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BRAIN SITES MEDIATING CORTICOSTEROID FEEDBACK INHIBITION OF

STIMULATED ACTH SECRETION

by

Lauren Jacobson

ABSTRACT

There is substantial evidence that the brain mediates

stress-induced and circadian increases in ACTH secretion

and that corticosteroid concentrations which normalize

basal plasma ACTH are insufficient to normalize ACTH

responses to circadian or stressful stimuli in

adrenalectomized rats. To identify brain sites mediating

corticosteroid inhibition of stimulated ACTH secretion, two

approaches were used. The first compared brain [14c]-2-
deoxyglucose uptake in rats with differential ACTH

responses to stress. Relative to sham-adrena lectomized

(SHAM) rats, adrenalectomized rats replaced with low,

constant corticosterone levels via a subcutaneous

corticosterone pellet (B-PELLET) exhibited elevated and

prolonged ACTH responses to a variety of stimuli.

Adrenalectomized rats given a circadian corticosterone

rhythm via corticosterone in their drinking water exhibited

elevated ACTH levels immediately after stress, but unlike

B-PELLET rats, terminated stress-induced ACTH secretion



normally relative to SHAMS. Therefore, the abnormal ACTH

responses to stress in B-PELLET rats were due to the lack

of both circadian variations and stress-induced increases

in corticosterone.

Hypoxia was selected as a standardized stimulus for

correlating brain (**cl-2-deoxyglucose uptake with ACTH

secretion. In intact rats, increases in plasma ACTH and

decreases in arterial PCO2 correlated with the severity of

hypoxia at arterial PO2 below 60 mm Hg. Hypoxia (12% O2)
also stimulated significantly greater ACTH secretion in B

PELLET vs. SHAM rats. However, in preliminary experiments,

although hypoxia increased brain 2-deoxyglucose uptake in

most brain regions, plasma ACTH correlated poorly with 2–

deoxyglucose uptake at 12% and 10% O2.
In the second approach, c-fos, protein immunoreactivity

(FLI) was used to map brain regions responding to

adrenalectomy. Adrenalectomy was shown to represent a

stress, rather than simply the removal of feedback

inhibition, because stressless removal of corticosterone in

the drinking water from previously adrenalectomized rats

did not rapidly increase plasma ACTH, regardless of whether

corticosterone was withdrawn at the peak or trough of the

circadian rhythm. Adrenalectomy induced FLI in

parvocellular CRF neurons of the paraventricular

hypothalamus; adrenalectomy-induced FLI could be both

prevented and reversed by corticosterone. These findings

xi



correlate well with changes in neuroendocrine activity of

CRF neurons after adrenalectomy and validate Fos expression

as a marker of neural activity.
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CHAPTER 1.

GENERAL INTRODUCTION

The brain-pituitary-adrenocortical axis is positively

regulated by stress, or any disturbance to homeostasis, and

by a circadian rhythm. Both the stressed and unstressed

activity of the system is in turn inhibited by adrenal

glucocorticoid secretion. The experiments to be described

address the role of the brain in glucocorticoid feedback

regulation of stimulated adrenocorticotropin (ACTH)

secretion. The introduction for this work will focus on

the development of evidence for brain involvement in

mediating feedback inhibition of stress-induced and

circadian increases in pituitary activity. Because the

brain was not originally considered necessary for

adrenocortical system responses to stress, this

introduction will also deal with the importance of the

brain in mediating stress-induced stimulation, as well as

glucocorticoid inhibition, of brain-pituitary

adrenocortical activity. The characteristics of

glucocorticoid inhibition of brain-pituitary activity will

be discussed, along with evidence for the identity of

potential feedback sites.



I. Early evidence for the physiological importance of the

adrenal cortex

A decade after the trophic influence of the pituitary

on the adrenal cortex had been established, (Smith 1926,

Collip 1933), Hans Selye was the first to define a

physiological role of the pituitary-adrenal axis in

responses to stress. In 1936, he described a constellation

of symptoms "nonspecific" to, or consistently observed

following, severe injury insults. These symptoms were

characterized by inhibition of growth and reproductive

functions, increased thyroid and adrenal activity, and

thymic atrophy. The adrenal hypertrophy and thymic

involution could be prevented by hypophysectomy prior to

stress. Adrenalectomy also inhibited thymic atrophy

following stress, but increased mortality from the effects

of the stress (Selye 1936). Although he was originally

unable to distinguish between the contribution of the

adrenal cortex or the medulla to stress-induced thymic

atrophy (Selye 1936), Selye subsequently demonstrated that

administration of adrenocortical extracts could not only

reproduce the effects of stress on the thymus and but would

also improve the survival of adrenalectomized animals

(Selye and Schenker 1938). From these experiments, Selye

proposed that the adrenocortical hormones helped confer



"resistance" to the initial damaging effects of acute

stress (Selye 1946).

The protective effects of adrenocortical steroids

against stress received considerable attention throughout

the 1940s. Adrenalectomized animals were found to die more

readily from stimuli that their intact counterparts

withstood. Such stimuli included large doses of drugs

(histamine, epinephrine), immune challenge, temperature

extremes, hemorrhage and tissue trauma. Treatment with

adrenocortical extracts increased the survival of

adrenalectomized animals (reviewed in Swingle and Remington

1944).

A series of experiments by Ingle and colleagues

confirmed the specificity of the effect of adrenocortical

hormones. They showed that while intact rats were capable

of performing repeated muscular contractions elicited by

electrical stimulation under anesthesia for up to 5 days,

adrenalectomized rats rapidly lost muscular responsiveness

and died within 10–40 hours (Hales et al. 1936). Repeated

administration of adrenocortical extract ("cortin")

increased the capacity of adrenalectomized rats to perform

muscular work comparable to that of intact animals (Ingle

1936). This restorative effect was observed only with

adrenocortical extract, and was not dependent on the

adrenal medulla (Ingle et al. 1936), electrolyte



replacement (Ingle 1940a) or blood glucose (Ingle and

Nezamis 1948).

As purified adrenocortical steroids became available,

corticosterone and related steroids were recognized to be

more effective than deoxycorticosterone in protecting

against the damaging effects of stress in adrenalectomized

rats (Britton and Kline 1945; Selye and Dosne 1940; Ingle

1940b). The beneficial effects of the former compounds

were attributed to their ability to raise blood glucose

(Selye and Dosne 1941; Britton and Kline 1945); summarizing

the data for the relative glucose-mobilizing and salt

retaining actions of adrenocortical steroids, Selye (1947)

first coined the terms "gluco–corticoid" and "mineralo

corticoid" to distinguish between these two classes of

steroids.

The mechanism of glucocorticoid protection against

stress-induced mortality in adrenalectomized animals

remains unclear. The most recent data suggest that

impaired metabolic capability, rather than cardiovascular

collapse, may be the primary factor contributing the demise

of these animals (Darlington et al. 1989; Darlington and

Keil 1989). Nevertheless, the early observations of the

susceptibility of adrenalectomized animals to stress are

still one of the most powerful examples of the

physiological importance of regulating stress-induced

adrenocortical activity.



II. Early evidence for feedback inhibition of stress

induced adrenocortical system activity.

The work of Dwight Ingle and colleagues provided the

first evidence that these hormones regulated their own

secretion by feedback inhibition of the pituitary trophic

hormone, adrenocorticotropin (ACTH). Following

observations that administration of high doses of

adrenocortical extract, corticosterone or 11

dehydrocorticosterone decreased the adrenal weight of

intact rats and that simultaneous administration of

anterior pituitary extracts prevented this decrease, Ingle

and colleagues proposed that pituitary secretion of ACTH

was inhibited by adrenocortical hormones (Ingle and Kendall

1937; Ingle et al. 1938; Ingle 1938a). They further showed

that the increases in adrenal weight occurring in intact

rats with increasing time of muscular work were dependent

on the pituitary and could be inhibited by repeated

administration of adrenocortical extract (Ingle 1938b).

This study was one of the first suggestions that

adrenocortical hormones might inhibit their own secretion

under stimulated (stressful) as well as basal conditions.

Studies through the 1940s upheld the inhibitory

effects of corticosteroids on stimulated activity of the

pituitary-adrenal axis (Langley and Clark 1942; Woodbury et

al. 1950; Abelson and Baron 1952). Perhaps the most



dramatic example of corticosteroid feedback inhibition was

Selye's demonstration that rats in which adrenal atrophy

was produced by 7-13 days of deoxycorticosterone

administration exhibited an increased mortality following a

variety of stresses, much like that of adrenalectomized

animals (Selye and Dosne 1942).

In 1947, Sayers and Sayers provided some of the first

evidence that adrenocortical activity varied with stimulus

intensity and corticosteroid inhibition. Using adrenal

as corbic acid depletion as an index of adrenocortical

activity, Sayers and Sayers showed that the level of

adrenal stimulation was directly related to the degree of

cold exposure or dose of histamine. Inhibition of

adrenocortical activity by prior administration of

adrenocortical extract or crystalline steroids was dose

dependent and inversely related to stimulus intensity

(Sayers and Sayers 1947). In addition, the steroid potency

for inhibiting adrenal as corbate depletion was consistent

with that previously reported by Ingle (1940b) for

improving muscular work in adrenalectomized rats:

corticosterone and cortisol were more effective than

deoxycorticosterone and progesterone (Sayers and Sayers

1947). This finding was further evidence that the class of

steroids important to the stress response was also that

most effective in regulating their own secretion.



Studies of the effects of corticosteroid replacement

during stress contributed to the concept that stress

increases the requirement for these hormones. Only very

high doses of hydrocortisone were found to block

compensatory adrenal hypertrophy after unilateral

adrenalectomy (Abelson and Baron 1952). Langley and Clarke

(1942) noted that to maintain weight gain equal to that of

intact rats, the amount of adrenocortical extract or

deoxycorticosterone administered to adrenalectomized rats

was 3-5 times greater at altitude than at sea level. Ingle

and coworkers reported that the dose of cortisone necessary

to restore muscular work in adrenalectomized rats was

excessive when given to undisturbed rats, because it

induced thymic atrophy and weight loss in the latter group

(Ingle 1952). The discrepancy between the levels of

corticosteroid replacement required to normalized resting

vs. stress-induced plasma ACTH in adrenalectomized rats has

also been demonstrated by Hodges and Vernikos (1960) and

more recently by Akana et al. (1985a).

To reconcile the apparent "need" for increased

glucocorticoid secretion during stress and the observations

that increased corticosteroid concentrations would inhibit

their own secretion, Sayers postulated that tissue "use" of

corticosteroids increased during stress, such that

circulating concentrations would decrease, thereby

relieving corticosteroid inhibition of pituitary ACTH
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secretion (Sayers 1950). Although Sayers acknowledged that

the brain might also regulate corticosteroid secretion, the

inability of other investigators to demonstrate an effect

of pituitary stalk lesions on adrenocortical function

(Cheng et al. 1949; Uotila 1939) led him to favor the

pituitary as the primary site of regulation (Sayers 1950).

