters did not stimulate somatostatin release. It could not be
determined if somatostatin release was inhibited because basal secretion
approached the lTower limits of detection of the radioimmunoassay.

Results from earlier studies suggest that the isolated medial basal
hypothalamus contafns neural substrates necessary for episodic growth hormone

secretion (Willoughby et al., 1977). Hypothalamic deafferentation causes a
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decrease 1 n the ;activity of nérep'l nephrine-N-methyltransferase,. indicating’the
extral\ypothaﬂamic origin)qf hypothalamic epinéphr,ine (Brownstein et al.,
1976). So far, norepinephrine-N-methyltransferase-positive cell bodies have °
beer; identd Fied only in the brainsten. Siﬁce eptm&lri ne is essential for
spontaneous episodic growth hormone secretion, it may reach hypothalamic
peptidergic neurons by an alternate route. “ Peptidergic neurons within
hypothalamic 1s].§nds ,m'ay be hyperresponsive to smaller amounts of epinephrine
as a result of denervatfon supersensitivity. Mternative]y, there ma; be

undi scovered epinephrine perikarya within the hypothalamic island, since
complete deafferentation only reduces levels by 60 qpercent (Brawnstein et é] A
1976).

In conclusion, rhythmic growth hormone secretion in the rat is generated
by excitatory and inhibitory neural elements. Peptidergic neurons in the
medial hypothalamus are thought to generate this rhythm by releasing
somatostatin and growth hormone releasing factor'into the ( -
hypothalami c-adenohypophyseal portal system. Afferent inputs (1.e.
epinephrine) to these neuron; regulate their activity and therefore control

the ampiitude, frequency and entraimment of growth hormone rises and ebbs.
A}
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STATEMENT OF ORIGINALITY

With the exception of spontaneous pulsatile growth hormone secretion in
the male rat {Section I},A), all of the observations described in Sections II
through V are original. Other investigators have shown that 'stress suppresses
plasma growth hormone-in the rat, but the effect of swimming stress on f
gu‘lsatﬂé browth honnope secretion has not been reporteﬁ previously.

Studies on the ef%ects of somatostatin antiserum on érowth hormone and
stress-induced éuppression of this hormone were reported !;y others about the
same time the present data was published; ‘some did not examine pulsati lle
secretion. The chronic effects of monosodium glutamate on growti1 hongone and
somatostatin were ‘studied simu1tan§ous'1y by- otherﬂinvesti gators, but the .
effects of this neurotoxin on the dynamics of ?uythmic growth hormone
secretion were not examined. Also, two ‘siudies describing somatostatin
release in vitro were published while the present studies were 1." progress.

There have been reports describing the effects of hypothalamic ' ‘
deaffereniation and medial "preoptic Tesions on Ghypothﬂamic somatbsfatin,
though none descr1bed specific projections of periventricuhr
somatostatinergic neurons to the medieal preopt'lc, arcuate and rostral
periventricular nuclei. Al though it had been shown previousw ‘that
twpophysectany reduced somatostatin levels in the hypothalamic region, the
present study was the first to localize this effect* to discrete hxpothalamic

nuclei.
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Using other less specific pharmacological agents, several investigators
suggested that noradrenergic systems have a major role in the regulation of
growth hormone secretion. However, -it h&s not been shown that selective
inhibition of dopamine-B-hydroxylase blocks rhythmic rises in growth hormone.

The remainder of the observations in this dissertation are described for
the first time.

The entire contents of this thesis have been reported in the followjng

publications:

Section II:

Saunders, A., L.C. Terry, J. Audet, P. Brazeau, and J.B. Martin (1976).
Dynamic Studfes of Growth Hormone and Prolactin Secretion in the Female
Rat. Neuroendocrinology, 21:193-203.

Terry, L.C., J. Audet, P. Brazeau, and J.B. Martin (1976). Neuroendocrine
Concomitants of Intracranial Self-Stimulation: Effects on Growth Hormone,
Prolactin, and Corticosterone. Proc. Sco. Neurosciences, Toronto,
Ontario, p. 660.

Terry, L.C., A. Saunders, J. Audet, J.0. Willoughby, P. Brazeau, and J.B.
Martin (1977). Physiologic Secretion of Growth Hormone and Prolactin in
Male and Female Rats. Clin. Endocrinology, 6:195-28S.

Terry, L.C., P. Brazeau, and J.B. Martin (1977). Intracranial
Self-Stimulation: Effects on Hypothalamic-Pituitary Regulation.
Neurology, 27 :405.

Terry, L.C., and J.B. Martin (1978). Hypothalamic-Pituitary Responses to
Intracranial Self-Stimulation. Brain Res., 157:89-104.

Section 111
RALLALULSELES

Tefry, L.C., J.0. Willoughby, P. Brazeau, J.B. Martin, and Y. Patel
(1976). ‘Antiserum to Somatostatin Prevents Stress-Induced Inhibition of
Growth Hormone in the Rat. Science, 192:565-567.

Terry, L.C., U.B. Martin, J.0. Willoughby, and P. Brazeau (1976).
., Antiserum to Somatostatin Prevents Stress-Induced Inhibition of Growth
Hormone in the rat. Fed. Proc. 2:35, 782,

Terry, L.C., J. Epelbaum, P. Brazeau, and J.B. Martin (1977). Antiserum
to Somatostatin: Effects on the Dynamics of Growth Hormone, Prolactin,
and Thyroid Stimulating Hormone Secretion in Cannulated Rats. 7th Annual
Society for Neuroscience Meeting, ANAHEIM, A 1156.

