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Abstract

In the ret, edrenalectomy results in dramatic increases in both
ACTH synthesis and secretion from the anterior pituitery. There is
evidence that corticosteroide can exert feedback effects at hypothalamic
and extrahypothalemic sites, as well as at the level of the pituitary.
The present studies were undertaken to determine whether corticosterone
acts at the brain or pituitary to normalize adrenalectomy-induced
increeses in plasma and pituitary ACTH.

In the first experiment, rats were either sham adrenalectomized or
adrenalectomized and provided with subcutaneous pellets of
corticosterone fueed with cholesterol (0, 25, 50 or 75% corticostercone,
by weight). Rate from each steroid treatment group were decepitated in
the evening of the fourfh, or morning of the fifth day following edrenal
surgery. Morning plesma ACTH levels and thymus gland weight were
restored to levels similer to those observéd in sham adrenalectomized
controls by treetment of adrenalectomized rats with 50% corticosterone
pellets. This dose of corticosterone resulted in roughly constant
plasma corticosterone levels of 5-9ug/dl. Treetment of adrenalectomized
rate with 75% corticosterone pellets also restored morning plasma ACTH
but additionally induced significant thymic strophy, with respect to
sham edrenalectomized controls.

In subsequent experiments rate were given three types of lesions
which remove the normal hypothalamic input from the pituitary. In these
lesioned rats, corticosterone feedback could be exerted only at the

pituitary, while in sham lesioned controls feedback could be exerted at



the brain and at the pituitary. Some lesioned rats received constant
infusions of exogenous hypothelamic releasing factors. In sham lesioned
rats, corticosterone levels of 5-9ug/dl normelized morning plesma and
pituitary ACTH levels end thymus gland weight after adrenalectony. In
lesioned rats lacking exogenous hypothalamic input, adrenalectomy did
not induce increases in plasms or pituitary ACTH. In lesioned rats
receiving exogenous CRF, corticosterone levels of 5-9ug/dl did not
affect morning plasme or pituitary ACTH levels compared to adrenalectomy
alone. Only when corticosterone levels were elevated to the range thet
produced thymic atrophy was feedback observed at the pituitery.

It was concluded that corticosterone normslizes mcrning plesma and
pituitary ACTH after adrenalectory by an acticn on the brein, and not

the anterior pituitary.
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Chapter 1 - Background

There are three principle regulators of adrenocortical system
activity; the circadian rhythm in basal activity, stress-induced
activation, and glucocorticoid inhibitor; feedback. The literature
reviewed_in this chapter was chosen in order to highlight the classic
studies which establieshed the importance of glucocorticcid feedback in
the regulation of pituitary adrenocorticotropic hormone (ACTH)
secretion, and to indicate that glucocerticoids have been shown to exert
feedback effects at hypothelamic and extrshypothalamic sites in the
brain, as well as cn the pituitary. Finally, the effects of

adrenalectcmy on adrenocorticel system activity are detailed.

Historicel Perspective

In 1936, Hens Selye intrcduced a three stage, "general sdaptation
syndrome produced by diverse nocuous agents" (Selye, 1936). By
observing the changes in the general state of health of a rat, and the
weight and gross histologic character of various endocrine glands, Selye
concluded that, during prolonged stress, the anterior pituitary ceases
its production of gonadotropic hormcnes end prolectin, and favors the
increased secretion of thyrctropic and edrenocorticotrepic hormones.

This hypotheeis was followed by the observations of Ingle and
colleagues that the administration of "cortin" or adrenal cortical
extract produced etrophy of the adrenel cortex (Ingle & Kendall, 1937;
Ingle et al, 1938), which could be prevented by the simultaneous

edministration of a fraction of enterior pituitary extract which head



high adrenocorticotropic activity. Similarly, the increase in adrenal
size which followed prolonged muscular exercise wes abolished if esnimals
were pretreated with adrenal cortical extract (Ingle, 1938). These
results led Ingle to conclude that the enterior pituitary wes in some
manner sensitive to veristions in the améﬁnt of "cortin" in the body
fluids, and that increased physiologic requirements for cortin led to an
increase in the output of edrenocorticotropic hormone from the anterior
pituitary. Thus, the output of the pituitary would be suppressed when
"cortin" was present in the body fluids in excess of physiologic
requirements.

Following the observation that the decreases in adrenal cholesterocl
and escorbic acid content in response to hemorrhage parallel the effects
of exogencus ACTH administration (Sayers et el, 1945), the adrenal
ascorbic acid depletion assay became a common method to assess the
effect of various experimental manipulations on adrenococrtical system
activity. Sayers and Sayere (1947) found that this depletion occured
rapidly (within 1 hour) end in proportion to the dose of ACTH or to the
degree of stress. Also, they observed that the decrease in adrenal
ascorbic acid content induced by various stresses (heat, cold,
histamine, epinephrine, killed typhoid orgeniems) were blocked by
pretrestment uith adrenal cortical extract. These data, and the
cbservation that adrenal cortical hormone pretreatment did not block the
adrenal ascorbic acid depletion induced by exogencus ACTH, led Sayers
and Sayers to postulate that stress increases pituitary
adrenocorticotropic activity by increasing the requirement of peripheral

tissues for cortical hormones, and that the antericr pituitary respcnds



to a resulting decrease in plasma levels of corticosteroide due to an
increese in peripheral tissue corticel hormone "utilization", by
increasing its rate of ACTH releagce.

At the seme time that Sayers and colleagues proposed the
corticosteroid utilizetion hypothesis, tﬁ; role of the central nervous
system in the secretory activity of the anterior pituitary was also
being considered (Green & Harris, 1947; Herris, 1948). The anatomical
studies of Green and Harris demonstrated that, while the nerve supply to
the edenohypophysis was sparse, the possibility of neurohumoral
transmission of stimulil to the glandular cells was supported by the
existence of a dense vascular plexus in close approximation to nerve
endings in the median eminence that was connected through a portal
system of vessels to the pare distalis.

In support of thie neurovascular hypothesis were the findings that,
in rabbits, a lymphopenia induced by emotional stress wass shown to be
blecked by hypophysectomy and elicited by injections of pituitary
extract into hypophysectomized enimals (Colfer et al, 1950). Because
incompletely hypophysectomized rabbits were found to have the
lymphopenic response and vascular connections between the tuber cinereum
and the remeining pituitary tissue, it was likely that the emctional
stress stimulated the anterior pituitary vie the hypophysial portel
vessels. Also, electricel stimulation of the posterior part of the
tuber cinereum or mammillary body produced a similar lymphopenia, while
lesions in these areas, or in the zona tuberalis of the pituitery gland,
abclished the lymphopenic response to emotional stress (deGroot &

Harris, 1950).
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Another line of evidence supporting the importance of the brain in
the control of adrenocortical function came from the work of Gray and
Munson (1951). They showed that adrenal cortical extract administered
10 seconds before histamine stress completely blocked the adrenal
ascorbic acid depletion in response to tﬁia stress, while hormone
injection 3 or 5 seconds after histamine pertially blocked the response;
adrenal corticel extract administered 10 seconde after histamine stress
had no inhibitory effect. These results were among the first to
demonstrate the rapidity with which the adrenccortical system responds
to stress, and implied that something other than corticosteroid
utilization had to be stimulating ACTH release. Using the experimental
technique of cross-circulation (Brodish & Long, 1956), it was shown that
the surgical stress of unileteral or bilateral adrenslectomy resulted in
an increase in plasma ACTH. The rspidity of the ACTH response again
implied thet it was neurally mediested. Separately, it was shown that
the injection of hypothelemc~-hypophysiel portel plesma frem dogs into
hypcphysectomized rats induced a greater degree of adrenal ascorbic acid
depletion than did control injectione of carotid artery plesma (Porter &
Jcnes, 1956).

Using a modification of the adrenal asccrbic acia depletion assay,
Sydnor end Seyers (1954) reported meesurable plasma ACTH levels in
adrenalectomized rats, while the levels in intact rats were below essay
sensitivity. In this study, adrenalectomized rats were found to have
prolonged plasma ACTH responses to stress, with respect to unoperated
controls. Because there could nct be any corticostercid "utilizetion"

eliciting ACTH release in adrenalectomized animels, it was concluded



that, following the applicetion of a stressful stimulus, & central
neural mechanism induces en immediate acceleration of ACTH release,
while adrenal cortical hormone utilization regulates the subsequent rate
of ACTH discherge.

The various theories on the role and importance of corticostercid
feedback in the regulation of ACTH secretion were unified by Yates and
colleagues (1961). Here, it was proposed that the rapid increases in
plasme corticosteroid levels which follow many stimuli are caused by the
reset of a negative feedback controller which operates st a variable set
point. This theory predicted thet a dose of corticosterone which was
sufficient to produce en increment in plasme corticosterone equal to
that produced by the stimulus iteelf, should prevent the release of ACTH
following that stimulus. Experiments showed the theory to be correct;
the corticosterone responses to histemine or leperotomy stress were
completely blocked when an injection of corticosterone which mimicked
the corticosteroid response to the stress was administered 15 seconds
prior to the stress. When laparotomy was performed following doses of
corticosterone which produced increments less than that observed after
laparotomy, the subsequent corticosterone response was the same as after
laparotomy alcne. These results imply that the plesma corticostercid
concentration is at all times under effective negative feedback control,
and that the increase in the setpoint, cr reset, of the contrcller
creates a signal which is sensed as an absclute drop in plasma
corticosteroid levels.

The reset hypothesis generated controversy, however, when other

groups reported that plasme corticosteroid responses to stress were nct



related to the plasma corticosterone level at the time of the atress.
Smelik reported that both the plasmes corticosterone and the in vitro
corticoidogenic responses to a novel environment or histamine were not
reduced by pretreatment with corticosterone (Smelik, 1963a,b).
Similerly, Hodgee and Jcnes reported no iﬁhibition of the plesma
corticosterone response to sham sdrenalectomy by corticoeterone
pretreatment (Hodges & Jones, 1963). These experiments differed from
those of Yates et al, in thet corticosterone pretreatments were given es
intramuscular "infusions" 15 minutes, rather than 15 seconds, prior to
stressing the animal. Both of these groups concluded that the
inhibition observed by Yates et al was a function of the
supraphysiologic stercid levels 15 seconds after intravenous
corticosterone administraticn. These studies necessitated a more
thorcugh characterization of the temporal aspects of ccrticoistercid
feedback, and it is presently accepted thet corticosteroid feedback is
exerted over distinct time domains (Keller<Wood & Dallmen, 1984).

Rapid, rate sensitive feedback was first postulated by Dallman and
Yates (1969). These investigators reported that the plaema
corticosterone response to histamine was inhibited when corticosterone
was given 5 minutes or 15 seconds before histemine, but not when the
steroid was presented 15 minutes before or two minutes after histamine.
Thus, the rapid inhibitory effect of corticosterone occured while plasma
corticosterone levels were increasing. Theee findings were confirmed by
Kaneko and Hiroshige (1978), who found that fast, rate sensitive
corticosteroid feedback is proporticnal to the rate of formation of

hormone-receptor complex. The fast feedback effect of corticosterone
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has been shown to be antagonized by steroids with hydroxyl groups at the
21 and 11-8 positions (Jones & Hillhouse, 1976), and does not require
protein synthesies (Abou-Samra et el, 1986).

Corticosterone exerts delayed feedback effects beginning 1-2 hours
after steroid presentetion. Dallman and }ates (1969) showed that
corticosterone infusions 120, but not 10, 19 or 45 minutes befcre
histamine, inhibited the corticosterone response to this stress.
Steroids with hydroxyl groups at either the 21 or the 11-8 position
entagonize the delayed feedback effects of corticosterone (Jones &
Hillhouse, 1976), and the mechanism of delayed ccrticosteroid feedback
appears to depend on the duration of exposure to incressed levels of

corticostercide (Keller-Wood & Dallman, 1984).

Sitees of Corticosteroid Feedback

The site or sites through which corticostercne exerts feedback
effects remains a subject of much controversy. To date the bulk of the
experimental evidence is concentrated on corticosteroid feedback at the
level of the anterior pituitary; however, this may be more the result of
the ease with which this gland can be studied in the sbsence c¢f the
other levels of the adrenocortical system than the relative physioclogic
role of this feedback site. Both endogenous and synthetic
corticosteroids have been shown to inhibit K+-, hypothalamic extract-,
phorbol ester-, 8-Br-cAMP-, vasopressin- and coerticotropin-releasing
factor (CRF)-induced ACTH secretion from pituitary segments, dispersed
and cultured pituitary cells in vitro (Fleischer & Vale, 1968; Kraicer

et al, 1969; Arimure et al, 1969; Sayers & Portanova, 1974; Yasuda et



al, 1976; Giguere et al, 1982; Vale et al, 1983; Bilezijian & Vele,
1983), and from the mouse pituitary tumor (AtT-20) cell line (Watanabe
et al, 1973; Philipe & Teshjian, 1982). Prolonged treatment with
corticosteroids in vitro reduces the intracellular content of ACTH
(Watanabe et al, 1973; Roberts et al, 19f§). In the absence of changes
in intracellular degradation or precursor processing rates (Roberts et
al, 1979; Philips & Tashjian, 1982), this finding implies a direct
inhibitory effect of corticosteroids on ACTH production. Cortico-
steroids decrease the level mRNA for the ACTH precursor,
procpiomelanocortin (POMC) (Roberts et al, 1979) and have been shown by
nuclear run-off assay to inhibit POMC gene transcription (Birnberg et
al, 1983; Eberwine & Roberts, 1984).