Work performed subsequent to Sayers' hypothesis, some

of it from Sayers' own laboratory, suggested that the

pituitary was not the sole regulator of adrenocortical

system responses to stress. Gray and Munson, in one of the

first demonstrations of fast feedback by corticosteroids,

showed that adrenocortical extract given prior to histamine

administration inhibited depletion of adrenal as corbic

acid. However, the same dose of extract was ineffective in

preventing as corbate depletion if given 10 seconds after

histamine, and only partially effective if given 3–5

seconds afterwards. From these data, the authors concluded

that the ACTH response, represented by the time between

administration of histamine and adrenocortical extract when

inhibition still occurred, was more rapid than could be

accounted for by tissue clearance of corticosteroids (Gray

and Munson 1951).

Sydnor and Sayers (1954) quantitated ACTH levels by

comparing the adrenal ascorbic acid depletion induced in

hypophysectomized rats by injection of donor rat plasma

against that induced by injection of known concentrations



of ACTH. By this technique, increases in circulating ACTH

could be detected after the stress of ether, ether and

blood sampling or scalding in adrenalectomized as well as

intact rats. Brodish and Long (1956) using crossed

circulation between a stressed donor rat and a

hypophysectomized recipient rat to assay ACTH, also

observed marked stress-induced increases in plasma ACTH in

adrenalectomized rats. These data were inconsistent with

Sayers' theory of tissue corticosteroid utilization during

stress, since circulating corticosteroid concentrations

could not have decreased in the adrenalectomized rats.

Instead, the authors interpreted their results as evidence

for central nervous system regulation of adrenocortical

activity (Sydnor and Sayers 1954). The tissue utilization

hypothesis of stress-induced pituitary activity finally

lost favor when, as techniques developed to measure plasma

corticosteroids directly, it was shown that glucocorticoid

levels actually increased during stress, while

glucocorticoid clearance remained unchanged (Ulrich and

Long 1956; Herbst et al. 1960).

III. Role of the central nervous system in mediating

stimulated pituitary-adrenal activity



A. Role of the brain in stress-induced activity of the

adrenocortical system

The adrenal medulla as well as the brain was

originally considered as a possible mediator of the rapid

increases in pituitary-adrenocortical activity after stress

(Vogt 1944; Gershberg et al. 1950; Long 1952). However,

adrenal demedullated animals were found to be still capable

of exhibiting adrenocortical activity after stress (Gordon

1950, Vogt 1952). Furthermore, adrenomedullary activity

could not account for the apparent rapid increases in ACTH

secretion in adrenalectomized rats (Sydnor and Sayers

1954). Consequently, peripheral mechanisms were

insufficient to account for the stimulation of ACTH

secretion during stress.

At the same time that Sayers proposed that the

pituitary was the central regulator of adrenocortical

activity, Harris advanced the "neurovascular hypothesis, "

that all pituitary activity was regulated by the

hypothalamus. Based on his examination of infundibular

anatomy in several species, Harris concluded that the nerve

fibers associated with the capillary plexus in the median

eminence could affect pituitary activity without direct

synaptic contact by releasing neurohormones into the

hypothalamo-hypophysial portal circulation (Green and

10



Harris 1947). Later, DeGroot and Harris showed that

electrical stimulation of the mammillary bodies or tuber

cinereum in conscious rabbits induced a decrease in

circulating lymphocytes mimicking that observed after

electroshock or restraint stress (DeGroot and Harris 1950;

Colfer, DeGroot and Harris 1950).

Since these original experiments, lesions of the

hypothalamus or median eminence have been found to inhibit

pituitary-adrenal responses to virtually any stimulus,

including histamine, ether, formalin injection, surgery,

restraint, noise, light, insulin hypoglycemia and

unilateral or bilateral adrenalectomy (Porter 1953; McCann

et al. 1953; Laquer et al. 1953; McCann 1953; Ganong and

Hume 1954; Fulford and McCann 1954; Newman et al. 1958;

Porter 1969 ; Slusher 1964; Dunn and Critchlow 1973; Kartezi

et al.. 1982; Jezova et al.. 1987; Levin et al. 1988).

Circular knife cuts which sever the CRF and vasopressin

fibers leading to the median eminence have similar

inhibitory effects on stress-induced pituitary adrenal

function (Makara et al. 1969; Palka et al. 1969; Allen et

al. 1974; Palkovits et al. 1976; Kartezi et al. 1982;

Dallman et al. 1985; Makara et al. 1986a ; reviewed in

Palkovits 1977, Feldman 1985). More discrete lesions of

the paraventricular nuclei have been shown to block

Corticosterone secretion elicited by electrical stimulation

of the median eminence (Lengvari et al. 1985) and to

11



interfere with pituitary-adrenal responses to ether,

hemorrhage, and adrenalectomy (Makara et al. 1981; Bruhn et

al. 1984; Levin et al. 1988; Darlington et al. 1988). The

effect of PVN lesions is most likely due to destruction of

cell bodies rather than fibers of passage, since the

inhibitory effects of these lesions on adrenocortical

responses to stress can be reproduced by microinjection of

ibotenic acid, which is thought to destroy only perikarya

(Richardson Morton et al. 1989). Procaine, which

reversibly eliminates PVN input to the pituitary, prevents

hemorrhage-induced increases in ACTH secretion (Plotsky and

Vale 1984). There is some disagreement in the literature

as to whether electrolytic or knife cut lesions truly

prevent all stress-induced pituitary-adrenal activity,

raising the possibility that residual activity after

hypothalamic destruction may reflect a direct effect of the

stressor on the pituitary (Matsuda 1964; Makara et al.

1981; Bruhn et al.. 1984; Jesova et al. 1987; Mezey et al.

1984; Makara et al. 1986a, b) . These discrepancies may also

be attributable to incomplete lesions (Palkovits 1977) or

compensatory activity by neurons outside the lesioned area

that project to the median eminence (Makara et al. 1986b).

However, the bulk of the evidence indicates that stress

induced pituitary-adrenal function is impaired by
hypothalamic damage.

12





There is also evidence that most stimuli to

adrenocortical activity are mediated by afferent

projections rather than solely by a direct action at the

hypothalamus. Denervation of a limb has been found to

inhibit the adrenocortical response to nociceptive

stimulation of that limb (Hume and Egdahl 1959, Makara et

al. 1967; Allen et al. 1973). Likewise, denervation of

peripheral arterial chemoreceptors has been found to

inhibit ACTH and corticosteroid responses to hypoxia (Lau

1971a; Marotta 1972; Raff et al. 1982; Raff et al. 1984a),

while vagotomy has been reported to inhibit the ACTH

response to low level hemorrhage (Gann and Cryer 1973).

Lesion studies have also provided evidence for the

role of brain structures interposed between peripheral

afferents and the hypothalamus. Spinal cord transection

has been shown to inhibit increases in plasma

corticosteroids induced by limb fracture or burn (Hume and

Egdahl 1959; Allen et al. 1973); the same inhibitory effect

can be obtained if the lesion is limited to the side of the

cord contralateral to the damaged limb, suggesting that the

pathways mediating the adrenocortical response trace the

same route as nociceptive information in the spinothalamic

tract (Gibbs 1969b; Makara et al. 1970). The finding that

lesions of the nucleus of the solitary tract inhibited

hemorrhage-induced ACTH secretion similarly suggested that

this nucleus serves as a primary relay for ACTH as well as

13



cardiovascular reflex responses to hemorrhage (Darlington

et al.. 1986a).

Animals with lesions in the pons, midbrain, amygdala,

septum and hippocampus have also been found to have

abnormal adrenocortical responses to stress or

adrenalectomy (Anderson et al. 1957; Newman et al. 1958;

Slusher and Critchlow 1959; Martini et al. 1960; Kim and

Kim 1961; Knigge 1961; Fendler et al. 1961; Gibbs 1969a;

Allen and Allen 1974; Seggie et al. 1974; Allen and Allen

1975; Iuvone and Van Hartesfeldt 1976; Feldman and Conforti

1979a,b; Feldman and Conforti 1980). Lesions at most of

these sites impair pituitary-adrenocortical function,

although there is there is some, but not consistent,

evidence that lesions of the hippocampus (Fendler et al.

1961; Kim and Kim 1961; Feldman and Conforti 1980; Nakadate

and DeGroot 1963; Coover et al. 1971; Iuvone and Van

Hartesfeldt 1976; Feldman and Conforti 1979a) or rostral

pons (Slusher 1960, Slusher and Critchlow 1964; Gibbs

1969a) may enhance adrenocortical responses to stimuli.

Unfortunately, because very little is known about the

neural pathways mediating most of the stimuli used to test

the effects of these lesions, and because few stimuli were

investigated in a systematic manner (for an exception, see

Gann et al.. 1981), it is difficult to generalize about the

role of these structures in stress-induced pituitary

adrenal activity.
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The purification of corticotropin-releasing factor

(CRF) by Vale and coworkers in 1981 not only allowed the

direct measurement of the effects of stressful stimuli and

corticosteroid feedback at the level of the brain, but has

further facilitated the evaluation of the physiological

significance of other substances with CRF-like activity.

In addition to CRF, vasopressin, oxytocin and epinephrine

have been have been shown to be elevated in hypophysial

portal blood and to change in response to specific stimuli

(Zimmerman et al. 1973; Plotsky 1985). Vasopressin,

oxytocin and epinephrine are all capable of stimulating

ACTH secretion both in vitro and in vivo. However, because

the ACTH-releasing activity of vasopressin, oxytocin and

epinephrine is much lower than that of CRF, the primary

importance of these substances appears to lie in their

ability to potentiate or enhance the effects of CRF on ACTH

secretion (Yates et al. 1971; Gillies and Lowry 1982;

Rivier and Vale 1983; Gibbs et al. 1984; Antoni et al.

1983a; Mezey et al. 1983; Giguere and Labrie 1983; Vale et

al. 1983; Abou-Samra et al. 1986). Oxytocin and

epinephrine do not appear to synergize with vasopressin

(Gibbs et al. 1984; Vale et al. 1983). Even when pituitary

responses to CRF have been inhibited by glucocorticoid

pretreatment, the addition of vasopressin, oxytocin or

Catecholamines has been shown to increase ACTH responses to

CRF in an additive or synergistic manner, suggesting that

15



these factors may help overcome feedback inhibition of

pituitary responses to hypothalamic input (Abou-Samra et

al. 1986; Bilezikjian et al. 1987).

Other factors, including angiotensin II,

cholecystokinin and vasoactive intestinal peptide (VIP)

have also been suggested to be possible ACTH secretagogues.

(reviewed in Antoni 1986). However, because there is

presently scant evidence for their secretion into portal

blood, their physiological significance remains in

question.

The hypothalamic paraventricular nucleus (PVN) is the

main source of the hypophysiotrophic CRF, vasopressin and

oxytocin fibers in the median eminence, although there may

be a minor contribution of vasopressinergic fibers from the

supraoptic nucleus (Swanson et al. 1983; Knepel et al.

1984; Vandesande et al. 1977; Antoni 1986).

Paraventricular nucleus lesions reduce median eminence CRF

content and stimulated vasopressin release from

hypothalamic blocks in vitro by more than 75% (Bruhn et al.