237



e e g

Section IV:
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Terry, L.C., J. Epelbaum, P. Brazeau, and J.B. Martin (1977). Monosodium
Glutamate: Acute and Chronic Effects on Growth Hormone, Prolactin, ang/
Somatostatin in the Rat. Fed. Proc., 36:364.

Terry, L.C., and W.R. Crowley (1979). Effect of Stress on the
Concentration of Somatostatin (SRIF) in Discrete Hypothalamic and
Extrahypothalamic Regions of the Rat. Soc. for Neuroscience Meeting,
Atlanta.

Terry, L.C., and W.R. Crowley (1980). The Effect of Stress on
Immunoreactive Somatostatin in Discrete Hypothalamic and Extrahypothalamic
Nuclei of the Rat Brain. Brain Res., 197:543-546.

Crowley, W.R., and L.C. Terry (1980). The Effect of Anterior
Periventricular Lesions on the.Concentration of Somatostatin (SRIF) in
Discrete Hypothalamic and Extrahypothalamic Regions of the Rat. Endocrine
Soc. Abstracts, 62nd Annual Meeting, Washington, D.C.

Crowley, W.R., and L.C. Terry (1980). Biochemical Mapping of
Somatostatinergic Systems in Rat Brain: Effects of Periventricular and
Hypothalamic and Medial Basal Amygdaloid Lesions on Somatostatin-like
Immunoreactivity in Discrete Brain Nuclei. Brain Res., 200:283-291.

Terry, L.C., and W.E. Crowley (1980). The Effect of Hypophysectomy on
Immunoreactive Somatostatin in Discrete Nuclei of Hypothalamic and.
Extra-Hypothalamic Regions of the Rat Brain. Endocrinology, 107:1771-1775.

Terry, L.C., and W.R. Crowley (1980). Selective Depletions of
Somatostatin in Discrete Nuclei by Hypophysectomy, Periventricular

Hypothalamic, and Medial Basal Amygdaloid Lesions. Society for
Neuroscience, 6:30(14.7), Cincinnati.

Terry, L.C., J. Epelbaum, and J.B. Martin (1981). Monosodium Glutamate:
Acute and Chronic Effects on Rhythmic Growth Hormone and Prolactin
Secretion, and Somatostatin in Undisturbed Rats. Brain Res., 217:129-142.

Terry, L.C., and J.B. Martin (1981). The Effects of Lateral
Hypothalamic-Medial Forebrain Stimulation and Somatostatin Antiserum on
Pulsatile GH Secretion in Freely-Behaving Rats: Evidence for a Dual
Regulatory Mechanism. Endocrinology, 109:622-627.

Terry, L.C., W.R. Crowley, C. Lynch, C. Longserre, and M.D. Johnson
(1982). Role of Central Adrenergic Neurons in the Regulation of Anterior
Pituitary Hormone Secretion by Hypothalamic Peptides (Winter Neuropeptide
Meeting, Brec:‘gnridge, Colorado).

(

Terry, L.C., and J.B. Martin (1978).. Role of a-Adrenergic Mechanisms in
the Generation of Episodic Growth Hormone (GH) and Prolactin (PRL)
QSecretion. Neurology, 28:366 (NC40).
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Tegry, L.C., and J.B. Martin (1981). Evidence for a-Adrenergic
Regulation of Episodic Growth Hormone and Prolactin Secretion in the
Undisturbed Male Rat. Endocrinology, 108:1869-1873,

Terry, L. (1981). Regulation of Episodic Growth Hormone and Thyrotropin
Stimulating Hormone Secretion in the Rat by the Central Epinephrine
System. Psychoneuroendocrinology Symposium. )

Terry, L.C., W.R. Crowley, C. Longserre, C. Lynch, and M. Johnson (1981).
Role of Epinephrine in Pulsatile Growth Hormone Secretion in the Rat.
Endocrine Soc. Abstracts, 63rd Annual Meeting, Cincinnati, Ohio.

Terry, L.C. (1981). Regulation of Growth Hormone and Thyrotropin
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Neurological Association, San Francisco, Abstract No, 37.

Terry, L.C. (1981). Regulation of Growth Hormone and Thyrotropin
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Terry, L.C., W.R. Crowley, and M.D. Johnson (in press, January 1982).
Regulation of Episodic Growth Hormone Secretion by the Central Epinephrine

System - Studies in the Chronically Cannulated Rat, J. Clin. Investigation.

Section V:

Terry, L.C., and J.B. Martin (1978). Release of Somatost3tin (SRIF) from
Perifused Rat Hypothalamic Fragments. Fed. Proc., 37:665.

Terry, L.C., 0. Rorstad, and J.B. Martin (1978). Release of
Somatostatin-1ike Immunoreactivity (SLI) from Perifused Mediobasal
Hypothalami "(MBE), Endocrine Society, 60th Annual Meeting, p. 86 (no.
24), Miami.

Terry, L.C., and J.B. Martin (1978). Release of Endogenous Somatostatin
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Terry, L.C., 0. Rorstad, and J.B. Martin (1981). The Release of
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Terry, L.C., and J.B. Martin (1978). Hypothalamic Hormones: Subcellular
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