The relative importance of the anterior pituitary as a site of
corticosteroid feedback is more difficult to demcnstrate in vivo.
Support steme from studies in which the pituitary is isolated from
hypothalamic influernces by means of hypothalamic lesions or drug
pretreatment which selectively depresses hypothelemic function, and
studies involving injections or implants of corticosteroids directly
into the pituitary. For example, the compensatory adrenal hypertrophy
in response to unilateral adrenalectomy was shown to be blocked by
injections of exdgenous hydrocortisone in rats with large hypothalamic
lesione (McCenn et al, 1958). Dexamethasone pretreatment has been shown
to diminish the corticosteroid response to lysine vasopressin and
hypothalamic extract in rats with similer lesions (DeWied, 1964), and to
suppress plasma corticostercne levels in rats in which all forebreain

structures, including the median eminence and stalk, were removed by
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suction (Dunn & Critchlow, 1969). The ACTH response to CRF wae reduced
by corticosterone in basal hypothalemic-lesioned rate (Jones et al,
1977). Lesion studies are subject to scrutiny, however, because these
lerge lesions usually disrupt the normal blood supply to the pitutary
end often result in infarct; it is not kﬂhwn tc what extent these
changes may alter pituitary sensitivity to corticostercid feedback.

When the endogenous secretion of corticotropin-releasing factors of
hypothalamic origin is inhibited by nembutael/morphine or nembutal/-
morphine/chlorpromazine pretreatment, dexamethasone has been shown to
block the ACTH response to stalk-medien eminence extract (Arimura et al,
1967), lysine and arginine vasopressin (Yates et al, 1971) and to CRF
(Rivier et al, 1982). It is nearly certain that the pretreatment has
effects of its own on the adrenocorticeal system; in the absence of
dexamethasone, pretreated rats have blunted respcnses to CRF with
respect to non-pretreated controls (Rivier et el, 1982). Finally,
injections of dexamethasone directly into the anterior pituitary reduce
the corticostercid response to scald and to median eminence extract
(Russell et al, 1969). The limitation of injection or implant studies
is that the spread of injectate or diffusion of dissolved implent may
affect sites beyond the area in question, although in this study
(Russell et al, 1969) injections of radiocactive dexamethasone into the
anterior pituitary were reported to not spread up into the brain.

The observations that corticosteroid pretreatment did not block the
plasma corticosterone response to pitressin or hypothalamic extract
(Leeman et al, 1962), reduced medien eminence CRF bio- (Vernikos-

Danellis, 1965) end immuno-activity (Suda et al, 1984), and prevented
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the etress-induced increase in median eminence CRF biocectivity
(Vernikos-Denellis, 1965; Takebe et al, 1971), argue that
corticosteroide exert feedback effects st the level of the central
nervous system. Further evidence stems from the work of Plotsky and
colleagues, who have shown thet dexamethéﬁone pretreatment blocks
hemorrhage~-induced increases in hypophysial portal plasma immunoreactive
CRF, and plasma corticcsterone levels of 8-12ug/dl suppress
immunoreactive CRF secretion into the hypophysiel portal circulation
following nitroprusside-induced hypotension (Plotsky & Vale, 1984;
Plotsky et al, 1986). There is alsoc sbundant electrophysiologic
evidence that corticosteroids act on the brain. By both multiple unit
end eingle-cell recording techniques, (systemic) corticosterone has been
shown to have excitatory effects on basal neural activity, and
inhibitory effects on stimulated neural activity (Feldman et al, 1983;
Mor et al, 1986). While these observations strongly imply a central
component to corticosteroid feedback, they do nct specify the site(s) at
which these effects are exerted.

One of the earliest experimental approaches employed to isolate the
site of central corticosteroid feedback was the use of steroid implants.
Implants of cortisol or dexamethasone in the median eminence region
decreased ccrticosterone content of adrenal venous (Endroczi et al,
1961; Bchus & Enaroczi, 1964) and systemic blood (Corbin et al, 1965),
in vitro corticosteroid production (Bohus & Strashmirov, 1970), resting
ACTH (Bohus et al, 1968), adrenal weight (Corbin et al, 1965; Chowers et
el, 1963, 1967), ether- and novel environment-induced ACTH secretion

(Bohus & Strashmirov, 1970; Bohus et al, 1968), end inhibited the
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compensetory adrensl growth (Davidson & Feldmen, 1963; Feldmean et al,
1966) and adrenal ascorbic acid depletion (Chowers et al, 1963) in
response to unilateral adrenalectomy. That these effects were not due
to diffusion to and action of steroid on the anterior pituitary is
interred from control studiee in which aiiilar implants placed directly
into the anterior pituitary did not decrease adrenal weight (Chowers et
al, 1963) or block the hypertrophy or ascorbic acid depletion in
response to unilateral adrenalectomy (Chowers et al, 1963; Davidson &
Feldman, 1963; Feldmean et al, 1966). The lack of effect of pituitery
implants was not a consisitent finding, however; anterior pituitary
dexamethesone implants were found to decrease ether-induced ACTH
secretion (Bohus & Streshmirov, 1970) as well as adrenal weight and
pituitary ACTH content, and to increase stalk-median eminence CRF
bicactivity (Chowers et al, 1967). The later finding may suggest the
presence of short-lcop, inhibitory feedback of ACTH on CRF transport to
or degradation within exon terminals of the median eminence.

Microiontophoretically applied corticosteroids induce dose-
dependent inhibiton of hypothalamic unit firing and alter the
responeiveness of hypothalamic neurons to afferent stimuli (Feldman,
1981), arguing for a direct effect of corticosterone at the level of the
hypothalamus. Corticosteroide have also been shown to inhibit the
(bioactive) CRF secreted from hypothalami in vitro (Jones & Hillhouse,
1976; Jones et al, 1977; Vermes et al, 1977). Interestingly, while
Jones and Hillhouse reported delayed hypothalamic feedback with besal
and stress levels of corticosterone, they were able to demonstrate

delayed feedback et the pituitary with levels of corticosterone secreted
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normally only during stress. Corticosteroids may exert feedback effects
at both the brain and the pituitary, and the site may vary depending on
the concentration of circulating corticosterone.

Extrahypothalamic corticosteroid feedbeck could involve cell bodies
and/or pathways of afferent input to the bRF neurons of the
paraventriculer nucleus. Early experiments in adrenalectomized rats
demonstrated a high uptake and nuclear retention of radiclabeled
certicosterone in the limbic arees, primarily the hippocempus and septum
(McEwen et al, 1968; McEwen et al, 1969; McEwen & Plapinger, 1970;
Knizley, 1972; Lemaire et al, 1974), which could be blecked by
pretreatment with corticosterone (Stevens et al, 1971) but not by
progesterone (Rheees et al, 1975a; Warembourg, 1975a). The uptake of
labeled dexamethascne shows a disimilar distribution, with the heaviest
accumulation of label cbserved in the anterior pituitary, end less lebel
appearing in the braein over the ventricles and around endothelial cells
of small blood vessels (DeKloet et a1, 1975; Rhees et al, 1975b;
Warembourg, 1975b; McEwen et al, 1976).

Studies of pituitary and hippocampal cytoscl steroid binding imply
that more than one population of corticosteroid-binding sites exist in
these tissues. In the anterior pituitary, binding to cell nuclei is
greater for dexamethesone than for corticosterone, while the opposite is
true for binding to cytosolic macromolecules (DeKloet et al, 1975).
Dexamethascne weakly competes for corticosterone bound to the cytosolic
corticosterone-binding macromolecule in the pituitary, which resembles
corticosterone-binding globulin (CBG) with respect to its physico-

chemical properties and lack of affinity for DNA (DeKloet & McEwen,
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1976e). Recently, CBG has been localized in the pituitary by
immunocytochemistry (DeKloet et al, 1984).

When corticosteroid nuclear binding was studied following
administration of dexamethasone or corticostercne in vivo, a stringent
receptor specificity for corticosterone iﬁ hippocempus wes revealed
(DeKloet'et al, 1975). Whem hippocempal cytosol corticosteroid binding
is studied in vitro this specificity is abolished, and dexamethasone and
corticosterone compete equally well in the displacement of bound
dexemethasone (DeKlocet & McEwen, 1976b). Thus, there appeers to be more
than one population of corticosteroid binding species in the
hippocempus, as well as in the pituitary.

The significance of these hippocampal binding sites is a
controversial area and has recently been reviewed (McEwen et el, 1986).
The study of brain corticosteroid binding has been accelerated by the
development of highly specific antiglucocorticoids which do not birnd tc
CBG and have high affinities for glucocorticcid-preferring sites
(Chrousos et al, 1983). With these compounds, the binding specificities
of two corticosteroid binding sites in hippocampal cytosol have been
etudied. The dexsmethasone-preferring site, celled the Type II,
glucoccrticoid receptor (GR), has a high affinity for dexamethasone (~
3nM) and a lower affinity for corticosterone (v10nM). When the
synthetic antiglucocorticoid RU26988 is addea to hippocempal cytosol,
about 50% of the corticosterone binding sites remain (Veldhuis et al,
1982). These corticosterone-preferring, or Type I sites (CR), have a
high affinity for corticostercne (<1nM) and a lower affinity for

dexamethasone (¥10nM). This remaining site also has a high affinity for
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aldostercne (<1nM), and for deoxycorticosterone, and is believed to be a
brain mineralocorticoid receptor (Krozowski & Funder, 1983; Coirini et
al, 1983; Beaumont & Fenestil, 1983). Whether there are separate
corticosterone- and aldosterone-preferring binding sites in hippocampus,
in eddition to GR, is not presently know;.

Using monoclonal antibodies to the GR purified from rat liver
cytoscl, Fuxe and co-workers have locelized GR-immuroreactive nerve
cells in rat brain in the parvocellular paraventricular and anterior
periventricular nuclei, ventral mediobasal hypothalamus, hippocampal
regions CA1 and CA3, as well as in the catecholamine- and indolamine-
containing cell groups of the lower brain stem, substantia gelatinosa of
the spinel cord, spinal trigeminal nucleus and nucleus of the solitary
tract (Fuxe et al, 1985a,b). In the paraventriculer nucleus, GR are
located in the majority of the CRF immunoreactive neurons (Agnati et al,
1985).

Recently, the regional distribution of GR and CR binding sites in
rat brain has been determined (Reul & DeKloet, 1985). CR are located
predominately in the subiculum end CA1 region of the hippocampus and in
the dentate gyrus, and to a lesser extent in the CA3 region and ventral
hippocampus and in the lateral septum. There is & paucity of CR in the
paraventricular ﬂucleus of the hypotheslamus. In contrast, GR are
localized in the nucleus of the solitary tract, central and cortical
amygdalae, locus coeruleus, and paraventricular hypothalemic nuclei, as
well as in the dentate gyrus and lateral septum, and conspicuously
absent from the subiculum and CA1 regions of the hippocampus. For the

most part, there is good esgreement between the localization of GR by
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cytosolic binding and monoclonal antibody-binding techniques.

CR and GR are also differentially occupied by increasing plasme
cortcosterone levels; at approximately 1ug/dl corticosterone (normal
morning levels), CR are 80% occupied while GR are only 10% occupied. At
high corticosterone levels, normelly obs;rved during stress or briefly
at the time of the circadian peak in plasma corticosterone, there is not
much further occupation of CR, while GR are about 70% occupied (Reul &
DeKloet, 1985). The significance of these binding date with respect to
the regulation of ACTH secretion remains to be elucidated.

Electrical stimulation of the hippocampus causes an initial
facilitation, followed by a delayed inhibition, of basal plaama
corticosterone levels (Cesady & Taylor, 1976). The hippoceampal
efferents from CA1-4, the regions with the highest density of
corticosterone receptors (Reul & DeKloet, 1985), do not project directly
to the hypothelamus, but end primarily in the septum (Swanson & Cowen,
1979). Fibers in the fornix which innervate the hypcthalsmus arise
largely from the subiculum. The ventral subiculer region gives rise to
the fibers of the medial corticohypothalemic tract, which enters the
region of the hypothalamus with the postcommissural fornix (Palkovits &
Zaborsky, 1980). The majority of these fibers terminate within the
rostral arcuate nucleus after passing through the medial retrochiasmatic
area. Ventral hippocempectomy and fornix transection reduces the
corticosteroid response to several stresses (Conforti & Feldmen, 1976),
and dexamethasone suppression of un-stimulated corticosterone levels and
the plasma corticosterone response to ether stress is less in ventral

and dorssl hippocempectomized animals (Feldman & Conforti, 1980). That
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corticosteroids directly affect the function of cells in the hippocampus
is inferred from observations that corticosteroids modulate the maximum
velocity of GABA uptake in hippoceampel synaptosocmes (Miller et al,
1978), and corticosterone induces a decrease in the evoked population
spike amplitude in hippeccampal alicea_gglsgzgg (Vidal et al, 1986).

Historically, the midbrain was one of the earliest sites to be
investigated as an area of extrahypothelamic corticosteroid feedback,
when it was cobserved that midbrain sectioned rats did not undergo
adrenesl ascorbic acid depletion in response to unilateral adrenalectomy
or unilateral adrenalectomy plus laperotomy (Martini et al, 1960), and
that lesions of the reticular formation slso block compensatory adrenal
hypertrophy following unilateral adrenalectomy (Sen & Sarangi, 1967).
Cortisol or dexamethascne implants in the reticular formation decrease
systemic (Corbin et al, 1965) and adrenal vencus blood corticosteroid
content (Endroczi et al, 1961), and decrease the ACTH response to a
novel environment (Bohus et al, 1968), but do not inhibit the
compensatory adrenal growth in response to unilateral adrenalectomy
(Bohus & Endroczi, 1964). More recently, it has been reported that the
laparotory-induced increases in plasma ACTH can be blocked by
concomitant brainstem stimulation in the region near the locus
subcoeruleus (Rose et al, 1976).

Finally, the region of the amygdala has also been considered as an
area of extrahypothalamic corticosteroid feedbeck. Electrical stimu-
lation of the beso-medial region of the amygdalecid complex increeses,

while stimulation of the lateral amygdala results in a decrease in the

corticosteroid content of adrenal venous effluent (Slusher & Hyde, 1961;
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Redgate & Fahringer, 1973). McHugh end Smith also showed that
amygdaloid stimulation increases plasma corticosteroid levels, and that
this increase could be blocked by (systemic) pretreatment with cortisol
(McHugh & Smith, 1967). Because these investigators observed that the
sare pretreatment did not inhibit the pl;;ma corticosterone response to
electrical stimulation of the tuberal hypothalamus, they concluded that
the corticosteroid sensitive elements must be functionally located
between the amygdaloid and hypothalamic areas stimulated. Amygdalectomy
or lesions of the ventral smygdalo-hypothalamic pathway have been shown
to block the corticosteroid response to leg break (Allen & Allen, 1974)
and to sciatic nerve end olfactory stimulation (Feldman & Conforti,
1981), and to prevent adrenalectomy-induced ACTH hypersecretion (Allen &

Allen, 1975).