1984; Makara et al. 1986b; Knepel et al. 1984). CRF is

concentrated in the parvocellular division of the PVN,

while vasopressin and oxytocin are localized predominantly

in the magnocellular division (Swanson et al. 1983;

Zimmerman et al. 1977; Vandesande et al. 1977). However,

it has recently been shown that approximately half of the

CRF-immunoreactive axons in the median eminence of normal
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rats contain vasopressin (Whitnall et al. 1987). A similar

proportion of CRF neurons in the parvocellular PVN express

vasopressin in intact, colchicine-treated rats (Whitnall

1988). A few oxytocin neurons in the magnocellular PVN

also express CRF (Sawchenko et al. 1984a). Adrenergic

terminals in the median eminence originate from brainstem

adrenergic cell groups, most likely in the nucleus of the

solitary tract (Palkovits et al. 1980).

Plotsky has proposed (1985) that ACTH responses to a

given stress are determined by a stimulus specific profile

of multiple hypothalamic releasing factors. He

demonstrated that although portal plasma levels of CRF,

vasopressin, oxytocin and epinephrine increased after

hemorrhage, only CRF and vasopressin paralleled decreases

in ACTH during volume loading simulated by atrial

pulsation. Thus, changing the polarity of the stimulus

(from volume removal to volume loading) did not simply

reverse the secretion of all the hypophysiotrophic factors

(Plotsky et al. 1985a). The recent demonstration that only

Vasopressin-containing CRF neurons exhibit secretory

Vesicle depletion after restraint or hypoglycemia stress

(Whitnall 1989) additionally suggests that there may be

= timulus-specific activation even within populations of CRF

I■ leurons.

Plotsky and colleagues further showed that although

***tiserum to CRF eliminated ACTH responses to insulin
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hypoglycemia, vasopressin, but not CRF, increased in portal

plasma (Plotsky et al. 1985b). Thus, at least for this

stimulus, CRF appeared to "permit" or support the

stimulatory effects of vasopressin on ACTH secretion

(Plotsky 1985). This model is consistent with the finding

that no decrease in CRF occurs with the decline in ACTH

secretion during hypothermia; instead, only decreases in

vasopressin and oxytocin were found to occur (Gibbs 1985).

An obligative role for low levels of CRF in mediating

pituitary responses to stimuli could account for the

ability of CRF antisera or antagonists to abolish ACTH

responses to a wide variety of stresses (Rivier et al.

1982b; Linton et al. 1985; Conte-Devolx et al. 1983; Rivier

et al. 1984; Nakane et al. 1985).

B. Role of the brain in circadian increases in

adrenocortical system activity

In virtually all species with the possible exception

of dogs (Keller-Wood and Dallman 1984), the adrenocortical

SY stem also exhibits circadian variations in unstressed

activity. Peak activity occurs just before the waking or

active period. In rats, which are nocturnal, this peak

*ccurs in late afternoon; in humans, the peak occurs in the

**arly morning (Krieger 1977). In intact animals, there is

**-ear periodicity at the adrenal level; adrenal sensitivity
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to ACTH has been shown to increase approximately two-fold

during the circadian peak (Dallman et al. 1978; Kaneko et

al. 1980, 1981). This increase in adrenal sensitivity is

not dependent on ACTH, since increased adrenal

responsiveness occurs in rats whose endogenous ACTH was

suppressed with dexamethasone (Dallman et al. 1978), or on

adrenal nerves, since circadian variations in adrenal

sensitivity are present in rats with adrenals transplanted

to the kidney capsule (Wilkinson et al. 1981b).

There is conflicting evidence as to whether there is a

circadian rhythm in pituitary sensitivity to hypothalamic

input (Kaneko et al. 1980; Nicholson et al. 1985).

However, recent experiments in adrenalectomized rats

replaced with constant corticosterone levels indicate that

the magnitude of the ACTH response to CRF or to histamine

stress does not change between morning and evening (Akana

et al.. 1986).

There is overwhelming evidence that the brain is the

primary generator of the circadian rhythm in pituitary

adrenal activity. CRF bioactivity in the median eminence

has been shown to exhibit circadian increases in parallel

with those in plasma corticosterone (Hiroshige and Sato

1 S 70). Lesions of the hypothalamus which destroy

GRF/vasopressin neurons or interrupt their fiber tracts to
***e median eminence abolish circadian increases in

***renocortical activity (Halasz et al. 1967; Palka et al.
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1969; Dallman et al. 1985; Dallman et al. 1989a). Plasma

ACTH levels observed at the nadir of the circadian cycle

are comparable to those in rats with hypothalamic lesions,

suggesting that these levels represent intrinsic pituitary

activity (Kaneko et al. 1980; Dallman et al. 1987). Plasma

ACTH in such lesioned animals can be further suppressed

with dexamethasone, indicating that lesion-induced levels

are not simply at the lower limit of detection (Kaneko et

al. 1980; Dallman et al. 1987).

Lesions of the suprachiasmatic nuclei (SCN) also blunt

or abolish the circadian rhythm in plasma corticosteroids;

such lesions raise nadir and reduce peak corticosteroid

concentrations to a relatively constant level between the

two diurnal extremes (Moore and Eichler 1972; Stephan and

Zucker 1972; Krieger et al. 1977; Abe et al. 1979;

Szafarczyk et al. 1979). Such lesions appear to remove

stimulatory drive, rather than increase inhibition of, the

hypothalamic neurons secreting ACTH-releasing factors. In

rats in which corticosterone was maintained constant by

adrenalectomy and corticosterone pellet replacement, plasma

ACTH levels normally exhibit a marked circadian increase

Prior to the nocturnal activity period in rats (Akana et

a l - 1986). However, the placement of SCN lesions in these

*rnimals prevents this circadian peak, and reduces evening

*CTH levels to those normally observed in the morning

C Cascio et al. 1987).
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Because SCN lesions have also been found to abolish

rhythms in food and water intake (Stephan and Nunez 1977;

Nagai et al. 1978), it is unclear if the effects of SCN

lesions on pituitary-adrenal function are direct or are

indirectly mediated by feeding cues. However, although a

pituitary-adrenal rhythm can be entrained by food

restricting rats with SCN lesions (Krieger et al. 1977),

food restriction is ineffective in inducing a circadian

corticosterone rhythm in rats with lesions of the

ventromedial hypothalamus (Krieger 1980; reviewed in

Dallman 1984). These findings indicated that regardless of

the nature of the cues driving circadian increases in

adrenocortical system activity, the effects of such signals

are mediated by the brain. Circadian increases in brain

drive to the pituitary are mediated, at least in part, by

CRF, since injection of antiserum to CRF diminishes the

circadian peak in ACTH (Ixart et al. 1985).

*V. Characteristics of glucocorticoid feedback inhibition

ºf the hypothalamic-pituitary-adrenal axis

A. Feedback inhibition of responses to stress

Although the importance of the brain in mediating

IF’ituitary-adrenal responses to stress was well established
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by the 1960s, controversy remained as to whether the brain

might also be sensitive to feedback inhibition by the

levels of glucocorticoids actually released during stress.

Because the glucocorticoid levels required to suppress

stress-induced adrenocortical activity far exceeded those

necessary to normalize resting plasma ACTH in

adrenalectomized rats, Hodges and coworkers concluded that

brain drive for ACTH secretion was insensitive to all but

supraphysiological glucocorticoid levels (Hodges and

Vernikos 1960; Hodges and Jones 1963).

In 1961, Yates and colleagues proposed that the brain

was also sensitive to feedback inhibition, but that this

sensitivity was "reset" to a higher level during stress.

Comparing the total plasma corticosterone levels produced

by corticosterone administration 15 seconds before

histamine injection with those produced by exogenous

Corticosterone alone, Yates et al. used the incremental

difference in plasma corticosterone between these two

treatment groups, measured 15 minutes later, as an index of

endogenous ACTH secretion that was not prevented by

corticosterone feedback. They showed that when increases

in plasma corticosterone induced by histamine alone were

matched or exceeded by prior intravenous administration of

* <>rticosterone, no additional increment in plasma

****rticosterone was produced by histamine. They concluded

that a change in the setpoint of feedback sensitivity
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during stress produced a perceived, if not actual, drop in

corticosteroids at brain feedback sites, and that

physiological increases in plasma glucocorticoids, mimicked

by exogenous steroid administration, could indeed inhibit

the rapid ACTH response to stress (Yates et al. 1961).

This theory, however, was incompatible with

observations that maximal inhibitory effects of

corticosteroids did not occur at the time of maximal plasma

concentrations (Smelik 1963a) and that plasma levels

produced by subcutaneous corticosterone injection had to be

much greater than those induced by stress to inhibit the

adrenocortical response (Hodges and Jones 1963). Smelik

(1963b) demonstrated that intravenous corticosterone

administration, which has been employed by Yates et al.,

actually produced a peak plasma levels that were much

greater that those measured 15 minutes later. Smelik also

found that constant plasma corticosterone levels produced

by intramuscular infusion were ineffective in inhibiting

pituitary-adrenal responses to histamine given 25 minutes

later unless the levels were well above those produced by

histamine alone (Smelik 1963b).

In 1969, Dallman and Yates demonstrated that feedback

i-rahibition of adrenocortical responses to stress occurred

+rn both a fast and a slow time domain. By infusing rats

*i-th corticosterone to produce high physiological plasma

→-evels (ca. 40 pg/dl), Dallman and Yates demonstrated that

23



adrenocortical responses to histamine were inhibited at 2

minutes, when plasma corticosterone levels were rising from

the infusion, and were not inhibited again until 120

minutes, when plasma levels had reached a plateau. The

authors termed these two time domains "fast" and delayed"

feedback (Dallman and Yates 1969). These experiments

reaffirmed that stress-induced activity of the pituitary

adrenal axis was sensitive to inhibition by glucocorticoid

levels in the physiological range. Jones et al. have

suggested that the "silent period" observed by Dallman and

Yates between 2 and 120 minutes, during which the

Corticosterone infusion did not inhibit the adrenocortical

response to histamine, might explain the inability of other

investigators to demonstrate feedback by physiological

glucocorticoid doses at intermediate times after steroid

administration (Jones et al. 1982).

Both rapid and delayed feedback have subsequently been

confirmed by other investigators (reviewed in Keller-Wood

and Dallman 1984). Fast and slow feedback are

characterized not only by different time domains but also

by different plasma steroid dynamics, steroid specificity,

arid mechanisms of action. Fast or "rate-sensitive"

feedback inhibition of stress-induced adrenocortical system

**-tivity has been demonstrated in rats (Jones et al. 1982;

*loe and Critchlow 1977; Kaneko and Hiroshige 1978a) and man

K*aff et al. 1988). Fast feedback depends strictly on the
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rate of rise of plasma glucocorticoids, the minimum

effective rate reported to be 1.3 plg/dl plasma/minute

(Jones et al. 1972), and is effective only if

glucocorticoids are present within minutes of the stimulus

(Jones et al. 1982). Only steroids having a hydroxyl group

at both the 118 and 21 positions (cortisol and

corticosterone) are effective for fast feedback; 11

deoxycorticosteroids are not only ineffective but

antagonize the effects of glucocorticoids (Jones and

Tiptaft 1977). The magnitude and duration of fast feedback

effects are consistent with mass action principles of

hormone-receptor binding (Kaneko and Hiroshige 1978a, Jones

et al. 1972). The rapid time course of fast feedback

effects, combined with the demonstrations that fast

feedback at the pituitary does not depend on protein

synthesis (Abou-Samra et al. 1986), and that cortisol can

inhibit depolarization-induced release of CRF-like activity

from hypothalamic synaptosomes (Edwardson and Bennett 1974)

suggests that fast feedback affects secretory rather than

genomic mechanisms.