Effecte cf CNS Lesions and Adrenalectomy

The techniques of CNS lesion placement and adrenslectomy have been
employed by numerous investigetors to study the operating
characteristics of the adrenocortical system. With the isolation and
purification of hypothalamic corticotropin-releasing factor (CRF; Vale
et al, 1981), antisera were raised against this 41-amino acid peptide
and the distribution of CRF-immunoreactive cells end fibers was
determined (Swanson et al, 1983; Antoni et al, 1983b; Merchenthaler et
al, 1984). CRF is now known to be synthesized in the cells in the
parvocellular subdivisions of the paraventricular nucleus of the
hypothalamus (PVN). The axons of these cells leave the PVN laterally,

then turn ventrally in the lateral hypothalemus to approach the median
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eminence in the lateral retrochiasmatic area, along the base of the
brain. The vasopressin- and oxytocin-containing fibers of the
magnocellular division of the PVN follow a similer route (Swanson &
Sawchenko, 1983), but while the CRF-containing fibers terminate in the
external zone of the median eminence, the vascpressinergic and
oxytocinergic axons meke up the internal zone of the median eminence and
their terminations form the neurohypophysis.

A complete or anterior hypothalamic deafferentation knife cut
usually begins behind the optic chiasm and extends to the mammillary
region, functionally isolating the medial basal hypothalemus, including
the median eminence, from the two main hypothalamic regulators of
pituitary ACTH secretion, CRF and vasopressin. Halasz and colleagues
were among the first to document the effects of partial and complete
hypothalemic deafferentation on the adrenocortical system. Hypothalamic
deafferentation results in diabetes insipidus, due to the transection of
the supreoptico- and paraventriculo- hypophysial tracts (Halesz & Pupp,
1965), and the abolition of the normsl diurnal plasma corticosterone
rhythm (Halesz et al, 1967). Anterolateral hypothalamic deafferentation
has been shown to greatly reduce the biocactive (Makare et al, 1979) and
imrunoreactive CRF content of the median eminence (Tilders et al, 1982).

Adrenalectomy, the removal of corticosteroid feedback from all
corticosteroid feedbeck sites in vivo, profoundly affects the activity
of the adrenocortical system. There is an immediate increase in plasma
ACTH which persists for about two hours, after which circulating ACTH
falls to & level slightly higher than that observed in sham operated

controls. By 48 hours after adrenalectomy, plasma ACTH levels are
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markedly elevated (Dallman et al, 1972; Buckingham & Hodgee, 1974), and
remain so for as long as the animal lacks corticosteroids. Pituitery
ACTH content drops soon after adrenalectomy, returning to and then
surpassing the levels of sham operated controls by 5-7 days after
adrenalectomy (Gemzell et al, 1951). This triphasic response of
pituitary ACTH content has been interpreted to indicate that,
immediately following adrenalectomy, ACTH is secreted from the pituitary
more rapidly than new peptide can be synthesized, resulting in a
temporary depletion of pituitary ACTH stores. The observation that
pituitary ACTH content continues to rise in the presence of elevated
plasma ACTH levels implies that the rate of ACTH synthesis has also been
increased by adrenalectomy. The morphoclogic changes of the pituitary in
response tc adrenalectomy also imply that ACTH synthesis hes been
increased; by 24 hours after adrenalectomy the size of (morphclogicelly-
identified) "ACTH-cells" has increased, and by the fifth postoperative
day there is also an increase in nucleer size (Siperstein & Miller,
1973). The secretory granulation of "ACTH-cells" is greatly reduced at
24 hours, end then gradually increases (Siperstein & Miller, 1973;
Westlund et al, 1985). In addition to an increase in corticotrope size,
there is also immunocytochemicel evidence for an increase in the number
of ACTH-producing celle (Rappay & Makara, 1981). Pituitery POMC mRNA
levels increase with adrenalectomy (Nakanishi et al, 1977; Schachter et
el, 1982; Birnberg et al, 1983), as does the rate of POMC gene
tranecription (Birnberg et al, 1983; Eberwine & Roberts, 1984). It has
recently been shown, using in situ hybridization techniques and

complementary RNA probes for both heterologus nuclear and mature
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messenger RNA for POMC, that adrenalectomy increases both the number of
ACTH-synthesizing cells in the anterior pituitary, and the rate of ACTH
synthesis within these cells (Fremeau et al, 1986).

The response of CRF biocactivity of gtalk-median eminence extracts
to adrenalectomy is similar to that of pituitary ACTH content (Vernikos-
Danellis, 1965). Intially there is a decrease, followed by a repletion
after 6 to 24 hours to levels not different from shem operated controls.
Increases in stalk-median eminence bicactive CRF content above control
levels have been reported from 5 to 7 daye after adrenalectomy
(Vernikos-Danellis, 1965; Hillhouse & Jones, 1976). The changes
observed for immunoreactive CRF in the median eminence following
adrenalectcmy do not precisely follow the changes in bioectivity; median
eminence immunoreactive CRF is decreased below control levels as early
as 3 hours and up to 2 days after edrenaslectomy, and the level of
immunoreactive CRF in the median eminence is not reported tc be higher
than control levels until 2 weeks after adfenalectomy (Suda et el,
1983). Adrenalectomy enhances CRF immunostaining in the hypothalamus
(Swanson et al, 1983; Antoni et al, 1983b). Recently it has been
reported that CRF mRNA levels in the hypocthalemus eleo increase after
adrenalectomy (Jingami et al, 1985; Young et al, 1986).

The differences between hypothalamic bio- and immuno-active CRF
profiles following adrenalectomy probably stem from the ability of
several peptides in addition to CRF to act as ACTH secretogogues.
Vesopressin has long been considered to be an important regulator of
ACTH secretion (McCann & Brobeck, 1954; McDonald & Weise, 1956), and has

been shown to potentiate CRF-induced ACTH secretion both in vivo (Yates
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et al, 1971; Rivier & Vale, 1983; DeBold et al, 1984; Rivier et al,
1984) and in vitro (Rivier et al, 1984; Knepel et al, 1984). The amount
of electrical- or K+-stimulated vasopressin release from the medial
basal hypothalamus or isolated median eminence in vitro is greater from
tissues taken from adrenalectomized rate (Knepel et al, 1984; Holmes et
al, 1986). In response to adrenalectomy there is an increase in
vasopressinergic fibers in the zona externa of the median eminence
(Watkins et al, 1974; Stillman et al, 1977; Zimmerman et al, 1977), and
the novel eppearance of vasopressin immunostaining (Tramu et el, 1983;
Sewchenko et al, 1984; Kiss et al, 1984), and vascpressin mRNA (Davis et
al, 1986), in the parvocellular neurocns of the PVN. The observation
that CRF and vasopressin are contained in the same neurosecretory
vesicles in terminals of the external zone of the median eminence after
edrenalectomy (Whitnall et al, 1985) strecngly supports the notion that
vasopressin is secreted from terminale in the external zone cf the
median eminence and may act on the corticotropes of the anterior
pituitary via the hypophysial portal vessels.

In every case, the effects of adrenalectomy have been shown to be
reversible by glucocorticoid therapy. It is less clear, however, where
glucocorticoids act in order to reverse these adrenalectomy-induced
events. For example, it is likely that the increase in ACTH secretion
following adrenalectomy results from an increase in CRF secretion into
the hypophysial portel vessels, and not from the direct removal of
corticosteroid feedback frcm the pituitary per se, since the
compensatory hypersecretion of ACTH following adrenalectomy does not

occur in animels that have undergcne anterolateral hypothalamic
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deafferentation (Allen et al, 1974). The increase in anterior pituitery
POMC mRNA after adrenalectomy is also likely to be the result of
increased CRF secretion from the hypothalamus. CRF has been shown to
increase anterior pituitary POMC mRNA levels in vive (Bruhn et al,
1984a) and in vitro (Affolter & Reisine, 1985), and, in rats whose
anterior pituitary POMC mRNA content had been previously elevated by
adrenalectomy, lesions of the paraventricular nuclei decreased anterior
pituitary POMC mRNA (Bruhn et al, 1984b). Analogously, the increasse in
CRF synthesis and secretion after adrenslectomy may result from the
removal of corticosteroid feedback from the CRF-producing neurons of the
hypothalamus, or from cell bodies or fibers of afferent input to the

paraventricular nuclei.
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Rationele

While there is abundant evidence that corticosteroids may exert
feedback effects at multiple levels in the adrenccortical system, there
are few reports of the sensitivity of any possible feedback si¥es to
physiologic increases in plasma corticosterone in vivo. The present
studies were designed to determine the relative importance of
corticosteroid feedback on the brain and antericr pituitary in the
response of the adrenococrtical system to adrenalectomy.

Lesions were made in order to isolate the pituitery in vivo from
the ncrmal hypothalemic influence and limit the site of corticosteroid
feedback to the pituitary in lesioned snimals. Rats were chosen for
these studies because there ere detailed stereotaxic atleses for rat
brain microsurgery, facilitating histolcgic comparisons between
subjects. Adrenalectomy was chosen as the stimulus for adrenocortical
system activation because it is easily reproducible between animals.
Some adrenalectomized rats were given pellets to fix their
corticosterone levels, a technique we have extensively validated. Thus,
both the site of corticosteroid feedback and the intensity of the
corticosteroid feedback signel could be varied independently.

The specific aims of these studies were: 1) to characterize the
effects of physiologic doses of corticosterone on plasma corticosterone
and ACTH levels, snd thymus gland end body weight in edrenalectomized
rets, end 2) to determine the effectiveness of a range of corticosterone
levels in inhibiting adrenalectomy-induced ACTH secretion in rats with
only pituitary or with pituitary and brain corticosteroid feedback

sites.
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Chapter 2 - Characterization of the mathematical relationship between

plasma ACTH and corticosterone in rats with constant

corticosterone levels

Introducticn

Corticosterone, the principle glucccorticoid in the rat, normally
exhibite a merked diurnal rhythm. Plasma corticosterone levels are low
in the morning, at the time of lights on in the animal room, when rats
are at the end of their nocturnal active period. Plasma corticosterone
levels begin to rise in the afternoon and peak around the time of lights
off, when rats enter their noturnal pericd of eating, drinking and
activity. Often, plasma corticosterone levels in intact rate are so low
in the morning as to be indistinguishable from levels in
adrenalectomized rats. Plasme ACTH als¢c veries diurnally, eslthough
frequently this diurnel variation is not statistically significent. The
merked circadien fluctuatiorn in plesme corticosterone is sccomplished by
an increase in the sensitivity of the adrenal cortex to ACTH (Dellman et
al, 1978; Keneko et al, 1981), acting together with the (modest) evening
increase in plasma ACTH. The circedian rhythm in ACTH is the result of
circaedian drive origineting from the brain. Experimentally, lesions of
the suprachiesmatic nuclei of the hypothalamus (SCN) have been shown to
abolish the circadien rhythms in food and weter intake and activity
(Stephan & Zucker, 1972; Nagai et el, 1978), as well as in plasma and
adrenal corticosterone (Moore & Eichler, 1972; Szafarczyk et el, 1979;
Abe et al, 1979).

Because the studies presented in the following chapters relied
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heavily on the use of corticosterone pellets to produce constant
corticosterone levels, thereby avoiding the confounding effect of the
adrenal response to ACTH stimulated by infusions of exogenous CRF, it
was necessary to quantify the effects of constant corticosterone levels
on the activity of the edrenocortical system. Rats were either sham
adrenalectomized or adrenalectomized and given pellets of varying
concentrations of corticosterone in cholesterol. Plasma ACTH and
corticosterone levele were measured 5 days after pellet implantation, in
the morning and evening. Two cther corticosteroid-sensitive endpoints,
bedy weight and thymus gland weight, were also measured. It has been
well documented that edrenalectomy induces thymic enlargement

(Dougherty, 1952), and thet stress induces thymic atrophy (Selye, 1936).

Materiels and Methods

Sixty adult male Sprague-Dawley rats (Bantin & Kingman, Fremont,
CA) weighing 224-244g were housed two per cege in hanging wire basket
cages in e temperature-, humidity-, and light-controlled room. Lights
were on for 12 hours per day. Rats were provided with food and water ed
libitum. Body weights and fluid intake were measured (to the nearest
2g) in the morning. Following adrenal surgery reats were provided with
0.5% saline for drinking fluid.

Following two days of baseline measurements c¢f body weight and
water intake, rats were sham adrenalectomized or adrenalectomized via
the dorsal approach under ether anesthesia. At this time,
adrenalectomized rats received pellets weighing approximately 100mg of

wax (0% corticosterone pellets) or varying concentrations of
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corticosterone in cholesterol (25, 50 or 75% corticostercne, by weight).
Pellets were made by the method of Segaloff (1950), with modifications
(Meyer et al, 1979; Akena et al, 1985). Briefly, a totel of 1g of
crystalline corticosterone and cholesterol (Sigma) were gently heated to
a molten state over a bunsen burner. A warmed pasteur pipette was used
to pipette the mixture into silicone molds (model 106, Ted Pella, Inc.,
Tustin CA) which had been previously coeted lighlty with sterilized
silicone diluent oil (General Electric RTV-910). The pellets were
allowed to herden overnight, then removed, weighed, and cut down if
necesssry. The 0% corticosterone pellets were made of wax, rather than
100% cholestercl, becsuse pure cholesterol pellets crumbled when remcved
from the molds. Pellets were inserted subcutaneously elightly rostrel
to the skin incision mede for edrenalectomy, and the incisions were
closed with wound clips.

On the evening of the fcurth or the morning of the fifth day
following edrenal surgery, rats were killed by decapitetion. Trunk
blood was collected into heparin-ccntaining tubes and stored on ice
until subsequent centrifugation end removal of plasma. Plasma ACTH was
meesured by radioimmuncessay (RIA) cn 1ml extracted plasme samples
(Dellman et al, 1974). At a working dilution of 1:7500, the ACTH
antiserun cross-reacts 100% with ACTHq_3g, ACTH1-24 and ACTH11-24, <1%
with 8-MSH and ACTH25-39, end <.01% with ACTH1-19, ACTH4-10 &nd o-MSH.
Inter- end intre-aessay coefficients of variation for the assay are 19.7
and 9.2%, respectively. Plesme corticosterone was also measured by RIA
on 10ul heat-denatured plesma samples. The corticosterone antisera, at

a working dilution of 1:10500, cross reacts 100% with
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deoxycorticosterone and cortisol, 38% with progesterone, and <1% with
testosterone, estradiol end dexamethasone. The intra- and inter-assay
coefficients for the corticosterone assay were 10.8 and 11.1%,
respectively. Thymus glands were collected from the group of rats
killed in the morning. The glands were excised and placed in closed
petri dishes on filter paper previously moistened with 0.9% non-sterile
saline, and sqbsequently cleared of fat and connective tissue and
weighed (to the neerest milligrem).

Data are presented as mean + SE, and were analyzed by one- or two-
way ANOVA (Zar, 1984). The ACTH and corticosterone values from pellet-
bearing rats killed in the morning with plesma corticcsterone levels of
Sﬁug/dl were combined with similarly prepared rats with sham
kypothalemic lesions (also with plesma corticosterone levele Sﬁug/dl and
killed in the morning) to generate a data set of adequate size to
quantitate the relationehip between these two hormones. These
individual data were ordered (ACTH values from animals with identical
corticbsterone levels were averaged) and subjected to a ncn-linear least
squares analysis to determine the best fit to the Hill function: Yx ©
AKP/(xP + xP). Here, "Y" and "x" represent the concentretions of ACTH
and corticosterone in plasma, and "A", "k" and "p" are parameters which
are estimated from the fitting. Only data with corticosterone levels
Sﬁug/dl were uesed in order to cptimize the fitting over the range of

corticosterone values in which ACTH changes the most dramatically.

Results

Morning and evening plasma ACTH (in pg/ml) and corticosterone (in
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ug/dl) measurements are shown in figure 2.1. In sham adrenalectomized
rats, plasma corticosterone exhibited the expected diurnal rhythm. In
adrenalectomized rats treated with 0% corticosterone pellets, plasma
corticosterone levels were low. Plasma corticosterone levels increased
with increasing corticosterone pellet concentrations. Plasma cortico-
sterone levels in adrenalectomized rats treated with 50 and 75%
corticosierone pellets were significantly different between morning and
evening. Plasma ACTH levels alsc veried diurnally in sham
adrenalectomized rets, although this trend was not significent. Plasmea
ACTH was significently elevated in the morning and evening in
adrenalectomized rats, with respect to sham operated controls, and
edrenalectomized, non-replaced rats exhibited a significant rhythm in
plasma ACTH. Treatment of adrenalectomized rats with 25% corticosterone
pellets did not significantly reduce plasma ACTH levels in the morning
or evening, while 50 and 75% corticcsterone pellets restcred morning and
evening plasma ACTH to levels not statietically different from shem
adrenalectomized rats at the same time of day.

The effect of these plasma corticosterone levels on plasma ACTH can
be compared with their effects on the change in body weight (in grams
per four days after adrenal surgery) and thymus gland wet weight (in
milligrems per 100 grams body weight) in Table I. Adrenalectomized rate
treated with 0, 25 or 75% corticosterone pellets gained significantly
less weight than sham operated controle over the four days after adrenal
surgery. Thymus gland wet weight increesed with edrenalectomy, and was
reduced by corticosterone replacement in a dose related menner. Thus,

plasma corticosterone levels established by the 50% corticosterone
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pellet were sufficient to restore morning and evening plasma ACTH levels
to normal after adrenalectomy. Lower corticosterone levels were
sufficient to normalize thymus gland wet weight, while no dose of
corticosterone adequately restcred body weight gein to normal in
adrenalectomized rats. -

The plasme ACTH date ere plotted as a function of plasma
corticosterone level for individuel enimals in figure 2.2. From this
figure it is apperent that conetant plesma corticostercne levels of
5ug/dl and higher are sufficient to normelize morning plasma ACTH levels
in adrenelectomized rats to levels observed in sham operated rats
(<50pg/ml). However, in the evening, these circulating corticosterone
concentrations were not sufficient tc normelize plasma ACTH to levels
observed in sheam operated rets (<100pg/ml).

In figure 2.3, the relationship between morning plasma ACTH levels
and constant corticosterone concentrations is again illustrated. This
figure includes the date from figure 2.2, as well as those of rats from
a separate experiment which underwent sham hypothalemic lesions in
addition to adrenelectomy and corticosterone pellet implentation. The
curve superimposed on these data represents the best fit of the Hill

function: Y
(x) = AkP/(kP+xP). The perameters "A", "k" and "p" were

estimated at: =529+47 pg/ml (the theoretical plasma ACTH concentration
when plasma corticostercne equels 0); k=1.6+.15 ug/dl (the concentration
of corticosterone at which plasme ACTH levels ere half-maximally
reduced); p=3.8+1.2. The "p", or Hill coefficient, being significantly
greater than 1 (by t-test), indicates that there is significant

cooperativity to the inhibition of plasma ACTH by corticosterone.
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Diecussion

In this study, the effects of constant corticosterone
concentrations on plasma ACTH, body weight gain, and thymus weight were
measured. Plasma corticostercne concentrations of approximately 5ug/dl
were sufficient to normelize morning plesme ACTH and thymus weight after
adrenslectomy (table 1 end figure 2.1). By plotting the plasme ACTH and
corticosterone values for individual rats (figure 2.2) it becomes
apparent that constant corticosterone levels of up to 10ug/dl were not
sufficient to normalize evening circulating ACTH levels after
adrenalectomy to levels normally observed in sham adrenalectomized
controle (<100pg/ml).

Previously, Akana et al (1985) showed that constant corticosterone
levels of 4.5-7.4ug/dl adequately restore morning ACTH secretion and
thymus gland weight after adrenalectomy. In that study (Akana et al,
1985), as well as in the present experiment (table 1) no dose of
corticosterone completely restored the deficit in body weight gein
induced by adrenalectomy. Previocus data (Levin et al, 1984e,b) suggest
that mineraloccrticoid treetment normalizes weight gain in
adrenalectomized animals. The diurnel varistions in plasme cortico-
sterone in adrenalectomized rats receiving 50 and 75% corticostercone
pellets remains unexplained. If constsnt plasma corticosterone levels
influence the activity of hepatic steroid metabolism, then possibly
there is a diurnel variation in the rate of corticostercone clearance or
volume of distribution in rats with constant corticosterone levels. In

a previous study a similar variation in plasma corticosterone levels was
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reported in smaller rats treated with 40%, but not 10 or 20%
corticosterone pellets (Akana et al, 1986). In intact rats, neither the
clearance rate nor the volume of distribution of corticosterone veries
between morning and evening (Kaneko et al, 1980).

Since this experiment was performed, the observation that constant

corticosterone levels that are sufficient to maintain ACTH in the normal
range in the morning are not adequate in the evening prompted us to
undertake a detailed investigation of the phenomenon (Akana et al,
1986). In these studies we confirmed that there is a shift in the
sensitivity of basal (morning), but not CRF- or histemine-induced ACTH
secretion to inhibition by corticosterone between the times of the nadir
(morning) and peak (evening) of the diurnal rhythm of activity in the
edrenocortical system. We showed that this shift does not result from a
change in the sensitivity of the ccrticotrope to CRF or from a change in
the adrenocortical system sensitivity to histemine stress, and is
unlikely to result from a change in the efficacy of certicosterone
feedback as a function of the time of dey. We proposed that the
apparent shift in sensitivity of basal ACTH secretion to inhibition by
corticostercne between the morning and the evening is the result of a
shift in the feedback site from the pituitary in the mcrning, to the
brein end the pituitery in the evening.

The least-squares enalysis (figure 2.3) quantitates the
relationship between morning plasma ACTH and constant circulating
corticosterone. By factoring in a Hill coefficient greater then 1, the
gcodness-of-fit was increased by nearly 20%, indicating that

cocoperativity is a powerful aspect of the inhibition c¢f adrenalectomy-
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induced ACTH secretion by corticosterone. The results presented in the
following chapters are evaluated against this whole-animal dose-response

relationship.



Table I.

Group
ShamADX

ADX
ADX
ADX

ADX

Change in body weight (grams/4 days) and thymus gland wet

weight (mg/100g body weight) in shem adrenalectomized

(ShamADX) and adrenalectomized (ADX) rets with and without

corticostercne (B) replacement

% B pellet

-

0
25
50
75

A Body Weight

24 + 2 (12)1
11 +3 (12)*
1 +2 (12)%
12 + 3 (12)

<9 +3 ¥

Thymus Weight
167 + 14 (6)

253 + 43 (6)%
224 + 22 (6)%
136 + 29 (6)
117 + 17 (5)

1Numbers in perantheses refer to number of rats/group

%¥p<.05 versus ShamADX
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Figure 2.1. Plasma ACTH (top, pg/ml) and corticosterone (bottom, ug/dl)
in sham adrenalectomized (ShamADX) and adrenalectomized (ADX) rats with
0, 25, 50 or 75% corticosterone pellets. Bars represent mean velues,
and vertical lines represent SE. Open bers, morning semples; shaded
bers, evening samples; N=6/group. Asterisks (%) indicate significent
(p<.05) morning/evening difference. Daggers () indicate significant

difference versus ShamADX at same time of day.
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Figure 2.2. Plesma ACTH (pg/ml) as a function of plasma corticosterone
(vg/dl) in adrenelectomized rats treated with pellets containing various
concentrations of corticosterone. Squares represent evening samples;

circles represent morning samples.
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Figure 2.3. Non-linear least squares fit of Hill function to data from

figures 2.2 and 4.1.
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Chapter 3 - Corticosterone inhibition of plasma ACTH in rats with

anterolateral hypothalamic deafferentations

Introduction

In the intact rat, adrenalectomy results in increases in ACTH
synthesis and secretion (reviewed in chapter 1). In a previous study
(Dallman et al, 1985) we attempted to quantitete the reletive
contribution of the removel of corticosteroid feedback from the
pituitary per se to the ACTH response to adrenalectomy. Rats underwent
anterior hypothalamic deafferentation; control rats were given sham
lesione. Two days later half of the lesioned and sham lesioned rats
were adrenalectomized, and half were sham adrenalectomized. The
adrenalectomy-induced changes in plasma and anterior pituitary ACTH and
anterior pituitsry POMC mRNA were compared between sham lesioned enimals
(with brain and pituitary corticosteroid feedback sites) and lesioned
animals (with only pituitary corticosteroid feedback sites). Since a
previous study reported no increase in plasma ACTH in response to
adrenalectomy following the removal of hypothalamic input (Allen et al,
1974), en additional set of lesioned rats (sham adrenalectomized end
adrenalectomized) were given constent infusions of rCRF (10ug/d)
beginning the day of adrenal surgery.

In sham lesioned rats, adrenalectomy resulted in a 12-fold increase
in plasma ACTH, no change in pituitary ACTH content, and a 2.5-fold
increase in pituitary POMC mRNA levels. In lesioned rets not receiving
exogenous CRF, no increases in any of these variables were observed

following adrenalectomy. In lesioned rats receiving exogenous CRF,
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adrenalectomy was eccompanied by a 2.2-fold increase in pituitary POMC
mRNA, no change in pituitary ACTH content, and a 2.6-fold increase in
plasma ACTH levels. The lack of an effect of the removal of
corticosteroid feedback (adrenalectomy) in lesioned rats not receiving
exogenous CRF led us to conclude that th; corticotropes of the anterior
pituitary cannot respond to adrenalectomy in the absence of hypothalamic
drive. Because the increases in pituitary POMC mRNA were of & similar
magr.itude in the sham lesioned and lesioned plus CRF groups, we
concluded that the increase in ACTH synthesis follcwing adrenalectomy
results from the removal of corticosteroid feedbeck from the pituitary,
provided there is an increase in hypothalamic drive to the pituitary.
The blunted increase in plasme ACTH following adrenalectomy in lesioned
rats receiving exogenous CRF, with respect to sham lesicned rats,
implied that the increase in plasma ACTH after adrenalectomy normally
results from increased secretion of CRF, and an additionel ACTH-
releasing factor, that causes increased secretion but little synthesis
of ACTH.

We were unable, however, to draw a strong conclusion as to the rcle
of the pituitary per se in the ACTH response to adrenalectomy. Ae a
consequence of the exogenous CRF infusion, plasma corticosterone levels
in the sham adrenalectomized rats in the lesioned plus CRF group were
>15ug/dl in the morning end evening. These high corticosterone levels
produced significant thymic atrophy, with respect to sham lesioned
controls, and indicated that the corticosteroid feedback signal in the
lesioned plus CRF, sham adrenalectomized group was very different from

that of the sham lesioned, sham adrenalectomized group. Consequently we
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could not directly compare the effect of adrenalectomy between sham
lesioned and lesioned plus CRF rats.

The present study made use of corticosterone pellets to fix the
circulating éorticosterone level in sham lesioned and lesioned rats in
the range which normalizes body weight gein, thymus weight and plasma
ACTH aftgr adrenalectomy. The effect of the removal of a quantitatively
similar corticosterone feedback signal could be compared between rats
with only pituitary feedback and with brain and pituitery feedback.
Because in the previous study the 10ug/d CRF infusion significantly
elevated pituitary ACTH content, a lower dose (1ug/d CRF) wes chosen for
the present study. In order to investigate the role of an increase in
vasopressin secretion into the hypophysial portal vessels following

adrenalectomy, some lesioned rats received infusions of either 1ug/d

vasopressin or 1ug/d each vasopressin and CRF.