In contrast, delayed feedback effects depend on the

E^eak concentration and the total integrated dose of

Glucocorticoids, and are manifested at 2–4 hours after

= teroid administration (Keller-Wood and Dallman 1984).

*Seller-Wood et al. (1984) have shown that the magnitude of

the plasma ACTH response to hypoglycemia is directly
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proportional to stimulus intensity (degree of hypoglycemia)

and inversely related to the integrated plasma

Corticosteroid levels induced by prior infusion of ACTH. A

given plasma steroid level was found to produce the same

percentage, rather than absolute, decrease in ACTH

responses to three different levels of hypoglycemia.

Because ACTH responses were still proportional to the

severity of hypoglycemia under conditions of corticosteroid

inhibition, these results were interpreted to indicate that

Corticosteroid feedback inhibited the output of the brain

Pituitary axis, rather than affecting perception of the

*t i_rmulus (hypoglycemia).

The onset of delayed feedback may also be influenced

*Y the duration of steroid exposure (Abe and Critchlow

l-S SO). For particularly severe stimuli, such as laparotomy

*i-th intestinal traction, very high doses or prolonged

**-eroid administration may be required to inhibit

**i-tuitary-adrenal activity (Dallman 1979, Sirrett and Gibbs

- L S. 69). Steroids with either an 118- or a 21-hydroxyl group

* = r). produce delayed feedback inhibition; thus, 11

**exycorticosteroids are antagonists of fast feedback but

* Gonists for delayed feedback (Jones and Tiptaft 1977).

*> r, like fast feedback, delayed feedback effects appear to

*epend on protein synthesis (Arimura et al. 1969, Roberts

== al. 1979).
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B. Feedback inhibition of circadian activity

The sensitivity to circadian increases in brain

pituitary activity to corticosteroid feedback has been best

demonstrated in rats treated with adrenal enzyme

inhibitors. Morning (circadian trough) levels of plasma

ACTH do not differ between cyanoketone- and vehicle

However,in jected rats (Akana et al. 1983; 1985b).

CYarnoketone-treated rats exhibit a large increase in plasma

ACTIH at the time of the peak in adrenocortical activity

(Alsana et al. 1983, 1985b). In spite of the marked

difference in plasma ACTH between vehicle- and cyanoketone

treated rats, only a very subtle difference is detectable

during the rising phase of circadian plasma corticosterone

**ra centrations, 2–4 h before lights-off (Akana et al.

l-S S 5b). Correction of this slight deficit in afternoon

S*Srticosterone levels, by infusing small amounts of

S-Srticosterone that do not significantly increase plasma

S-Srticosterone levels, also normalizes plasma ACTH at

*-ights-off in cyanoketone-treated rats (Akana et al.

Il S 85b). These results indicated that the circadian

*-* crease in hypothalamic-pituitary activity is associated

Y-ith an apparent reset in sensitivity to corticosterone

*-*hibition, but that even at the new setpoint, this

* Stivity is sensitive to small deviations in corticosterone

"-evels from the setpoint value.
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Subsequent studies in which plasma corticosterone was

kept constant by the implantation of corticosterone pellets

in adrenalectomized rats indicate that the sensitivity of

the brain-pituitary axis to a given level of corticosterone

does not vary diurnally. This conclusion was drawn from

the observations that adrenalectomized, corticosterone—

pelleted rats exhibited similar increments in plasma ACTH

after CRF injection or histamine stress, regardless of the

tirrie of day. Therefore, the circadian reset in feedback

sern sitivity in the intact animal appears to result from

in E =reased brain drive to the pituitary (Akana et al. 1986).

V - Sites mediating glucocorticoid feedback inhibition of

hye Sthalamic-pituitary-adrenocortical function

A. Evidence for feedback at the pituitary

Both rapid and delayed glucocorticoid feedback has

*>een demonstrated at the pituitary. The rapid phase of

*-**hibition occurs within 45 minutes of steroid

*Sirministration and affects stimulated but not basal

**sretion. Within this time frame, corticosteroids have

**=en shown to inhibit pituitary responses to hypothalamic

**tracts or purified CRF in vitro (Russell et al. 1969;

5 =yers and Portanova 1974; Mulder and Smelik 1977; Phillips

***d Tashjian 1982; Widmaier and Dallman 1984; Mahmoud et
Inhibition of pituitary*s-, 1984, Abou-Samra et al. 1986).
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responses to CRF or hypothalamic extract has also been

shown in vivo in hypothalamic-lesioned animals (Jones et

al. 1977; Mahmoud et al. 1984). This inhibition may occur

in part through a reduced ability of corticotrophs to

respond to intracellular second messengers, since primary

pituitary cultures and At'T20 cells have been shown to

exhibit reduced ACTH responses to cAMP analogs and phorbol

esters after brief incubations with glucocorticoids

(Phillips and Tashjian 1982, Abou-Samra et al. 1986).
Glucocorticoids have also been shown to inhibit stimulated

transcription of pro-opiomelanocortin (POMC) in

adrenalectomized rats within 30 minutes, although much more

time is required for this inhibition to be reflected in

tissue levels of POMC message or ACTH content (Birnberg et

al. 1983; Fremeau et al. 1986).

Both basal and stimulated pituitary activity have been

shown to be affected by delayed glucocorticoid inhibition

C intervals greater than 2 hours between steroid exposure

*rld secretagogue administration). This phenomenon has been

*hown in animals whose endogenous hypothalamic activity was

*= liminated by lesions or by pharmacological blockade with

Sºhlorpromazine-morphine-nembutal (Ganong and Hume 1955; De

Wied 1964; Dunn and Critchlow 1969; Stark et al. 1973;

Sº ºnes et al. 1977; Rivier et al. 1982a; Yates et al. 1971).
*>elayed inhibition of basal ACTH secretion as well as

*>ituitary ACTH responses to CRF, hypothalamic extract,
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vasopressin, or norepinephrine in vitro has been observed

after either in vitro (Arimura 1969; Sayers and Portanova

1974; Mulder and Smelik 1977; Buckingham 1979; Roberts et

al. 1979; Mahmoud et al. 1984; Vale et al. 1983,

Bilezikjian and Vale 1983; Abou-Samra et al. 1986) or in

vivo (Mulder and Smelik 1977; Buckingham 1979) steroid

exposure. Childs et al. (1987), using a reverse hemolytic

plaque assay, have shown that glucocorticoid treatment

reduces not only the size but also the number of ACTH

plaques formed after CRF stimulation. Delayed feedback
effects at the pituitary are most likely due to the action

of glucocorticoids at the genomic level to inhibit

specifically the expression of the POMC gene (Roberts et

al. 1979, 1987), although additional inhibitory effects on

second messenger generation may also be involved

(Bilezikjian and Vale 1983).

B - Evidence for feedback at the brain

Although glucocorticoid inhibition clearly occurs at

*-he level of the pituitary, observations that the

Sharacteristics of feedback at the isolated pituitary

S■ iffered from those in the whole animal suggested that the
*>rain was the primary mediator of feedback regulation.

*Seneko and Hiroshige (1978a, b) demonstrated that while
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inhibition of histamine-induced increases in median

eminence CRF activity was sensitive to the rate of change

of plasma corticosterone, the inhibition of ACTH response

to median eminence extract was not. The abolition of rapid

or delayed feedback inhibition by 6-hydroxydopamine or

para-chlorophenylalanine, respectively, further suggested

that both feedback phenomena were mediated by neural

mechanisms. Mahmoud et al. (1984), using rats with lesions

of the medial basal hypothalamus, confirmed that the

pituitary did not exhibit rate sensitivity to

glucocorticoid inhibition. Furthermore, 11

decrycorticosteroids, previously found to be antagonists of

fast feedback in intact rats (Jones and Tiptaft 1977), were

found to be agonists in the lesioned rats.

Levin et al. (1988) compared the effects of a range of

constant corticosterone concentrations on plasma ACTH

levels after adrenalectomy in intact rats and in rats with

Pituitaries isolated by lesion of the medial basal

*Ypothalamus or the PvN. Because such lesions blocked

*drenalectomy-induced increases in plasma ACTH, lesioned

*ats were infused with CRF to mimic the adrenalectomy

*-induced rise in ACTH secretion. In these rats,
Sorticosterone levels required to normalize plasma ACTH

Yºvere supraphysiologic (induced thymic atrophy), whereas

S*nly low levels were required in rats with an intact
**ypothalamus. Thus, these three experiments indicated that
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an intact brain-pituitary axis was required for normal

feedback inhibition observed in vivo. This conclusion is

not unexpected in light of the ability of hypothalamic

extracts or a combination of CRF and other purified

releasing factors to overcome feedback inhibition at the

pituitary (Herbert et al. 1978; Abou-Samra et al. 1986;

Bilezikjian and Vale 1987). If the release of multiple

ACTH secretagogues, as has been shown to occur in vivo in

response to stress (Plotsky 1985), can override pituitary

irm hibition, then glucocorticoid feedback, to be effective,

must occur at the brain.

The demonstration of specific physiological effects of

corticosteroid removal or replacement at the level of the

brain also required postulation of brain feedback sites.

Vernikos-Danellis showed that stress increased CRF

bioactivity in the median eminence, and that cortisol

administration 4 hours before stress prevented this

increase (vernikos-Danellis 1965). Sato et al. (1975)
*eported that after adrenalectomy or laparotomy plus

intestinal traction, hypothalamic CRF content increased

Y"ithin 2 minutes, followed by a decrease to basal levels by

* 0 minutes and a subsequent increase at 80 minutes after

* urgery. Both the decline in CRF content after 2 minutes

*nd the second increase at 80 minutes could be inhibited by

Sorticosterone administration at 2 and 40 minutes,

SSmpatible with rapid and delayed feedback inhibition of
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stress-induced changes in hypothalamic CRF content.

Delayed feedback inhibition of stress-induced increases in

hypothalamic CRF content have been confirmed by Takebe et

al. (1971) and Buckingham (1979). Stimulated levels of

bioactive CRF secretion have been shown to be inhibited by

glucocorticoid pretreatment of the donor animal (Bradbury

et al. 1974). Plotsky and coworkers have further shown

that hemorrhage-induced increases in portal blood CRF can

be prevented by glucocorticoid administration 2 or 6 hours

earlier (Plotsky and Vale 1984; Plotsky et al. 1986).

The effects of corticosteroid removal and replacement

on CRF and vasopressin expression in the parvocellular PVN

is a particularly well-characterized example of feedback at

the level of the brain. CRF immunostaining in the

parvocellular PVN and median eminence increases after

adrenalectomy or treatment with adrenal enzyme inhibitors

(Antorhi et al. 1983b; Swanson et al. 1983; Plotsky and

Sawchenko 1987; Suda et al. 1983; Merchenthaler et al.