Materials and Methods

Adult male Sprague-Dawley rats (Bantin and Kingmen, Fremont, CA)
were housed two per cage in hanging wire basket cages in a temperature-,
light- and humidity-controlled room. Lights were on for 12 hours per
day. Rats were provided with food and water ad libitum. After
hypothalamic surgery, rats were housed singly. After adrenal surgery,
rats were provided with 0.5% NaCl for drinking fluid. Fluid intake was
measured daily, in the morning, to the nearest 2ml.

Anterolateral hypothalamic deafferentatiocns or sham lesions were
performed under pentobarbital enesthesia (50mg/kg, ip). Lesions were

made with a Helasz knife with & radius of 1.8mm and a height of 2mm
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(Dallmen et al, 1985). The knife was lowered to the base of the skull
on the midline, with the tip of the knife 1.3mm posterior to the bregma
(Paxinos & Watson, 1982). Once the knife was in this position, the
blade was rotated 90° and then drawn beck 1.5mm, forming & posterior
extension to the cut. This procedure was repeated on the opposite side
of the brain, forming e symmetrical lesion. Sham lesions were made by
lowering the knife to the base of the skull without rotating the blade.

Some of the lesioned animals markedly increased their water intake
to compensate for the lesion-induced diabetes ineipidus, while other
lesioned rats consumed normal volumes similar to the sham lesioned
controls (fluid inteke of sham lesioned rats = 32+iml/d, n=18).
Lesioned rets consuming more than 90ml of water per day for the first
two days after hypothalamic lesioning were considered to have complete
lesions. Two days after hypothalamic surgery, lesioned rats which met
this critericn, and all ahaﬁ lesioned rats, were adrenalectomized under
ether anesthesia. Lesioned rats consuming less than 90ml of water per
day were removed from the study. Rats were provided with either wax or
40% corticostercne pellets, implanted subcutaneocusly slightly rostral to
the adrenalectomy skin incision. At this time, lesioned rats were given
miniosmotic pumps (Alze model 2001) prelocaded to deliver either 1ug/d
CRF, or 1ug/d vasopressin, or 1ug/d each vasopressin and CRF. The
peptides were weighed cut the dey before the pumps were to be implanted,
and dissolved in 1% acetic acid conteining 10mg/ml bovine serum albumin
and 1mg/ml ascorbate. The pumpe were primed overnight at room
temperature in 0.9% saline and were inserted subcutaneously adjacent to

the corticostercne or wax pellet.



Five days after adrenal surgery (seven days after hypothalamic
surgery), rats were decapitated under resting conditions within 2 hours
of lights on. No more than 18 rats were killed on any day, and rats
from each surgical group were included on each experiment day. Trunk
blood was collected into heparin-conteining tubes and stored on ice.
After centrifugation, plesma was stored at -20C until subsequent
measurement of ACTH and corticosterone by RIA. Thymus glands were
excised and stored in closed petri dishes on filter paper saturated with
0.9% NaCl; the tissues were cleaned of fat and connective tissue and

weighed to the nearest milligram.

Results

Thymus glend wet weights (in milligrams per 100 grems body weight)
and plasma corticosterone levels (in ug/dl) are shown in Table II.
Plasma corticosterone levels in adrenslectomized rets receiving wax (0%
corticosterone) pellets were less than 1ug/dl. In adrenalectomized rats
treated with 40% corticosterone pellets, plasma corticosterone levels
renged from 4.8-9.9ug/dl. Thymus gland weights were not different
between sham lesioned and lesioned rats within corticosterone pellet
treatment group.

The plasma ACTH results are plotted for each animal as a function
of plasma corticosterone in figure 3.1. The stippled area in this
figure indicates the relationship routinely observed between plasma ACTH
end plesma corticostercne in the morning, mathematically derived in
figure 2.3. Data from individual shem lesioned rate are illustrated by

closed circles. In these rats, treatment with 40% corticosterone



45
pellets resulted in morning plasma ACTH levels in the normal range
(<100pg/ml), while adrenalectomized rats not receiving corticosterone
replacement had elevated plasma ACTH concentrations. Sham hypothalamic
surgery appears to have no effect on the_relationship between basal
(morning) plasma ACTH and plasma corticosterone, because the ACTH levels
in the shamr lesioned rats in this experiment lie within the range
observed in the previous experiment in non-lesioned rats.

Data from individual lesioned rets receiving 1ug/d vasopressin are
illustrated by closed triangles. While this dose of vasopressin
completely reversed the lesion-induced increase in fluid intake (data
not shown), no stimulation of plasma ACTH was observed. All of the
lesioned rats receiving 1ug/d vasopressin had plasma ACTH levels of
<100pg/ml, irrespective of corticosterone trestment. In lesioned rats
treated with either 1ug/d CRF (open circles) or 1ug/d eech vasopressin
and CRF (open triangles), plasma ACTH levels were elevated in both the

0% and 40% corticosterone pellet groups.

Discussion

In sham lesioned rats, adrenalectomy induced the expected increase
in plasma ACTH. Treatment of shem lesioned, adrenalectomized rats with
40% corticostercne pellets reduced plasma ACTH to normal morning levels.
When hypothalamic drive was replaced with a constant infusion of
vasopressin, adrenalectomy did not result in an increase in plasma ACTH.
This result was not unexpected, as vasopressin has been shown in vitro
(Aguilera et al, 1983; Antoni et al, 1983a, Vale et al, 1983) end in

vivo (Yates et a1, 1971; Rivier & Vale, 1983) to be a relatively weak
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ACTH secretogogue in the absence of CRF.

Unlike the findings in sham lesioned rets, circulating
corticosterone levels of >Sug/dl did not normelize morning plasma ACTH
levels in lesioned rats receiving CRF either alone or in combination
with vasopressin. Because corticosteron; could inhibit ACTH secretion
only by an action on the pituitery in lesioned rets, this finding
suggested that the pituitary is not the site at which corticosterone
acts to inhibit edrenalectomy-induced ACTH secretion.

Corticosteroid feedback has been shown in vitro (Phillips &
Teshjian, 1982) and in vivo (Keneko & Hiroshige, 1978; Keller-Wood et
al, 1984) to be exerted in a manner proportional to the dose of stercid
edministered, and independent of stimulus strength. If corticosterone
acts at the pituitary to inhibit the plasma ACTH response to
adrenalectomy, then the corticosterone concentration which suppressed
the response to normal morning levels in sham lesioned rats would be
expected to inhibit the same proportion of the plesma ACTH response to
exogenous CRF (Iyasopresain) in leesioned rats. Instead, no
corticosteroid inhibition of plasma ACTH to exogenous ACTH-releasing
factcrs was observed. These data suggested that the pituitery is less
sensitive than the brain to corticosteroid feedback inhibition of the
plasma ACTH response to adrenalectomy.

It is possible that the continuous infusions of releasing factors
employed in this and the following experiments have altered the
sensitivity of the corticotropes either to stimulation by CRF or to
corticosteroid feedback. With respect to the first of these

coneiderations, it has been shown that continuous exposure of
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pituitaries to CRF in vitro results in decreases in CRF binding and ACTH
responses to CRF (Holmees et al, 1984; Hoffmen et al, 1985). In vive,
adrenalectomy is accompenied by a similar decrease in CRF binding to the
Pituitary, presumably due to an increase in CRF secretion (Wynn et al,
1985). At the same time, pituitaries from adrenalectomized rats are
more sensitive to CRF when tested in vitro (Wynn et al, 1985).

Prolonged stimuletior with CRF results in sustained release of ACTH from
neonatal rat pituitary explant cultures (Seto & Mains, 1986) end primery
pituitary cell cultures (Vale et al, 1983), and elevated ACTH levels in
vivo in man (Schopohl et al, 1986) and in rats (Rivier & Vale, 1985).
Therefore, although desensitization to CRF is readily demonstrable in
Vvitro, the in vivo evidence indicates that ACTH secretion continues
despite chronic CRF stimulation. There are nc reports in the literature
which have addressed the question of a change in corticotrope
seneitivity to corticosteroid feedback as a consequence of prolonged,

continuous hypothalemic stimulation.
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Teble II. Thymus gland wet weights (mg/100g body weight) and plasma
corticosterone (B) levels in lesioned (ALC) and sham lesioned
rats

Surgical Group (N) % B pellet Plasma B (ug/dl) Thymus Weight

Sham ALC (9) 0 0.6 + 0.1 240 + 25
" (9) 40 5.8 + 0.9 154 + 12
ALC + AVP (5) 0 0.8 + 0.3 219 + 15
" (3) 40 4.8 + 0.9 164 + 16
ALC + CRF (5) 0 0.4 + 0.2 216 + 18
" (4) 40 5.2 + 1.1 145 + 15
ALC + CRF+AVP (4) 0 0.3 + 0.1 223 + 50
" (5) 40 9.9 + 2.2 156 + 20
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Figure 3.1. Plasma ACTH (pg/ml) as a function of plasme corticosterone
(ug/dl) in sham lesicned (closed circles) and lesioned (anterclateral
hypothalamic deafferentation, ALC) rats, 5 days after adrenalectomy and
0 or 40% corticosterone pellet implantation. At the time of
adrenalectomy, lesioned rats received continous infusions of either
1ug/d CRF (open circles), 1ug/d vesopressin (closed triengles), or 1ug/d
CRF and 1ug/d vasopressin (open triangles). Stippled area indicates the
relationship between plesms ACTH and corticosterone in the morning in

non-lesioned rats (see figure 2.3).
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Chapter 4 - Corticosterone inhibition of CRF-stimulated ACTH secretion

in rats with medial basal hypothalamic lesions

Introducticn

The results of the previous experiment (Chapter 3) suggested that
the pituitary is less sensitive than the brain with respect to
corticostercid feedback following adrenelectomy. Because no inhibition
of ACTH release was observed with plasma corticosterone levels of 5-
10ug/dl in the previous study, a wider range of corticosterone levels
was tested in sham lesioned and lesioned rate in the present experiment.
The normel hypothelamic input to the corticotropes was removed by large
mediel basal hypothalamic lesions, because this procedure yields a
higher percentage of complete lesions than the more selective
deafferentation procedure previously employed. Again, subcutaneous
implants of corticosterone were used to fix the feedback level in sham
lesioned and lesioned rats. In the present experiment a wide range of
doses of CRF was employed, to better characterize the effectiveness of

continuous subcutaneous infusions of CRF.

Materials and Methods

Adult male Sprague-Dawley rats (Bantin & Kingman, Fremont, CA) were
housed two per cage in henging wire basket cages in a temperature-,
humidity- and light-controlled room, with food and water available ad
libitum. Lights were on for 12 hours per day. Following hypothalamic
surgery, rets were housed singly. Following edrenalectomy and pellet

implantation, rats were provided with 0.5% saline for drinking fluid.
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Body weights were recorded daily, in the morning.

For hypothalamic lesions, rats were anesthetized with pentobarbital
(50mg/kg, ip) and mounted in a stereotaxic apparatus. The medial basal
hypothalamus (MBH) was destroyed using e ‘trianguler Halasz-type knife
with a width at the bese of 3.5mm (Kartezi et al, 1982). The knife was
lowered tc the base of the skull on the midline with the base parallel
to the midline and its most rostral tip 1.2mm posterior to the bregma
(Paxinos & Watson, 1982). Once lowered to the base of the skull, the
knife was roteted 360° twice in each direction. Sham lesiocns consisted
of lowering the knife to the level of the thalamus without rotating the
blade.

Two days after hypothalamic surgery, rets were adrenalectomized via
the dorsal approach under ether anesthesia. Adrenal glands were stored
in closed petri dishes on filter paper mocistened with 0.9% saline;
glands were subsequently cleaned of fat and connective tissue and
weighed. Rats were provided with either wax pellets or pellets
consisting of 20, 40 or 80% corticosterone, by weight, inserted
subcutaneously slightly rostral to the skin incision. At this time,
lesioned rats received mini-osmotic pumps preloaded to deliver either
1ug/d of en inactive fragment of rCRF (CRF3_41) or .05 or 5ug/d
synthetic rCRF41° The peptides were the generous gift of Dr. Jean
Rivier of the Salk Institute, La Jolls, CA. Peptide diluent and pump
priming and insertion procedures were as previously described.

Five days after adrenalectomy (7 days after hypothalamic surgery),
rats were decapitated under resting conditiones (within 30sec of cage

opening) within 3h of lighte on. Rate from each surgical and steroid
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treated group were included on each day, and no more then 20 rats were
killed on any day. Trunk blood was collected and processed as
previously described for subsequent measurement of plasma ACTH and
corticosterone by RIA. Pituitary glands }ero rapidly remcved and
anterior and neurointermediate lobes dissected. One-helf anterior
pituitary was homogenized in 1ml O0.1N HCl and stored at -20C for
subsequent determinations of pituitary ACTH (by RIA) and protein content
(Lowry et al, 1951). Thymus glands were removed, cleaned and weighed.
Brains from lesioned rets were removed and fixed in neutral-buffered
formalin (10%).

MBH lesions were verified on frozen sections of fixed materiel made
in a cryostat. Brains were sectioned coronally in 40um sections from
the anterior commiseure to the mammillary bodies and every fifth section
was mounted and thionin stained.

Data were analyzed by one- and two-way ANOVA, or by Kruskal-Wellis
nonparametric one-way anslysis of variance, if variances were found to
be heterogeneous by Bartlett's test (Zer, 1984). Multiple comperisons
were made only when trends were found to be significant (p<.05) by the
appropriste analysis of veriance. Parametric multiple comparisons were
made using Newman-Keuls' multiple range test, while nonparametric

comparisons were made by the method of Dunn (Zar, 1984).