+983 : Bugnon et al. 1983; Paull and Gibbs 1983), as does
*xpression of CRF mRNA (Jingami et al. 1985; Young et al.

l 986a ; Beyer et al. 1988). Adrenalectomy also increases

Yasopressin mRNA and peptide levels in the parvocellular

*VN (Zimmerman et al. 1977; Roth et al. 1982; Tramu et al.
*-983; Sawchenko et al. 1984b; Kiss et al. 1984; Wolfson et
*l. 1985; Davis et al. 1985; Young et al. 1986b). The

*-recreased expression of vasopressin in the parvocellular
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PVN results both from increases in vasopressin expression

in CRF neurons that express low levels of vasopressin, and

from the appearance of vasopressin in CRF neurons that were

previously vasopressin-negative (Whitnall 1988). Secretion

of CRF and vasopressin into hypophysial portal blood, or

from median eminence in vitro, is enhanced as well (Plotsky

and Sawchenko 1987; Fink et al. 1988; Koenig et al. 1986;

Knepel et al. 1984). Oxytocin expression and secretion do

not appear to be affected by adrenalectomy (Dierickx et al.

1976; Zimmerman et al. 1977; Young et al. 1986b; Plotsky

and Sawchenko 1987; Fink et al. 1988; Whitnall 1988).

Corticosteroid treatment of adrenalectomized rats

normalizes message and peptide levels of both CRF and

vas opressin (Jingami et al. 1985; Davis et al. 1986; Beyer

et a l. 1988; Sawchenko 1987a; Akana and Dallman 1987); this

inhibition has been shown to occur at low physiological

levels of corticosterone in the rat (Akana and Dallman

1987 : Beyer et al. 1988). Dexamethasone treatment of

*dren alectomized rats 2.5 hours before portal blood

Sollection has been reported to suppress vasopressin but

**ot CRF secretion (Fink et al. 1988).



1. Evidence for feedback at the hypothalamus

Numerous studies in the 1960s demonstrated that

hypothalamic implants of crystalline steroids inhibited

adrenocortical responses to a variety of stimuli including

laparotomy, unilateral adrenalectomy, restraint, noise and

ether (Endroczi et al. 1961; Davidson and Feldman 1963;

Smelik and Sawyer 1962; Chowers et al. 1963; Bohus and

Endroczi 1964; Bohus and Strashimirov 1970).

Interestingly, most of these studies found few or

inconsistent inhibitory effects on the stress response from

similar implants or direct microinfusion of glucocorticoids

into the pituitary (Davidson and Feldman 1963; Chowers et

al. 1963; Bohus and Strashimirov 1970; Stark et al. 1968).

Since pituitary implants were found to cause adrenal

atrophy (Chowers et al. 1963, Chowers et al. 1967) the

persistence of significant adrenocortical reponses to

stress suggests that stimulus-induced input from the brain

was somehow able to override the inhibition of the

pituitary. Consistent with this possibility, At'T20

pituitary tumor cells have been shown to secrete

significant amounts of ACTH within 15 minutes of exposure

to hypothalamic extract, even after a 48 hour pretreatment

With dexamethasone (Herbert et al. 1978). Thus, feedback
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inhibition at the brain seems to be more important to

regulation of the adrenocortical response during stress.

Both rapid and delayed feedback have been demonstrated

at the isolated hypothalamus. Fast feedback inhibition of

the ACTH response to ether has been demonstrated in rats

with hypothalamic islands (Abe and Critchlow 1977).

Simultaneous incubation with corticosteroids has been shown

to inhibit acetylcholine- or serotonin- stimulated release

of bioactive CRF from hypothalamic blocks in vitro (Jones

et al. 1977; Buckingham and Hodges 1977); this inhibition

does not seem to involve activation of inhibitory

hypothalamic neurons, since GABA and adrenergic antagonists

did not interfere with the inhibitory effects of the

steroids (Jones et al. 1977). Edwardson and Bennett (1974)

demonstrated that a 15 minute pre-incubation of

hypothalamic synaptosomes with corticosteroids inhibited

depolarization-induced release of CRF bioactivity. Basal

CRF secretion has also been reported to be rapidly

inhibited (within 15 minutes) by exposure to

glucocorticoids in vitro (Vermes et al. 1977; Suda et al.

1985). Longer incubations with glucocorticoids in vitro

can produce delayed inhibition of CRF responses to

acetylcholine (Jones et al. 1977).

There is electrophysiological evidence for direct

feedback effects at the hypothalamus. Ruf and Steiner

(1967) found that the activity of anterior hypothalamic
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neurons decreased with iontophoresis of dexamethasone.

Mandelbrod et al. (1981) identified two populations of

neurons in the medial basal hypothalamus, one which

responded to photic, acoustic or sensory stimuli with

increases in firing rate, and one which exhibited

inhibition following application of the stimuli.

Iontophoresis of cortisol decreased the magnitude and

frequency of the response in the first population, while

eliciting excitatory responses from the second population,

suggesting that feedback inhibition might be mediated by

both excitatory and inhibitory neurotransmitters

(Mandelbrod et al. 1981). Saphier and Feldman (1988)

reported that iontophoresis of cortisol or corticosterone

reduced firing rates of parvocellular PVN neurons that

project to the median eminence. Adrenalectomy has been

found to increase the spontaneous electrical activity of

PVN neurons in hypothalamic slices; cortisol in the

incubation medium inhibits this activity (Kasai and

Yamashita 1988).

Localized administration of glucocorticoids or

glucocorticoid antagonists into the PVN has also been shown

to affect the stimulated activity of the brain-pituitary

adrenal axis. Injection of the glucocorticoid antagonist

RU 38486 into the paraventricular nucleus enhanced the

Plasma corticosterone response to swimming (De Kloet et al.

1988). Implants of crystalline dexamethasone have been
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shown to inhibit the increases in parvocellular CRF and

vasopressin immunoreactivity (Kovacs et al. 1986, Sawchenko

1987), parvocellular CRF mRNA (Kovacs and Mezey 1987), and

plasma ACTH (Kovacs and Makara 1988) in adrenalectomized

rats. Diffusion from the implants appeared to be limited,

since unilateral implants did not affect immunoreactivity

or message levels in the contralateral nucleus (Kovacs et

al. 1986; Kovacs and Mezey 1987). However, implants of

corticosterone, the endogenous glucocorticoid, had no

effect on any of these variables (Kovacs et al. 1986;

Kovacs and Mezey 1987; Kovacs and Makara 1988). The

discrepancy between these two glucocorticoids may be

attributable to their relative solubilities or potencies at

hypothalamic receptors.

2. Evidence for feedback at extrahypothalamic sites in

brain

Extrahypothalamic brain feedback sites have been

tentatively identified based on the presence of

corticosteroid receptors. Studies by McEwen et al. (1969)

tracing the distribution of radiolabelled corticosterone in

microdissected brain regions from adrenalectomized rats

demonstrated that corticosterone was preferentially and

specifically concentrated in the hippocampus and lateral

septum. Hippocampal corticosterone uptake was confirmed by

autoradiography (Gerlach and McEwen 1972). Stumpf and Sar
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(1975, 1979) found that in addition to the hippocampus and

septum, the amygdala, piriform cortex, and cranial nerve

nuclei V, VII and XII exhibited similar preferential uptake

of corticosterone. Unexpectedly, the hypothalamus showed

very little corticosterone binding, leading Stumpf to

propose initially that the apparent extrahypothalamic

"feedback sites" for corticosterone might also contain

hypophysiotrophic neurons (Stumpf 1971).

Comparison of the autoradiographic patterns of

corticosterone and dexamethasone uptake first suggested

that there were two classes of corticosteroid receptors in

rat brain and pituitary. Dexamethasone exhibited strong

nuclear localization in pituitary cells, whereas

corticosterone concentrations in the pituitary were much

lower and distributed between the cytoplasm and the

nucleus, even though the binding affinities for

corticosterone and dexamethasone in pituitary cytosol were

indistinguishable (Rhees et al. 1975a, b, Warembourg

1975a, b; De Kloet et al. 1975; De Kloet and McEwen 1976b).

In contrast to corticosterone, dexamethasone was found to

accumulate primarily in the ependyma and endothelial cells,

with lower concentrations in the ventral hypothalamus. The

distribution of corticosterone binding sites in brain was

in fact found to resemble that of aldosterone more closely

than that of dexamethasone (Stumpf and Sar 1975, 1979;

Ermisch and Ruhle 1978; Rhees et al. 1975a,b; Warembourg
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1975 a,b). Thus while the consistent demonstration of

corticosterone binding in the hippocampus and septum was

strong evidence that corticosterone might act at brain

regions outside the hypothalamus, these findings also posed

two problems: binding of the endogenous ligand

(corticosterone, in the rat) could not be demonstrated in

hypothalamus and pituitary, where its physiological effects

were best characterized, and the similarity of

physiological effects of corticosterone and dexamethasone

were not matched by the disparity in their apparent

anatomical sites of action.

The differences between pituitary uptake of

dexamethasone and corticosterone may be attributable to the

presence of cytoplasmic corticosteroid-binding globulin

(CBG)-like molecules in pituitary cells. The pituitary

contains primarily glucocorticoid or dexamethasone—

preferring receptors (Krozowski and Funder 1981, 1982; De

Kloet et al. 1975; De Kloet and McEwen 1976a), although a

very low concentration of mineralocorticoid receptors has

also been reported (Moguilewsky and Raynaud 1980; Krozowski

and Funder 1981). These pituitary mineralocorticoid

receptors do not appear to mediate corticosteroid feedback

effects, since corticosteroid inhibition of pituitary ACTH

secretion can be blocked by pure glucocorticoid antagonists

(Sakly et al. 1984). The CBG-like molecules may be

distinguished from other corticosteroid receptors both
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immunocytochemically (Koch et al. 1978; De Kloet et al.

1984b) and on the basis of the low affinity of CBG for

dexamethasone and DNA (Rousseau et al. 1972b; De Kloet and

McEwen 1976a; De Kloet et al. 1977). Furthermore, these

CBG-like molecules have been specifically localized to

corticotrophs (Perrot-Applanat et al. 1984). Such CBG-like

molecules could retain corticosterone in the cytoplasm,

thus allowing the preferential nuclear uptake of

dexamethasone, as has been observed (Warembourg 1975a, b;

Rhees et al. 1975a, b, De Kloet et al. 1975).

However, tissue CBG could not account for the

preferential nuclear uptake of corticosterone by the

hippocampus (De Kloet and McEwen 1976b). In 1985, Reul and

De Kloet used the "pure" Roussel—Uclaf glucocorticoids,

which have negligible affinity for mineralocorticoids or

corticosteroid-binding globulin (Moguilewsky and Raynaud

1980; de Kloet et al. 1984a), to distinguish between two

corticosterone receptor types in rat brain. Type I or

"mineralocorticoid" receptors, represented by

Corticosterone binding remaining after incubation with an

excess of the glucocorticoid agonist RU 26.988, had a high

(0.5–1 nM) affinity for corticosterone, while type II, or

"glucocorticoid, " receptors had a somewhat lower affinity

(ca. 5 nM). The type I receptor from hippocampus appears

to be identical to the renal mineralocorticoid receptor in

its steroid specificity (aldosterone = corticosterone >>

41



dexamethasone), molecular weight and tryptic digestion

products (Rousseau et al. 1972a : Funder et al. 1973b;

Veldhuis et al. 1982; Beaumont and Fanestil 1983; Krozowski

and Funder 1983; Wrange and Yu 1983). Brain type II or

"glucocorticoid" receptors for corticosterone resemble

liver, kidney or thymus glucocorticoid receptors in

exhibiting the steroid specificity dexamethasone >

corticosterone >> aldosterone (Funder 1973a; Rousseau et

al. 1972a, b; Moguilewsky and Raynaud 1980; De Kloet et al.