Results
Lesionse of the MBH resulted in extensive damage to the
hypothalemus. The greatest extent of the lesions was observed

appreximately 2mm posterior to the bregma, as noted by a hole
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approximately 2mm wide and 1.5mm high centered on the midline, and the
complete absence of the retrochiasmatic and anterior hypothalamic areas.
The suprachiasmatic, arcuate and ventromedial nuclei were also damaged.
In only 7 of the 40 brains for which data are reported was any portion
of the median eminence intact, and in all cases this tissue was observed
at least 3.3mm posterior to the bregma. Upon remcval, the pituitaries
of MBH lesioned rats appeared small and were often overlaid by blood
clots. That the lesion disrupted the normal hypothalamic input to the
pituitery was reflected in a signifcant reduction in adrenal gland wet
weight in lesioned enimals with respect to sham lesioned controls, 48
hours after lesion placement (edrenal weight in mg/100g body weight:
Sham lesioned = 15.2+1.0; MBH lesioned = 9.8+0.2).

Body weight, plasma corticosterone level end thymus gland weight
data are shown in Table III. Behaviorally, MBH lesioned rats were much
more aggresive than sham lesioned controls. Lesioned rats required
special handling at all times, and it was necessary to wear a protective
glove in order to decapitate these rats. Sham lesioned rats did not
require the use of a protective glove, and were always killed befcore
lesioned rats, to prevent the excessive noise made by lesioned rats from
disturbing the bessal measurements in sham lesioned rats. Lesioned rats
appeared hyperphagic, and were often found eating and drinking during
the period of lights on, however, body weight was not significantly
affected by hypothelamic surgery or adrenslectomy and corticosterone
replacement (Table III). Plasme corticosterone levels in adrenal-
ectomized, non-replaced rats were approximately 1ug/dl. Plasma

corticostercne levels in the 20 and 40% corticosterone pellet groups did



55
not differ between sham lesioned and lesioned rats. The 80%
corticosterone pellet resulted in a significantly higher corticosterone
level in lesioned rate receiving 5ug/d CRF than in sham lesioned rats or
lesioned rats receiving .05ug/d CRF.

Thymus gland weights in sham lesioned rete receiving 40%
corticosterone pellets agree well with those previously reported in rats
of similar body weight that had undergone sham hypothalamic lesioning
and sham adrenalectomy (Dallman et al, 1985). In all three surgical
groups, thymus glands were enlarged in the 0O and 20% corticosterone
pellet groups with respect to the 40% corticosterone pellet group. The
80% corticosterone pellet treatment resulted in significent thymic
atrophy in all three surgical groups.

In sham lesioned rets, ACTH levels were increased by adrenalectony
and reduced by corticosterone in a dose-related manner (Figure 4.1,
upper left). The 20% corticosterone pellet reduced plasma ACTH, while
the 40% corticosterone pellet restored plasma ACTH to normel moerning
levels. Plesma ACTH levels in sham lesioned rats receiving 80%
ccrticosterone pellets were slightly but not significantly lower than
those in the 40% corticosterone pellet group.

Pituitary ACTH concentration was also increased by adrenalectomy in
sham lesioned rats, and was equally elevated in the 20% corticosterone
pellet group (Figure 4.1, lower left). The 40% corticostercne pellet
reduced pituitary ACTH concentration to levels normally observed in
animale with adrenals (see chapter 5), whereas the 80% corticosterone
pellet induced a slight but not significent further reduction. Total

pituitary protein content was not affected by corticosterone over this
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range of constant corticosterone concentretions.

In MBH lesioned rats receiving .05ug/d CRF, no increases in plasma
or pituitary ACTH concentrations were observed following adrenalectemy
(Figure 4.1, upper and lower right, broken line). Plasma and pituitary
ACTH concentrations in these rats were not different from those in
similarly lesioned rats receiving 1ug/d inactive CRF3_41 (data not
ehcwn). Plasma and pituitary ACTH concentrations in all lesioned rats
receiving .05ug/d CRF or 1ug/d inactive CRF3_41 were not different from
the levels observed in sham lesioned rats treated with 40%
corticosterone pellets. Total pituitary protein content did nct vary
over this range of constant corticosterone concentrations. However, the
pituiteries from lesioned rats receiving .05ug/d CRF contained
significantly less protein than did the glands of sham lesioned rats
(pituitary protein in ug/hemipituitary: Sham MBH = 625‘1 223 MBH lesion
plus .05ug/d CRF = 368 + 27).

The 5ug/d CRF dose significently elevated plasma ACTH in
adrenalectomized rats. In these lesioned rats, plasme ACTH levels were
elevated in the 20 and 40% corticosterone pellet groups to a level
similar to the 0% corticosterone pellet group (Figure 4.1, upper right,
solid line). Only with the 80% corticostercne pellet treatment was
plasma ACTH restored to normel morning levels. Neither pituitary
protein content nor pituitary ACTH concentration (Figure 4.1, lower
right, solid line) were significantly effected by corticosterone over
this range of constant corticosterone concentrations. Although
pituitary ACTH concentrstion was the same in the sham lesioned and MBH

lesioned plus 5ug/d CRF groups, pituitaries from these lesioned rats
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contained less total protein than did those of the sham lesioned

controls (MBH lesion plus 5ug/d CRF = 370 + 30ug protein/hemipituitary).

Discussion

In this study, the efficacy of a wide range of constant
corticosterone levels in restoring plasma and pituitary ACTH to normal
after adrenalectomy, in rats with snd without large hypothalemic lesions
was eveluated. These MBH lesions isclate the pituitary in vivo from the
influence of corticotropin-releasing factors of hypothalamic origin. In
lesioned rats, corticosterone feedback effects on plasma and pituitary
ACTH concentrations can be exerted only at the pituitary. The results
from lesioned rats are compared with those from similarly trested, shem
lesioned controls, in which corticosterocid feedback is exerted at the
brain and anterior pituitary. The concentration of corticosterone which
normalized plasma and pituitery ACTH in shem lesioned rats waes found to
be insufficient in lesioned rats.

The corticosterone pellet compositions in this study were chosen to
reflect the normal operating conditions of the adrenccortical system.
All of the plasma corticosterone levels in Table III are found et some
time during the course of the ncrmal circadian excursion in plasma
corticosterone in the rat. The important issue is not only the plasma
corticosterone measurement at the time the rats were killed, but the
constant nature of these corticosterone levels. In sham lesioned and
lesioned rats, the 40% corticosterone pellet resulted in constent plasma
corticosterone levels previously described (Akana et al, 1985) and

independently validated (chapter 2) to restore thymus weight end morning
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plesma ACTH after adrenalectomy. Plasma and pituitary ACTH levels were
restored to normal in sham lesioned rate treated with 40% corticosterone
pellets (Figure 4.1).

The eignificantly higher plasma corficoaterone level in the MBH

lesioned group receiving 5ug/d CRF with respect to the other two
surgical groups is w;thout explanation. Previously, acute MBH lesions
have been shown to decrease the rate of corticosterone clearance and its
volume of distribution (Keaneko et al, 1980). Since this effect was
observed in the MBH lesioned group receiving 5ug/d CRF, but not in the
group receiving either .05ug/d CRF, it is more likely that the elevated
plasme corticosterone in the lesicned group receiving 5ug/d CRF is the
result of the CRF infusion, rather than the MBH lesion.

Despite the thymic atrophy induced by the 80% corticosterone pellet
regimen, no further suppression of plasma or pituitary ACTH waes observed
in sham lesioned rats with this (excessive) corticosterone replacement.
We have previously suggested that the circadian nadir of adrenocortical
system activity (in the morning for the rat) reflects the absence of
stimulatory hypothalamic input to the anterior pituitary at this time cf
day (Dallman et al, 1987). The laeck of a further reduction of morning
plaesma ACTH levels in sham lesioned rats treated with 80% corticosterone
pellets is consistent with the recognized leck of inhibiton by
corticosterone of non-stimulated ACTH release from pituitaries in vitro
(Fleischer & Vale, 1968; Seyers & Portanova, 1974; Phillips & Tashjian,
1982; Widmaier & Dallmen, 1984). Arguing against this conclusion is the
observation that the plasma ACTH level in MBH lesioned rats not treated

with exogencus CRF was been shown to be reduced by treatment with
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dexamethasone (Dallman et al, 1987). This result may, however, reflect
the differential sensitivy of the pituitary to the synthetic as opposed
to the endogenous corticosteroid.

Plasma ACTH levels in lesioned rats }vceiving 1ug/d inactive CRF3_
41 °F .05ug/d CRF were not elevated in response to adrenalectony. These

results add further support to our previous conclusion (Dallman et al,
1985) that the corticotropes of the anterior pituitary cannot respond to
the removal of the corticosteroid feedback signel (adrenalectomy) in the
absence of hypothalamic drive. In addition, the basal (non-CRF
stimuleted) output of the isolated pituitary in vivo appears not to be
steroid suppresible, since treatment of lesioned rats receiving either
the inactive peptide or a low dose of CRF with 80% corticosterone
pellets did not further reduce plasma ACTH levels. It is possible that
higher doses of corticosterone, or dexamethasone, could accomplish such
inhibition of basal secretion.

When lesioned rats were treated with continous infusions of 5ug/d
CRF, plasma corticosterone levels of approximately 6ug/dl did not reduce
plasma ACTH to normal morning levelasa. Only when plasma corticosterone
levels were elevated to the rarnge that induced significant thymic
atrophy was corticosteroid feedback observed st the pituitary. These
data are consistent with those of the previous experiment, and argue
strongly that corticosteroid feedback, with respect to the restoration
of plasma and pituitary ACTH after adrenalectomy, is exerted at the

level of the brain and not the pituitary.
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Table III. Body (BW) and thymus gland weight and plasma corticosterone
(B) levels 7 deys after hypothalamic surgery and 5 days after
adrenalectomy with and without corticosterone replacement

Surgical Group BW (g) Plasme B (ug/dl) Thymus Weight (mg)

Sham MBH (n=8/gp)

0% B pellet 19046 1.240.2 577432
20% B pellet 20449 2.5+0.2 599+26
40% B pellet 205+10 7.5+0.8 418420
80% B pellet 190+4 13.9+1.4 115+20

MBH + .05ug/d CRF (n=5/gp)

0% B pellet 19548 0.5+0.2 536431
20% B pellet 206+16 3.2+40.4 548+59
40% B pellet 195413 7.640.9 275434 % %
80% B pellet 204425 17.543.2 101428

MBH + 5ug/d CRF (n=5/gp)

0% B pellet 19846 0.3+0.1 485435%%
20% B pellet 215410 2.140.4 465+33% ¥
40% B pellet 193+11 6.0+0.9 323420% %
80% B pellet 180413 30.3+4.7% 125425

¥p<.05 va Sham MBH and MBH + .05ug/d CRF groups

%¥%¥p<.05 vs Shem MBH within corticosterone pellet group
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Figure 4.1. Plasme ACTH (pg/ml, top) and pituitary ACTH (pg/ug protein,
bottom) concentrations in sham lesioned rats (Sham MBH, left, n=8/group)
end rats with lesions of the medial basal hypothalamus (MBH, right,
n=5/group), 5 days after adrenalectomy. All rats were adrenalectomized
and treated with pellets composed of varying concentrations of
corticosterone (0, 20, 40 or 80% corticosterone, by weight). MBH
lesioned rats received constant infusions of either .05ug/d CRF (broken
linre) or 5ug/d CRF (solid line), beginning at the time of adrenalectomy.
Points represent mean values and vertical lines represent the SE.
Asterisks (%) represent significant difference versus Sham MBH at same
corticosterone pellet concentration. Daggers (¥) indicate a significant

effect of corticosterone within surgical group.
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Chapter 5 - Corticosterone inhibition of CRF-stimulated ACTH secretion
in rats with complete or pertial lesions of the hypothalamic

paraventricular nuclei

Introduction

In the previous experiment, total pituitary protein in MBH lesioned
rats was significantly lower than in sham lesioned controls. It was
possible that those results were representative of a demeged and/or
regenerating pituitary, and did not reflect the response of a normal
glend. Therefore, in an experiment of similar design, the normal
hypothalamic input to the pituitary was removed by lesion of the
paraventricular nuclei of the hypcthalamus (PVN), using & medified
Halasz-type knife (Makara et al, 1986). It was anticipated that this
leeion, if complete, would destroy the cell bocdies of both the medial
(parvocellular) and lateral (magnocellular) subdivisions of the PVN,

without disruption of the vasculature in the median eminence region.

Materials and Methods

Adult male Sprague-Dawley rats (Holtzman, Madiscn, WI) were housed
two per cege in hanging wire basket cages in a temperature-, humidity-
and light-controlled room with food and water available &d libitum.
Lights were on for 12 hours per day. After hypothalamic surgery, rats
were housed singly. After adrenal surgery, rats were provided with 0.5%
saline for drinking fluid.

For hypothalamic surgery, rats were anesthesized with pentoberbital

(50mg/kg, ip) end mounted in a stereotaxic appartus. The PVN were
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lesioned using an Halesz-type knife designed to make an inverted cone-
shaped lesion centered on the PVN (Makera et al, 1986). The radius of
the kinfe was 1.8mm, and its horizontal blade was at 2mm above the tip.
The knife was lowered to the base of the ‘skull on the midline at 1.6mm
posterior to the bregma, with the blade of the knife pointing rostrally.
The lesion was mede by rotating the blade 360° twice in each direction.
Sham lesions consisted of lowering the knife to the base of the skull
without rotating the blade.

Two days after hypothalamic surgery, rats were sham
adrenalectomized or adrenalectomized via the dorsal epproach under ether
anesthsia. Adrenalectomized rats were provided with subcutaneous
pellets consisting either of wax (0% corticosterone) or 40%
corticosterone (in cholestercl). Lesioned rats were provided at this
time with subcutanecus mini-osmotic pumps preloeded to deliver either 1
or 5ug/d CRF. A separate set of lesioned rats (0O and 40% corticcsterone
pellet-treated) was not provided with exogenous CRF. In addition to
sham lesioned rats trested with O cr 40% corticosterone pellets, a third
group of sham lesioned rats underwent sham adrenalectomy, in order to
compare the effects of the 40% corticcosterone pellet with phaaic
corticosterone levels.

Five deys after adrenal surgery and pellet and pump implantation,
rats were decapitated in the morning under resting conditions, within
three hours of lights on. No more than 16 rats were killed on any day,
and rats from each surgical and steroid treated group were included on
each day of sampling. Trunk blood was collected into heparin-containing

tubes and stored on ice until subsequent centrifugation and plaame
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collection. Plasma samples were stored at -20C until determinations of
plasma corticosterone and ACTH were made, by RIA. Circulating CRF
levels were measured by RIA on en additional plesma aliquot (Vale et al,
1983; Plotsky et al, 1985). Pituitaries -were quickly removed and
anterior and neurointermedieste lobes dissected, and one-half antericr
pituitary was homogenized in 1ml 0.1N HCl1l for subsequent determination
of pituitary ACTH and protein content. Thymus glands were removed and
placed in closed dishes on filter paper saturated with 0.9% saline and
were weighed after being cleaned of fat and connective tissue.

Braine from lesioned rats were removed and fixed in 10% formalin
containing 20g/L CaClze FEVN lesions were verified on frozen sections
made in a crycstat. Brains were sectioned coronally in 30um sections,
starting slightly posterior to the anterior commissure and continuing
120um past the region of visible damage, and every fourth section was
mounted and thionin stained. PVN lesions were judged for ccmpleteness
on the basis of destruction of PVN magnocellular neurons. VA lesion was
considered to be complete if no magnocellular neurons were intect. If
magnccellular lesions were present in no more than three of the 24
sections examined per brein, then the lesion was scored as a partisl.
If magnocellular neurons were present in more than three of the sections
examined, then the lesion was considered to be a8 miss. Lesions were
scored without knowledge of ACTH deta.

Data were analyzed by parametric and non-paremetric analyses of

variences and with multiple comperison tests as previously described

(Chapter 4).



Results

PVN lesions, in addition to the medial, parvocellular regiones of
the PVN, aslec resulted in some damage to the dorsal aspect of the medial
preoptic area and to the dorsomedial nucleus of the hypothalamus.
Representative examples of complete, partial and missed lesions are
shown in Figure 5.1. Of the 60 lesions for which data are reported, 13
were complete, 18 were partial, and 29 were missed lesions.

Behaviorally, PVN lesioned rats were much like MBH lesicned rats,
and required special handling and the use of a protective glove for
decapitation. As in the previous experiment, sham lesioned rats were
always killed before PVN lesiocned rats, to avoid disturbing the basal
state of the sham lesioned rats. Plasma corticosterone levels and
thymus glend weights of sham lesioned and lesioned rats are shown in
Table IV. There was no significant effect of hypothalamic or adrenal
surgery on body weight (date not shown). Plasma corticosterone levels
in the shem adrenalectomized end edrenalectomized, non-replaced groups
were approximately 1ug/dl. The 40% corticostercne pellet resulted in
plasma corticosterone levels of approximately 7ug/dl in the sham
lesioned group, and slightly lower levels in the lesioned groups.
Lesioned rats treated with O or 5ug/d CRF and 40% corticosterone pellets
had significantly lower plasme corticosterone levels then did sham
lesioned rats receiving the same composition pellet.

In sham lesioned rats, the 40% corticosterone pellet resulted in a
lowering cf thymus glend weight, with respect to sham adrenalectomized
rats, while adrenalectomy caused a significant increase in thymus weight

(Table IV). Thymus gland weights in ell of the PVN lesioned groups



67
receiving 40% corticosterone pellets were not different from that of the
sham lesioned group treated with the same composition pellet. In none
of the lesioned groups was adrenalectomy accompanied by an elevation in
thymus gland weight above that of the shem lesioned, sham
adrenalectomized group.

Plasma CRF levels were measured in some of the sham lesiocned and
lesioned rats. All plasma samples were determined to have >6pM
immunoreactive CRF, although these readings are not believed to
represent authentic tissue CRF (P.M. Plotsky, personal communication).
In the sham lesioned groupe, plasma CRF levels were 8.2 (n=2), 10.0+40.9
(n=3) end 7.9+0.1pM (n=3) in the sham adrenalectomized, adrenalectomized
plus 0 or 40% corticosterone pellet groups, respectively. PVN lesicned
rats receiving Oug/d CRF had plasme CRF levels cf 9.3+0.8pM (n=10),
while leeioned rate receiving 1ug/d CRF had statistically similar plasma
CRF levels of 12.7+1.3pM (n=11). There was no significant difference in
plasma CRF levels between sham lesioned rats and lesioned rats receiving
either O or 1ug/d CRF. The highest dose of CRF tested, 5ug/d,
significantly elevated plasma CRF levels to 31.0+2.3pM (n=11).

Plasma ACTH results for sham lesioned and lesioned rats are shown
in Figure 5.2. The data from lesioned rats receiving either O or 1ug/d
CRF are combined (PVN+0,1ug/d CRF) because systemic CRF levels were not
different in these two sets of animals (see above). Plasma ACTH levels
in sham lesioned rats which were either sham adrenalectomized or
adrenalectomized and treated with a 40% corticosterone pellet were low
and not different (Figure 5.2, top). Adrenalectomy without

corticosterone replacement significantly increased plasma ACTH levels in



sham adrenalectomized rats.

Eight of the PVN lesioned rats receiving O or 1ug/d CRF had
ccmplete lesione (Figure 5.2, middle). Of these eight, only one bore a
0% corticosterone pellet; consequently it was not possible to test for a
statistically significant difference in the plasme ACTH response to
adrenaleétomy between sham lesioned rats and this lesioned rat.
However, the plasma ACTH level in the completely lesioned,
adrenalectomized rat was 5pg/ml, well below the range of ACTH levels
measured in sham lesioned, adrenalectomized rats (574+98pg/ml). The
repaining seven rats in this group (complete lesions, O or 1ug/d CRF)
were treated with 40% corticosterone pellets. The plasma ACTH level of
this group was not significently different from shem lesioned rats
treated with the same composition pellet.

Five of the PVN lesioned rats receiving 5Sug/d CRF had complete
lesione (Figure 5.2, bottom). Only one of these five rats bore a 0%
corticosterone pellet, again precluding e statistical analysis of the
plasme ACTH response to adrenalectomy in this group. This rat had a
plasma ACTH level of 248pg/ml, well asbove the plasme ACTH level of sham
lesioned rats which were either sham adrenalectomized (24+8pg/ml) or
adrenalectomized and treated with 40% corticosterone pellets
(24+9pg/ml). The remaining four rats in this group (complete lesions,
5ug/d CRF) were treated with 40% corticosterone pellets. The plasma
ACTH level of this group (172+26pg/ml) wes significantly higher then the
sham lesioned group treated with the same dose of corticosterone.

Rats with partial or missed lesions receiving O or 1ug/d CRF had

plaems ACTH responses to adrenalectomy equal to those of sham lesioned
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controls (Figure 5.2, middle). Treatment of these lesioned rates with
40% corticosterone pellets resulted in a significant lowering of plasma
ACTH values. However, the ACTH levels in these lesioned rats with 40%
corticosterone pellets were greater than ‘those of sham lesioned rats
treated with the seame composition corticcsterone pellet.

Rats with partiel or missed lesions receiving 5ug/d CRF also had
plasma ACTH responses to sdrenalectomy which were equal to those of sham
lesioned controls (Figure 5.2, bottom). In the group with partial
lesions, plasma ACTH was significantly reduced by the 40% corticosterone
pellet treetment. In the group with missed lesions, corticosterone
treatment did not reduce plasma ACTH levels.

Pituitary ACTH levels in sham and PVN lesioned rats are shown in
Figure 5.3. Results from lesioned rats are subdivided with respect to
the completeness of the lesion as in the previous figure. PVN lesions
did not affect total pituitary protein ccntent with respect to sham
operated controls (data not shown). Pituitery ACTH concentration wae
increesed by adrenalectomy in shem lesioned rats (Figure 5.3, top).
Treatment of sham lesioned rats with 40% corticosterone pellets resulted
in pituitary ACTH concentrations not different from sham
adrenalectomized controls.

There were no significent differences in pituitery ACTH content
between lesioned rats receiving O or 1ug/d CRF and sham lesioned rats,
within corticosterone pellet group, regardless of the completeness of
the lesion (Figure 5.3, middle). The one sdrenalectomized rat in the
complete lesion plus O or 1ug/d CRF group had a pituitary ACTH content

of 288pg ACTH/ug protein, which is less than the level observed in sham
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lesioned, adrenalectomized rats (666+109pg ACTH/ug protein).

In PVN lesioned rats receiving 5ug/d CRF there was no increase in
pituitary ACTH content with adrenalectomy (Figure 5.3, bottom). The
pituitary ACTH levels of lesioned rats receiving 5ug/d CRF end treated
with 40% corticosterone pellets were not different from the group of

sham lesioned rats treated with the same composition pellet.

Discussion

This study confirms the previous observations of the lack of an
inhibitory effect of physiologic replacement doses of corticosterone on
adrenalectomy-induced ACTH secretion in rats with only pituitary
corticostercid feedback sites. The advantages to the PVN lesions were
that they circumvented the issue of a possibly damaged pituitery (as in
the MBH lesions), end removed the normal hypothalamic input to the
corticotropes without disturbing normel water balance (as in the
enterolateral hypothalamic deafferentation procedure).

In sham lesioned controls, adrenalectomy resulted in the well-
documented increases in plasma and pituitary ACTH concentraticns. There
was excellent agreement between sham adrenalectomized rats and
adrenalectomized rats treated with 40% corticosterone pellets with
respect to plasme and pituitary ACTH, indicating the physiologic nature
of this replacement dose of corticosterone. Thymus weights in sham
lesioned, 40% pellet treated rats were less than in the sham
adrenalectomized reference group, although there was good agreement in
thymue gland weight for rats treated with this composition pellet

between sham lesioned and lesioned rats.
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The additional information of (systemic) plasma CRF levels sheds
coneiderable light on the sensitivity of the corticotropes in vivo to
continuocus infusions of CRF. Most reports on plasma CRF levels to date
have indiceted that the peptide is not measurable in peripheral plasma
of normal man (Schurmeyer et al, 1984; Stalla et al, 1986) or rats
(Plotsky et al, 1985). If the levels reported in the present study were
authentic tissue CRF, then the levels would be expected to drop with PVN
lesion, esssuming the PVN was the sole or at least predominant scurce of
this circulating CRF. Given the evidence that CRF is not detectable in
the systemic circulation, along with the observation that CRF values did
not decrease with PVN lesicn, it is probably safe to essume that the
immunoreactive substance measured in samples from sham lesioned rats end
PVN lesioned rats not receiving exogenous CRF is not itself CRF., It is
likely that the 1ug/d dose of CRF was below the threshold for
stimulation of ACTH release, since (systemic) plasma CRF levels did not
increase with this dcse, and since no plasma ACTH responee to
adrenalectomy wae observed when this dose of CRF wae given tc the rat
with a complete PVN lesion. Despite the paucity of observations in the
group with complete PVN lesion plus O or 1ug/d CRF, the result from the
edrenalectomized, non-replaced rat ie in complete agreement with the
date presented previously (Chapter 4) and with our previous work
(Dellmen et al, 1985). Again it appears that the corticotropes cannot
respond to adrenalectomy in the absence of hypothelamic drive.

When the normel hypothalamic drive was removed by complete PVN
lesion and replaced with @ continuous infusion of 5ug/d CRF,

corticosterone levels which normelized adrenalectomy-induced increases
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in plasma ACTH in sham lesioned rats were ineffective. This was the
only CRF infusion rate tested which increased (systomic) CRF levels, and
it was also the only dose which reliably increesed plasma ACTH in
adrenalectomized, MBH lesioned rats (Chaﬁter 4). The change in plasma
CRF levels between lesioned rats receiving O or 1ug/d CRF and 5ug/d CRF
was approximately 20pM. This increase is less than thet observed in
hypophysial portal plasma following hemorrhage (Plotsky & Vale, 1984;
Plotsky et al, 1985) or chemical adrenalectomy (Plotsky & Sawchenko, in
press), and is slightly greater than estimates of the reliably effective
concentration of CRF to release ACTH in vitro (Vale et al, 1983).

The results from rats with missed or partial PVN lesions show that
plasma ACTH levels were increased by adrenalectomy tc the same extent as
in sham lesioned, adrenalectomized rats. This response is particularly
impressive in the rats with missed lesions receiving sub-effective
infusions of CRF (0 or 1ug/d), because it implies that relatively few
PVN neurons are required to mount the full response. A similar
observation was made by Makare and colleagues (Makara et al, 1981), who
found that the ether-venesection stress- induced increment in
corticosterone tended to be higher in rats with incomplete lesione of
the PVN. In that study, lesions of >75% of the PVN brought about a
maximal inhibition of the corticosterone response to this stress.

In rats with missed or partial lesions receiving O or 1 ug/d CRF,
and in rats with partial lesions receiving 5ug/d CRF, plasma ACTH levels
were partially reduced but not completely restored by the 40%
corticosterone pellet treatment. One possible explanation for this

finding is that these incomplete lesione have damaged a brain
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corticosteroid feedback site, or a pathway from an extrahypothalamic
corticosteroid feedback site to the PVN, such that the full inhibitory
effecy of corticosterone on plasma ACTH cannot be exerted. In rats with
missed lesione receiving 5ug/d CRF, however, the 40% corticosterone
pellet treatment had no inhibitory effect on plasma ACTH. The ACTH
level in this group was higher than in rats with complete lesions
treated with fhe same doses of CRF and corticosterone. This observation
supporte the notion that the 5ug/d CRF dose was not so high as to
"overwhelm" the pituitary, since the ACTH level in rats with endogenous
and exogenous CRF (rats with missed lesione given 5ug/d CRF) was
significently greater than in rats with only exogenous CRF (rats with

complete lesions given 5ug/d CRF).