1984b).

Reul and De Kloet demonstrated that type I receptors,

measured by cytosolic binding in brain micropunches (Reul

and De Kloet 1985) or by in vitro autoradiography (Reul and

De Kloet 1986), were confined almost exclusively to CA1,

CA3 and the dentate gyrus, with lower levels in the lateral

septum. This distribution correlated with the sites

originally demonstrated by autoradiography (McEwen et al.

1969; Gerlach and McEwen 1972; Stumpf and Sar 1979). Type

II receptors were more widespread, with high concentrations

not only in the dentate gyrus and lateral septum, but also

in the central nucleus of the amygdala and nucleus of the

solitary tract. The PVN was found to have moderate

concentrations of type II receptors (Reul and De Kloet

1985, 1986). Reul and De Kloet found that hippocampal type

1 receptors could be saturated at relatively low plasma

Corticosterone levels, while higher steroid concentrations,
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such as those observed after stress or at the peak of the

circadian rhythm, were required to occupy the type II

receptors. They therefore concluded that the tracer doses

used previously for autoradiographic detection of

corticosterone binding sites had preferentially bound only

the high affinity type I sites and had not been high enough

to reveal the type II receptors (Reul and De Kloet 1985).

The brain distribution of type I and type II

corticosterone receptors demonstrated by Reul and De Kloet

has been confirmed by immunocytochemical and in situ

hybridization mapping of glucocorticoid and

mineralocorticoid receptors. Immunocytochemistry using

monoclonal antibodies against the rat liver glucocorticoid

receptor has shown that CRF neurons in the parvocellular

paraventricular PVN do indeed express nuclear

glucocorticoid receptor immunoreactivity (Cintra et al.

1987; Uht et al. 1988). Acute corticosterone treatment of

adrenalectomized rats, which permits detection of nuclear

glucocorticoid receptor immunoreactivity without affecting

the enhanced expression of CRF and vasopressin, has

revealed that glucocorticoid receptors are present in

Virtually all parvocellular neurons that increase

expression of CRF or vasopressin after adrenalectomy (Uht

Set al. 1988). Thus, the pharmacological (Reul and De Kloet

1985, 1986) and immunocytochemical demonstrations of

Slucocorticoid receptors in PVN have helped resolve the
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paradoxical inability of the earlier autoradiographic

studies to show hypothalamic corticosterone binding.

Glucocorticoid receptors have not been found in the

magnocellular PVN (Gustafsson et al. 1987), although other

investigators, using different antibodies, have identified

glucocorticoid receptor immunoreactivity in the supraoptic

nucleus (Van Eekelen et al. 1987).

Outside the hypothalamus, glucocorticoid receptors are

widely distributed throughout the brain. Glucocorticoid

receptor immunoreactivity has been found in the

hipe=campus, dentate gyrus, septum, bed nucleus of the

*tri- a terminalis, the central, cortical and medial

*YSIslaloid nuclei, cerebral cortex, caudate, midline and

anteromedial thalamus, the arcuate , ventromedial and

late=al hypothalamis nuclei, inferior olive, granular layer

of the cerebellum, and in almost all of the aminergic and

*** Stonergic brainstem cell groups (Gustafsson et al. 1987;

"*** Eekelen et al. 1987).

In situ mapping of glucocorticoid receptor message

*Yels correlates well with the distribution of

*** cocorticoid receptor immunoreactivity in the PVN and

**-rahypothalamic regions (Aronsson et al. 1988).

*-milarly, the distribution of mineralocorticoid receptor

*NA in brain demonstrated by in situ hybridization
Phrallels earlier autoradiographic localization of

Corticosterone binding: levels are high in the hippocampal
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pyramidal cell layers, dentate gyrus, septum, and brainstem

Cranial nerve nuclei, but are conspicuously low in

hypothalamus (Arriza et al. 1988).

There is evidence from electrophysiological and

steroid implant studies to support a role of

extrahypothalamic sites in regulating hypothalamic

pituitary-adrenal activity. A few studies have shown that

ion tophoretic application of glucocorticoids decreases

firirig rates of neurons in the hippocampus and rostral

mid E>rain reticular formation, and increases firing rates of

neur.cns in the caudal midbrain reticular formation

(Av=rizino et al. 1987; Steiner et al. 1969).

Cort- icosterone applied in vitro to hippocampal slice

P**E*=rations has been shown to inhibit the magnitude of CA1

PºEP** Ilation spikes recorded after stimulation of the stratum

***i-atum (Vidal et al. 1986).
Cortisol implants in the amygdala, midline thalamus,

**E*tum or midbrain reticular formation, but not in the

*ersal hippocampus, inhibited adrenocortical responses to

*Y*el environment stress (Bohus et al. 1968), while
*><amethasone implants in the thalamus, dorsal or lateral

*epocampus, septum, or medial caudate putamen were

**Sorted to prevent compensatory adrenal hypertrophy after

*ilateral adrenalectomy (Davidson and Feldman 1967).

Kovacs and Makara (1988) tested the ability of
dexamethasone and corticosterone implants in the dorsal
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hippocampus, lateral septum, arcuate nucleus, amygdala and

PVN to inhibit adrenalectomy—induced increases in plasma

ACTH. While dexamethasone exerted significant inhibition

when implanted in the arcuate, septum and PVN,

Corticosterone was only effective when implanted in the

hippocampus. Neither dexamethasone nor corticosterone was

found to inhibit adrenalectomy-induced increases in

parvocellular PVN expression of CRF or vasopressin when

implanted into the septum, amygdala, or hippocampus (Kovacs

st ea -l. 1986; Sawchenko 1987)

Although Reul and De Kloet (1985) originally estimated

tha-t- type I receptors would be virtually saturated at low

°9'rt icosterone concentrations, inhibition of morning plasma

*CTH levels in adrenalectomized rats has recently been

*hevºr to correlate significantly with type I receptor

°9'S ºn pancy levels, to be more sensitive to corticosterone

thar, to dexamethasone, and to exhibit an IC50 for

***ticosterone of 0.7 nM. These findings are compatible

with type I receptor-mediated feedback regulation of ACTH

**s retion (Levin et al. 1987; Dallman et al. 1989b; Cascio

*—al. 1989). These results further support the

PSs sibility that feedback inhibition of basal ACTH release

*Y be mediated by extrahypothalamic sites, although the

*Sle of either type I or type II receptors in the

Tegulation of stimulated ACTH secretion has not yet been

characterized.
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RATIONALE

These experiments were designed to identify brain

sites potentially mediating corticosteroid inhibition of

stimulated ACTH secretion. The main approach of these

studies was to use neural activity markers to monitor brain

regions of interest noninvasively. Most previous studies

have attributed a role in feedback to a given brain region

based on the effects of lesions or steroid implants in

the se areas. The use of neural activity markers may avoid

Some of the problems of nonspecific effects from lesioning

fibers of passage, steroid diffusion or stereotaxic surgery

itself.

Two approaches were used to identify changes in neural

*** ivity associated with corticosteroid feedback inhibition

of stimulated ACTH release. In the first approach,

di if ferences in brain [14C1-2-deoxyglucose uptake (Sokoloff

*—al. 1977) during hypoxia were compared in rats which

*hibit either normal or augmented ACTH responses to stress

(Shapter 5). Experiments leading up to this work involved

*eracterization of a rat model which hypersecretes ACTH in

*esponse to stress (Chapters 2 and 3) and characterization

of the ACTH response to hypoxia in rats with normal
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(Chapter 4) and exaggerated (Chapter 5) ACTH responses to

Stress.

The second approach utilized brain expression of the

proto-oncogene c-fos, recently suggested to be a marker of

neural activity (Morgan et al. 1987; Sagar et al. 1988), to

map brain regions responding to the removal of

corticosterone feedback by adrenalectomy (chapter 7).

Experiments preceding this work indicated that

adrenalectomy represented a stressful stimulus in addition

to the removal of feedback inhbition, since stressless

remcºval of corticosterone in the drinking water from

Previously adrenalectomized rats did not evoke the rapid

increase in plasma ACTH caused by adrenalectomy (Chapter

6) -
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CHAPTER 2

CONSTANT CORTICOSTERONE REPLACEMENT NORMALIZES BASAL

ADRENOCORTICOTROPIN (ACTH) BUT PERMITS SUSTAINED ACTH

HYPERSECRETION AFTER STRESS IN ADRENALECTOMIZED RATS

INTRODUCTION AND RATIONALE

Adrenalectomy results in rapid and marked increases in

ACTH synthesis and secretion which are reversed by

treatment with glucocorticoids (Keller-Wood and Dallman

1984 : Birnberg et al. 1983). Using fused pellets of
W*ri– ous ratios of corticosterone to cholesterol implanted

** = t the time of adrenalectomy in rats, we have shown that

low . fairly constant concentrations of plasma

**rticosterone are adequate to produce normal morning basal

*TH concentrations and normal thymus wet weight (Akana et

all- 1985a). On the other hand, we have recently shown that

** same concentrations of corticosterone that are adequate

* normalize basal ACTH levels in the morning are too low

* normalize basal ACTH concentrations at the time of the

***rnal maximum (Akana et al. 1986).

In these studies, we tested two questions. 1) Is the

°Sri trol of ACTH by implantation of corticosterone at the

time of adrenalectomy maintained throughout the 5-day

period before the rats are usually studied? 2) How well

* .

* ,
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does a constant corticosterone signal that normalizes basal

ACTH in the morning normalize the ACTH response to stimuli ?

METHODS

Animal Preparation

Young male Sprague-Dawley rats, weighing 80–120 g (4-7

weeks old), were obtained from Bantin and Kingman (Fremont,

CA ) or Holtzman (Madison, WI) and pair-caged in hanging

bas Icet cages in a light (12 h on) –, temperature-, and

hurraidity-controlled animal room. Purina rodent chow (diet

50C Es, Ralston-Purina, St. Louis, MO) and tap water were

*Va. i-lable ad libitum. Preparation and implantation of the

**rticosterone pellets at the time of adrenal surgery have

beer. previously described (Akana et al. 1985a, 1986). Rats

*** = adrenalectomized or sham-adrenalectomized under ether

*** sesthesia. Adrenalectomized rats replaced with

SS Scticosterone were given a 25% corticosterone pellet

**ighing about 100 mg. Rats that were adrenalectomized
**-thout corticosterone replacement or sham-adrenalectomized

**re given 100-mg wax pellets. After adrenal surgery all

**ats were provided with 0.5% NaCl to drink.
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Experiments

Time-course experiments. Rats were killed before (0 h) and

2, 12, 24, and 72 h after adrenal surgery, which was

performed within 2 h of lights-on.

Stimuli to ACTH. All rats were studied starting in the

morning within 2 h of lights-on, 5 d after adrenal surgery

and pellet implantation. Adrenalectomies for these studies

were performed in the late morning or early afternoon.

Injection consisted of picking up the rat from its

home cage, inserting a 27-gauge, 0.5 inch needle into the
abcis-minal midline, withdrawing it, and returning the rat to

its home cage. The average time required for this was 7

Sec - Rats were decapitated before (0 min), and 15, 30, and

60 rain after injection.

Restraint consisted of placing individual rats into

**-exiglas tubes (id 4.5 cm, 12.5 cm long), with tape

**sured across the openings of the tubes. Rats were not

Sºrrupletely immobilized in these tubes, but they were not

** Slowed to escape for 90 min. At the end of the 90 min

Period of restraint, a 70-pil blood sample was collected

frem a nick in the tail for subsequent determination of

Plasma corticosterone, and the rats were released into

their home cages until they were decapitated 90 min later

Cl30 min after the onset of restraint).
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Chlorpromazine. Chlorpromazine hydrochloride (Sigma, St.

Louis, MO; 10 mg/kg) in 0.01 M acetic acid-0.9% NaCl was

injected sc. Rats were killed 30, 60, 180 and 360 min

after injection. Control groups of untreated rats were

killed at 0 and 360 min.

Pentobarbital or pentobarbital plus morphine.

Pern tobarbital sodium injection (Fort Dodge Laboratories,

Fort Dodge, IA; 45 mg/kg, ip) was followed at 15 min by

in jection of either morphine sulfate (Mallinckrodt, St.

Louis, MO) in 0.01 M acetic acid-0.9% NaCl (15 mg/kg, sc)

or ~ehicle. The rats were then placed in a heated (37 C),

hunaidified incubator with a stream of 95% O2-5% CO2 flowing
threugh it. Rats were killed 45 min after pentobarbital
in i =ction (30 min after morphine or vehicle injection).

*=sery under pentobarbital. Groups of 6 rats were

****=sthetized with pentobarbital and subjected to sham

*S*=enalectomy 30 min later. Rats were killed before (0

**-ri) and 15, 30 and 60 min after surgery.
All rats were decapitated, and trunk blood was

°S llected into iced heparinized plastic test tubes and

*eritrifuged at 4 C. Plasma was separated and frozen for

*ubsequent assay of ACTH and corticosterone. Anterior

Pituitaries were collected in some experiments, homogenized

in 0.1 N HCl, and frozen for subsequent assay of ACTH.
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Thymus glands were collected and weighed to the nearest mg.

Body weight was determined the day before the experiment.

Assays and statistics.

The Corticosterone concentration was determined in

heat-denatured plasma samples by RIA (Logsdon et al. 1987),

with intra- and inter-assay coefficients of variation of

10.8% and 11.1%, respectively. Plasma and pituitary ACTH

concentrations were determined by RIA (Dallman et al.

1974), with intra- and inter-assay coefficients of

variation of 8% and 15%, respectively. The data were

analyzed by 2-way analysis of variance (ANOVA) and Newman

Keuls multiple mean analysis, using DATANALYSIS (Ward

1985). All data are presented as the mean ± SEM;

significance is defined at the 5% level.

RESULTS

Effect of corticosterone replacement at the time of

adrenalectomy.

Three groups of rats were followed with time after

adrenalectomy in these experiments: sham-adrenalectomized

(SHAM), adrenalectomized with no corticosterone replacement

(ADX), and adrenalectomized with a 25% corticosterone

pellet (B-PELLET). Compared to levels in SHAM rats, there

were the anticipated marked effects of adrenalectomy with
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no replacement on pituitary ACTH content and plasma ACTH

concentrations (Fig. 1). Pituitary ACTH concentration was

decreased in ADX rats by 2 h after surgery and returned to

the normal range by 24 h; plasma ACTH concentrations were

significantly increased at all times after adrenalectomy.

Plasma corticosteroid concentrations were low throughout

the experimental period. By contrast, replacement of

corticosterone at the time of adrenalectomy (B-PELLET)

resulted in normal pituitary and plasma ACTH concentrations

at all times examined (Fig. 1). Plasma corticosterone

concentrations were high in the B-PELLET group 2 h after

surgery compared to those in SHAM rats, probably due to the

immediate release of corticosterone from the implanted

pellet. However, it is likely that SHAM rats had

previously had similarly elevated corticosterone

concentrations in response to ether and surgery (Keller

Wood and Dallman 1984; Akana et al. 1985a)
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FI E_1... Pituitary ACTH content (top), plasma ACTH
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concentration (bottom) in three groups of rats: SHAM

(closed triangles), ADX (open diamonds), and B-PELLET

(closed squares). Asterisks represent significant

differences (p<.05) from SHAM control (n=5-6/group). Where

no error bars are shown, the scale of the error was less

than or equal to that of the data symbol.
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ACTH responses to stimuli, 5 days after surgery.

Plasma corticosterone levels in B-PELLET rats were low

(3–6 pg/dl) and constant in all experiments, while as

expected, SHAM rats had significantly elevated

corticosterone levels in response to all stimuli (Figs. 2–

5) except pentobarbital and pentobarbital plus morphine

(Fig. 6). Plasma corticosterone concentrations in SHAM

rats were generally lower than those in B-PELLET rats at 0

min; mean plasma corticosterone levels in B-PELLET rats

were equivalent to the circadian mean of plasma

corticosterone levels in SHAM animals (Dallman et al.

1987a). In all experiments, thymus weight, normalized to

body weight, did not differ between SHAM and B-PELLET rats,

indicating that B-PELLET rats had received approximately

physiological corticosterone replacement (data not shown).

Basal plasma ACTH concentrations were also similar in B

PELLET and SHAM rats. However, the magnitude of the ACTH

response to all stresses was greater in B-PELLET than in

SHAM rats. This hypersecretion of ACTH by B-PELLET rats

was elicited by relatively punctate stress (ip injection,

Fig. 2) as well as by more prolonged stress (90 min

restraint, Fig. 3). After ip injection, plasma ACTH in B

PELLET rats was significantly elevated above that in SHAM

rats for 30 min, whereas after 90 min of restraint, ACTH

was still significantly higher in B-PELLET rats for at

56



>k

600– >k

-
M---- T--

PLASMA * / ~.ACTH

(pg/ml)

Plasma
corticosterone 10

(Hg/dl)
5–

T*TT--s——————s
E. B.-PELLET 0– I T l

A SHAM 0 10 30 60

Time (min)fº

FIGURE 2, ACTH (top) and corticosterone (bottom) responses

of SHAM and B-PELLET rats to the stimulus of ip injection

at 0 h. Closed triangles represent values in SHAM rats;

closed squares represent values in B-PELLET rats.

Asterisks indicate significant differences between the

responses to the two groups (n=6/group).
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FIGURE 3. ACTH (top) and corticosterone (bottom) responses

to 90-min restraint stress in SHAM (open bars) and B-PELLET

(shaded bars) rats. Tail nick blood samples were collected

at the end of restraint (90 min) for measurement of

corticosterone; rats were decapitated at 180 min.

Asterisks indicate significant differences between the

responses of the two groups (n=4–6/group).
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Because we had previously observed that plasma ACTH

levels in B-PELLET rats were increased 3 h after

chlorpromazine treatment (Akana et al. 1986), we compared

the stimulation of ACTH by chlorpromazine in SHAM and B

PELLET rats (Fig. 4). While chlorpromazine treatment

stimulated ACTH secretion in both groups, ACTH levels were

elevated from 1 to at least 6 h post-injection in B-PELLET

rats, while ACTH returned to basal levels in SHAM animals

between 1 and 3 h.
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IGURE 4. Time course of plasma ACTH (top) and

corticosterone (bottom) responses to chlorpromazine (10

mg/kg, ip, at 0 h).

and B-PELLET rats, respectively.

Triangles and squares represent SHAM

Closed symbols represent

SHAM or B-PELLET rats given chlorpromazine; open symbols

represent untreated SHAM or B-PELLET rats that were killed

as time controls.



Since chlorpromazine, which we had originally given

(Akana et al. 1986) as part of a pharmacological cocktail

to block brain input to the pituitary (Arimura et al.

1967), was instead a potent and long-lasting stimulus to

ACTH secretion in B-PELLET rats, we wished to determine

whether sequential administration of only sodium

pentobarbital and morphine, which has been reported to

suppress hypothalamic activity in intact rats (Buckingham

1980), would block ACTH secretion in B-PELLET rats. The

stimulus of ip injection of pentobarbital was not

sufficient to stimulate ACTH secretion at 45 min in SHAM or

B-PELLET rats (Fig. 5, left and middle panels). We

previously found that plasma ACTH is also unchanged 15 min

after ip pentobarbital injection in SHAM and B-PELLET rats

(Akana et al. 1986). Morphine treatment 15 min after

pentobarbital injection did not affect plasma ACTH and

tended (although nonsignificantly) to reduce plasma

corticosterone levels in SHAM rats, suggesting that

transient changes in ACTH had been suppressed (Fig. 5,

middle and right panels). Unexpectedly, however, plasma

ACTH levels in morphine-treated B-PELLET rats were

significantly elevated relative to those in morphine

treated SHAM rats and awake or pentobarbital—anesthetized

B-PELLET rats (Fig. 5, top panel).
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FIGURE 5. Plasma ACTH (top) and corticosterone (bottom) in

awake rats (left) and pentobarbital—anesthetized rats given

morphine sulfate (15 mg/kg, sc) or vehicle at 15 min and

killed at 45 min (right and middle panels, respectively).

Morphine stimulated significant ACTH secretion in B-PELLET

rats relative to that in morphine-treated SHAM rats and

awake or pentobarbital—anesthetized B-PELLET rats (n=4-

5/group). SHAM and B-PELLET rat responses are represented

by open and shaded bars, respectively. Asterisks represent

significant differences between SHAM and B-PELLET rats.

63



Because our previous experiments characterizing the

ACTH response to stress in B-PELLET rats had been performed

in conscious animals, we tested whether the stress-induced

hypersecretion of ACTH observed in these rats required the

conscious state. We therefore compared the responses of

SHAM and B-PELLET rats to surgery stress under

pentobarbital anesthesia, since we had found that

pentobarbital injection itself did not stimulate ACTH

release in the latter group (Fig. 5). Plasma ACTH levels

were not different between the two groups 30 min after

pentobarbital administration and before surgery. However,

after sham unilateral adrenalectomy, plasma ACTH was

significantly higher at 5 min and tended, although

nonsignificantly, to be elevated at 30 and 60 min in B

PELLET rats relative to levels in SHAM rats (Fig. 6).
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FIGURE 6. Time course of plasma ACTH (top) and

corticosterone (bottom) responses to sham unilateral

adrenalectomy under pentobarbital anesthesia in SHAM and B

PELLET rats. Zero minute groups were killed under

anesthesia, 30 min after injection of pentobarbital.

Squares and triangles represent B-PELLET and SHAM rats,

respectively. Asterisks indicate significant differences

between the responses of the two groups.
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DISCUSSION

Immediate replacement with corticosterone at the time

of adrenalectomy prevents the marked disturbance in ACTH

synthesis and secretion that normally follows bilateral

adrenalectomy. It is likely that in B-PELLET rats, the

surge in corticosterone from the implanted pellet may also

have prevented the marked decrease in pituitary ACTH

content observed by 12 h after adrenalectomy. Pituitary

and plasma ACTH content was not different from those in

sham-adrenalectomized controls at any time during the first

72 h after surgery in the adrenalectomized rats replaced

with corticosterone. This result differs markedly from

that observed when corticosterone (Dallman et al. 1987a) or

dexamethasone (Birnberg et al. 1983) treatment is initiated

at some time after the marked early changes resulting from

adrenalectomy have occurred. When rats are allowed to

become corticosterone insufficient for 5–8 d and then are

treated with glucocorticoids, pituitary ACTH content

increases several-fold initially, and then gradually

declines over a period of days to normal values (Birnberg

et al.. 1983; Dallman et al. 1987a). This result is

probably the consequence of an action of the steroids on

ACTH secretion, different from their genomic effect on pro

opiomelanocortin (POMC) mRNA synthesis (Birnberg et al.