74

Table IV. Plasma corticosterone (B) and thymus glend weight 5 days

after sham adrenalectomy (ShamADX) or adrenalectomy without

(ADX + 0% B pellet) or with (ADX + 40% B pellet)

corticosterone replacement

Surgical-Grgt_:p (N) Plasma B (ug/dl) Thymus Weight (mg/100g BW)

Sham lesioned
ShamADX (5) 0.8+0.1
AIX + O% B pellet (7)  0.5+0.2
ADX + 40% B pellet (6) 6.9+40.5
PVN lesioned + Oug/d CRF
ADX + 0% B pellet (9)  0.5+0.1
ADX + 40% B pellet (10) 4.410.4%
PVN lesioned + 1ug/d CRF
ADX + 0% B pellet (10) 0.640.1
ADX + 40% B pellet (10) 5.7+0.6%
PVN lesioned + 5ug/d CRF
ADX + O% B pellet (11) 0.5+0.1

ADX + 40% B pellet (10) 5.1+0.5%

%¥p<.05 versus Sham lesioned, 40% B pellet group

¥%p<.05 versus Sham lesioned, 0% B pellet group

199+22
278+17

132422

208+16% ¥

136412

221+21%%

133415

216414 %%

150421



75

Figure 5.1. Representative examples of complete (top), partial
(middle), and missed (bottom) PVN lesions. In the complete PVN lesion,
the suprachiasmatic and supraoptic nuclei are apparent, while the region
of the PVN is filled with glial cells and staining artifact. In the
partial PVN lesion, the arrow points out a small cluster of remaining
magnocellular neurons. In the missed PVN lesion, the PVN are clearly

intact.
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Figure 5.2 Plasma ACTH (pg/ml) in shem lesioned rats (Sham PVN, top)
and rats with lesione of the paraventricular nuclei of the hypothalamus
(PVN, middle and bottom), 5 deys after adrenalectomy. Rats were either
sham adrenalectomized (Sham Adx, solid bar) or adrenalectomized and
treated with either 0 (open bers) or 40% corticosterone pellets (hatched
bars). Lesioned rate received constant infusions of either O or 1 ug/d
CRF (PVN+0,1ug CRF/d, middle), or 5ug/d CRF (PVN+5ug CRF/d, bottom),
beginning at the time of adrenalectomy. Bars represent mean values, and
vertical lines represent the SE. Numbers in parantheses refer to the
number of rats per group. Asterisks (%) indicate a significant (p<.05)
difference between lesioned and sham lesioned rets, within

corticosterone pellet group. NS, not significant. NT, not tested.
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Figure 5.3 Pituitary ACTH (pg/ug protein) in sham lesioned and PVN
lesioned rats. Data and statistical notations are presented as in the

previous figure.
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Chapter 6 - General Discussion and Conclusions

The studies presented in this thesis were designed to determine the
relative impbrtance of the brain versus the anterior pituitary in the
corticosteroid feedback inhibition of adfenalectomy-induced ACTH
secretion. Although the question of the site or sites through which
corticosterone exerts feedback effects on ACTH secretion is not new,
relatively few studies have saddressed this question in vivo, and there
are no reports concerned specifically with the site of action et which
corticosterone acts to normelize morning plasma ACTH levels following

adrenalectomy. The in vivo experimental approach is advantageous

because it allows the hypothalemo-pituitary-adrenal axis to be
manipulated end studied as a system, rather than broken into its
components and studied in isolation. The studies presented in this
thesis have shown for the first time that a dose of corticosterone which
restores plasma ACTH to normal morning levels following adrenalectomy in
sham lesioned rats is ineffective in inhibiting ACTH secretion
stimulated to a similar degree by infusions of exogenous CRF in lesioned
animels. Because sham lesioned rats had brain and pituitary
corticosteroid feedbeck sites, while in lesioned rats corticosterone
could only act oh the pituitary, it is concluded that corticcsterone
inhibits adrenalectomy-induced ACTH secretion by an action solely on the
brain.

In the first study, the effectiveness of a wide range of constant
corticosterone levels on several corticosteroid-sensitive endpoints was

tested. This study was necessary to determine an optimal corticosterone
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replacement dose for subsequent experimente. Administration of 50%
corticostercne pellets at the time of adrenalectomy resulted 5 days
later in plasma corticosterone levels of approximatley 4ug/dl in the
morning, and'10ug/dl in the evening. This corticosteroid feedback
signal normalized morning, but not eveniég, plasma ACTH, as well as
thymue gland weight, efter adrenalectomy. These plasma corticosterone
levels agree well with the previous observation that constant plasme
corticcsterone levels of 4.5-7.4ug/dl are optimal to restore morning
plasma ACTH and thymus glend and body weight after adrenalectomy (Akana
et al, 1985).

It should be noted that there is @ substantial difference between
the constant plesma corticosterone levels afforded by implentation of
subcutaneoue corticosterone pellets and the phasic plesma corticosterone
excursions observed in adrenal-intact rats. We have evaluated the
physiclogic relevance of the corticosterone pellets by comparing the
irhibitory effects of constant plasma corticosterone replacement with
those of phasic corticosterone replacement, accomplished by giving
adrenslectomized rats corticosterone in the drinking water. This
regimen resgults in phasic plesma corticosterone levels similar to
adrenal-intact controls, because rats do mcst of their eating end
therefore drinking beginning at the time of lights off. Basal morning
plasma ACTH levels and thymus gland weight were shown to be normalized
after adrenalectomy equally well by treatment of adrenalectomized rats
with corticosterone in the drinking water or with subcutaneous
corticosterone pellets which fix plasma corticosterone levels in the

range of 4.5-7.4ug/dl (Akena et al, 1985). Constant plasma
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corticosterone levels do not appear to affect the basel (non-stimulated)
sensitivity of the adrenocortical system to corticosterone feedback.
Therefore, the constant plasme corticosterone levels were considered to
be a reasonable approximation of the endogenous corticosterone feedback
signal, and were employed in the aubaequéht studies in order to control
the corticosteroid feedback signal in rats receiving exogenous
hypothalamic releasing factors.

While it has been shown repeatedly that glucocorticoids reverse
adrenalectomy-induced activation of the hypothalamo-pituitary-adrenal
axis, a greet deal of this work has involved large doses of
dexemethasone. For example, systemic dexamethasone treatment (100-
480ug/d for up to 7 days) initiated at the time of adrenelectomy has
been shown to block the increases in CRF and vasopressin immunostaining
(Ito1 et al, 1987), and hypothalamic CRF (Jingemi et al, 1985) and
vesopressin gene expression (Davis et al, 1986), egein implying a
centrel effect of glucocorticeids. Dexamethasone implants of
epproximately 70ug in the region of the PVN also block the
adrenalectomy-induced increeses in CRF and vasopressin immunostaining
(Kovacs et al, 1986). There is, however, experimental evidence to
suggest that the adrerccortical system is not equally sensitive to
corticosterone and dexamethasone. In the study of Jingami et al (1985),
changes in pituitary POMC mRNA levels in response to adrenalectomy were
also measured. Dexamethasone treatment suppressed anterior pituitary
POMC mRNA levels to 19% of the control values, while hypothalamic CRF
mRNA levels were not suppressed below control levels. Similarly,

systemic administration of large doses of dexamethasone has been shown



to result in decreases in pituitary and plasma ACTH concentrations
without affecting hypothelamic CRF content (Cernee et al, 1987). These
data imply that the pituitary is more sensitive than the brain to
dexemethasoné, possibly due to the presence of CBG in the pitditary
which could prevent corticosterone, but éot dexamethasone, from exerting
inhibitory effects. These studies underscore the importance of the
investigations in this thesis which employed physiologically relevant
doses of corticostercone, the endogenous corticosteroid of the rat.

There were two main findings of the experiments presented in this
thesis. First, sdrenalectomy-induced ACTH hypersecretion is the result
of increased hypothalamic input to the pituitary. This finding was
observed in rats with enterolateral hypothalemic deafferentations
receiving 1ug/d vasopresein, rats with medial basal hypothalemic lesions
receiving .05ug/d CRF or 1ug/d inective CRF3_41, and rats with complete
lesions of the PVN receiving O or 1 ug/d CRF. Along with similar
results from previous work (Allen et al, 1974; Dallman et al, 1985),
these data provide overwhelming support for the conclusicn that the
corticotropes of the anterior pituitary cannot respond to the removal of
corticosteroid feedback in the absence of hypothalemic input.

The second principle finding of this thesis is that corticosterone
inhibits adrenalectomy-induced ACTH hypersecretion by an action on the
brain. When hypothelamic drive was replaced in lesioned rats with
constant infusions of CRF, no inhibition of ACTH secretion was observed
until constant plasma ccrticosterone levels were elevated to the range
that produced thymic etrophy. The lack of an inhibitory effect of

physiologic doses of corticosterone (in the range of 5-9ug/dl in these
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studies) on ACTH secretion driven by exogenous hypothalamic input wae
observed in rats with anteroleateral hypothalemic deafferentations
receiving 1ug/d CRF (+ 1ug/d vasopresein), rate with medial basal
hypothalamicilesions receiving 5ug/d CRF, and rats with complete PVN
lesions receiving 5ug/d CRF. These atudios are unique becauese they
demonstrate the lack of an inhibitory effect on the pituitary by
physiologic doses of the endogenous glucocorticoid of the rat.

Previously, we reported corticosterone feedback effects on ACTH
secretion at the level of the pituitary in rats with anterolateral
hypothalamic deafferentetions (Dallman et sl, 1985). However, in those
rats plasma corticosterone levels were high in the morning and evening
(>15ug/dl) as a consequence of ACTH secretion driven by infusions of
CRF. Further evidence that plasms corticosterone levels were elevated
in those rats stems from the observations that adrenal glend weights
were significantly increased, and thymus gland weights were
signif;cantly decreased, in those lesiocned, adrenal-intact rats
receiving 10ug/d CRF. The results presented in this thesis argue that,
in vivo, corticosterone exerts feedback effects at the level of the
pituitary only when corticosterone levels are elevated for a prolonged
period of time.

Recently, Plotsky et al (1986) showed that hypotension-induced CRF
secretion can be inhibited by a 2 hour infusion of corticosterone at a
rate of 1.25ug/min, in rsts whose endogenous corticosteroid secretion
was pharmacologically blocked. Because measurement of CRF in the
hypophysial portal vessels requires transection of the pituitary stalk,

the corticosterone-induced decrease in CRF secretion is interpreted to
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result from a central, as opposed to pituitary effect. This
corticosterone infusion rate resulted in plasma corticosterone levels of
approximately 12ug/dl by the end of the 2 hour stercid pretreatment.
Thus, Plotsky et al have demonstrated that stress-induced CRF secretion
can be inhibited by levels of corticosteéone observed during stress.

The interpretation of the data is limited, however, since these doses of
corticosterone may have also exerted direct effects on the pituitary.

One of the mein underlying assumptions of these studies is that the
mode of CRF presentation (continous infusion) has not altered the
sensitivity of the pituitary to corticoeteroid feedback. Recently, it
has been shown by push-pull cannulation that CRF levels in the median
eminence peak episodically in conscious, freely moving and presumably
unstressed rats (Ixert et al, 1987). There are no studies comparing the
sensitivity of pituitaries to corticostercne feedback inhibition of ACTH
release stimulated by constent versus pulsatile presentation of CRF.
Despite the poesibility of a qualitative difference in CRF secretion
pattern, it eappeers that, 5 days after surgery, adrenalectomy stimulatee
an emount of ACTH secretion in sham lesioned rats which is
quantitatively similar to the effect of infusion of 5ug/d CRF in rats
with complete lesions of the PVN or medial besal hypothalamus.
Therefore, the extent to which the pituitsries of sham lesioned and
lesioned rats were stimulated was similar, and it is not inappropriate
to compare the response to corticosterone between these two groups.

One inconsistency to be noted was that 1ug/d CRF failed to
stimulate ACTH secretion in rats with complete PVN lesions, while the

same dose of CRF significantly stimulated ACTH secretion in rats with
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anterolateral hypothalamic deafferentations. It has previously been
shown that neither of these lesions alter pituitary sensitivity to CRF
(Stark et al, 1983). The most likely explanation for this finding is
that some hypothalamic input to the pituitary remeined in the rats with
anterolateral hypothalamic deafferentatiéne. The rats included in the
anterolateral experiment were chosen on the basis of a significent
increase in fluid intake, presumably due to lesion-induced diabetes
insipidus, and not orn histologic evidence of complete hypothalamic
disconnection. Measurements of (systemic) plasma CRF levels in PVN
lesioned rats revealed no increase in circulating CRF levels with the
1ug/d CRF infusion, implying that this dose of CRF probably does not
stimulate ACTH secretion. This inconsistency underscores the importance
of thorough histologic examination in lesion experiments.

These studies do not indicate at which site or sites corticosterone
acts in the brain. It is tempting to speculate, with respect to the
findings of this thesis, that corticosterone may be acting on the
corticosterone-preferring receptor, possibly in the hippocampus, to
normalize ACTH secretion after adrenalectomy. The observation that
these receptcrs are occupied to a large extent by low circulating
corticosterone levels (Reul & DeKloet, 1985), implies that these
receptors wculd also be preferentially occupied by the low
corticosterone levels which were shown here to normalize plasma ACTH in
sham lesioned rats following adrenalectomy. The role of these receptors
in the regulation of ACTH secretion will certainly be an area of active
research in the future.

The significence of the findings of this thesis probably lies in



the advantage which central nervous system corticosteroid feedback
offers to the homeostasis of the organism. It is difficult to imagine
how the adrenocortical system could achieve the tight degree of
regulation oﬁserved in vivo if pituitary feedback were the only way in
which ACTH output were regulated. With éhe brain as the primary site of
corticosteroid feedback it is easy to envision how input to the CRF
neuron could be summated over several corticostercid-sensitive pathways.
In this way, corticosteroide could modify on & much lerger scale both
the amount and the nature of the ACTH-releasing stimulus secreted into

the hypophysial portel vessels.



The mind which is free from passions is a citedel.

-Marcus Aurelius.
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