1983), which results in a rapid decrease in plasma ACTH
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concentration, but a slower relaxation of the synthesis

rate of ACTH (Birnberg et al. 1983; Dallman et al. 1987a).

Our findings of normal pituitary ACTH content and

plasma ACTH concentrations at all times after adrenalectomy

and corticosterone replacement imply that the normal

changes that are induced by adrenalectomy in hypothalamic

components of the adrenocortical system may also have been

prevented by the steroid treatment. Previous experiments

from this laboratory have indicated that the pituitary

response to adrenalectomy requires hypothalamic drive

(Dallman et al. 1986; Levin et al. 1988). Moreover, more

recent experiments suggest that the brain is more sensitive

than the anterior pituitary to corticosterone in restoring

basal morning plasma ACTH to normal in adrenalectomized

rats (Levin et al. 1988). Adrenalectomy has been shown to

increase the mRNA levels for prepro-CRF in the hypothalamus

(Jingami et al. 1985) and, by in situ hybridization

techniques, in the paraventricular nuclei (Young et al.

1986a), and to cause the appearance of preprovasopressin

mRNA (Davis et al. 1986; Wolfson et al. 1985) and

vasopressin immunostaining (Roth et al. 1982; Tramu et al.

1983; Sawchenko et al. 1984b; Kiss et al. 1984; Sawchenko

1987). All of these effects of adrenalectomy are reversed

by treatment with glucocorticoids. It is, therefore,

likely that replacement with low corticosterone
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concentrations at the time of adrenalectomy prevents all of

these adrenalectomy—induced changes from occurring.

Despite the fact that we have consistently been able

to restore basal morning ACTH concentrations to normal in

adrenalectomized rats by the provision of a low, constant

plasma corticosterone signal, these rats, with equal

consistency, exhibit marked and prolonged ACTH responses to

stress compared to their sham-adrenalectomized controls.

Clearly, B-PELLET rats do not exhibit the stress-induced

increase in corticosterone secretion that occurred in SHAM

rats. However, B-PELLET rats also lack a circadian rhythm

in plasma corticosterone (Akana et al. 1986). The absence

of either corticosterone signal could account for the

exaggerated ACTH responses to stress in this treatment

group.

Previous experiments have shown that the magnitude of

the ACTH response to exogenous CRF is normal in

pentobarbital—anesthetized, corticosterone-pelleted,

adrenalectomized rats compared to that in sham

adrenalectomized controls. Therefore, the pituitary

corticotrophs in B-PELLET rats are probably not

hyperresponsive to a hypothalamic signal. Thus, the

deficit in the control of ACTH in the B-PELLET rats is most

likely in the central neural regulatory components of ACTH

secretion. The unusual stimulation of ACTH after morphine

treatment in pentobarbital—anesthetized B-PELLET rats may
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provide a clue to the specific components responsible for

the stress-induced hypersecretion of ACTH in these animals.

The augmented, prolonged ACTH response to stressors in

these rats appears to be independent of the specific

stimulus that is applied and does not require the conscious

state. Previous work in this laboratory (Akana et al.

1985a) showed that in adrenalectomized rats with different

proportion corticosterone pellets, the corticosterone—ACTH

inhibition curve appeared to be shifted to the right after

exposure to ether vapor, compared to the inhibition curve

for resting ACTH in the morning. That result is similar to

the right-shifted corticosterone-ACTH inhibition curve

obtained in similarly prepared rats under resting

conditions at the time of the diurnal maximum in

adrenocortical activity (Akana et al. 1986). In both of

these studies, when plasma corticosterone concentrations

achieved values of 10–15 pig/dl as a result of pellet

implantation, ACTH concentrations were very low and not

different from the values obtained under basal conditions

in the morning, showing that despite the lower efficacy of

corticosterone in inhibiting stimulated vs. resting

secretion, both stress-induced and circadian increases in

ACTH can be completely suppressed by corticosterone.

From these results, we conclude that adrenalectomy—

induced alterations in central neural control of basal ACTH

secretion are prevented by a low, fairly constant signal of
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corticosterone. When plasma free corticosterone

concentrations were measured and related to morning plasma

ACTH concentrations in adrenalectomized rats with

corticosterone pellets, the IC50 for inhibition of ACTH by
corticosterone was 0.8 nM (Levin et al. 1987). Because

this value agrees well with the Kd of 0.5 nM that has been

determined for the type I, high affinity corticosterone

receptor in brain (Reul and De Kloet 1985), we have

proposed that the inhibition of ACTH in the morning is

mediated by association of corticosterone with the type I

corticosterone receptors (Dallman et al. 1987a; Levin et

al. 1987). By contrast, this low level of corticosterone

replacement is insufficient to normalize stress-induced

ACTH secretion. It is apparent that some other

corticosterone signal is required to restore the

adrenocortical system to normal under these stimulated

conditions.
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CHAPTER 3

CIRCADIAN VARIATIONS IN PLASMA CORTICOSTERONE PERMIT NORMAL,

TERMINATION OF ADRENOCORTICOTROPIN RESPONSES TO STRESS

INTRODUCTION AND RATIONALE

In Chapter 2 (Akana et al. 1988), it was found that

stimuli to ACTH secretion result in sustained elevations of

ACTH in adrenalectomized rats given sc pellets of

corticosterone at the time of surgery, even though this

replacement is adequate to normalize basal plasma ACTH

concentrations relative to those in sham-adrenalectomized

rats. In the present study, we wished to determine whether

the lack of the circadian or stress-induced increases in

corticosterone, both of which are missing in

adrenalectomized, pellet-implanted (B-PELLET) rats, is

responsible for the stress-induced hypersecretion of ACTH.

Because implanted corticosterone pellets result in

relatively constant concentrations of plasma corticosterone

5 d after surgery, and because the concentrations of

corticosterone that are required to normalize basal ACTH

concentrations in the morning are low (Akana et al. 1985a),

B-PELLET rats may be considered to be missing two

corticosterone signals that occur in the intact rat.
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First, they do not exhibit the circadian rise in

corticosterone that occurs around the time of lights-out in

rats on a controlled 12 h-on, 12 h-off lighting cycle (Abe

et al. 1979; Akana et al. 1986). Second, they do not have

the capacity to secrete corticosterone in response to a

StreSSOr.

To distinguish between the effects of these two

missing corticosterone signals on stress-induced ACTH

secretion in B-PELLET rats, we have studied two additional

groups of rats, both of which have a nearly normal

circadian corticosterone signal, but neither of which can

respond to acute increases in ACTH with increased

corticosterone secretion. Adrenalectomized rats given

corticosterone in their drinking fluid (B-WATER) have

elevated levels of plasma corticosterone only during the

dark period, because they consume approximately 70–75% of

their daily fluid intake during this time (Kakolewski et

al. 1971). Intact rats treated with cyanoketone, an

adrenal enzyme blocker that inhibits corticosterone

synthesis, also have a corticosterone rhythm of nearly

normal amplitude (Akana et al. 1983); however, they do not

have the capacity to respond to an acute ACTH-releasing

stimulus with normal increases in corticosterone secretion

(Akana et al. 1983). Study of the duration of ACTH

responses to stimuli in these two groups of rats should

determine whether a nocturnal or an acute stress-induced
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increase in plasma corticosterone is sufficient to

normalize ACTH responses to stimuli.

METHODS

Young male Sprague-Dawley-derived rats were received

from Bantin and Kingman (Fremont, CA) or Holtzman (Madison,

WI), weighing 80–120 g (4-7 weeks old). The rats were

housed in pairs in hanging basket cages in light (12 h-on) —

, temperature-, and humidity-controlled animal rooms, and

were allowed Purina rodent chow (diet 5008, Ralston-Purina,

St. Louis, MO) and water ad libitum. Preparation and

implantation of the corticosterone pellets at the time of

adrenal surgery have been described previously (Akana et

al. 1985a). Adrenalectomy or sham-adrenalectomy was

performed under ether anesthesia via the dorsal approach.

Four treatment groups of rats were studied: sham

adrenalectomized rats (SHAM), adrenalectomized rats

provided with a 25% corticosterone scºpellet (B-PELLET),

adrenalectomized rats provided with 25 pig/ml corticosterone

in their drinking fluid (B-WATER), or intact rats treated

for 3 d with cyanoketone (CK). Cyanoketone (Sterling

Winthrop Research Institute, Rensselaer, NY) was

administered for 3 d in a daily dose of 120 mg/kg body

weight, sc, dissolved in dimethylsulfoxide (DMSO; Aldrich,
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Milwaukee, WI) (Akana et al. 1983). All rats were studied

5 d after the onset of the treatments. When corticosterone

was provided in the drinking fluid, it was dissolved in

ethanol and then diluted to a final concentration of 25

plg/ml in 0.2% ethanol, 0.5% saline. Rats not receiving

corticosterone in their drinking water in such experiments

were given 0.2% ethanol-0.5% saline to drink; in studies

not using corticosterone in the drinking water, all rats

were given 0.5% saline to drink after surgery.

Experiments.

All stress experiments were performed in the morning

within 2 h of lights-on using the stimuli of restraint or

injection, as described in Chapter 2 (Akana et al. 1988).

Blood was collected in the evening around the time of

lights-off to determine basal evening ACTH and

corticosterone concentrations in B-WATER rats. All rats

were killed by decapitation. Trunk blood was collected

into chilled, heparinized plastic tubes and centrifuged at

4 C, and the plasma was frozen for the subsequent

determination of ACTH and corticosterone by RIA, as

previously described (Logsdon et al. 1987; Dallman et al.

1974). Anterior pituitaries were homogenized in 0.1 N HCl

and assayed for pituitary ACTH content by RIA; pituitary

protein content was measured by the Lowry method (Lowry et

al. 1951). Thymus wet weight, measured at autopsy and
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normalized to body weight, was used as an additional index

of the accuracy of corticosterone replacement (Akana et al.

1985a). Data were analyzed by 2-way analysis of variance,

followed by Newman–Keuls multiple range analysis, using

DATANALYSIS (Ward 1985). Significance was defined at the

0.05 level. All data are represented as mean ± SEM.

RESULTS

The appropriateness of corticos terone replacement or

modification was judged by comparing basal morning plasma

ACTH levels, basal pituitary ACTH content, and normalized

thymus weight between SHAM rats and all other treatment

groups. In all experiments, neither basal plasma ACTH nor

thymus weight differed between groups, indicating that no

treatment group was grossly overreplaced or deficient in

corticosterone (thymus data not shown). Basal pituitary

ACTH content was also similar to that of SHAM controls in

B-PELLET and B-WATER rats (Table 1).
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TABLE_1.. Morning pituitary ACTH content in unstressed

SHAM, B-PELLET and B-WATER rats.

ACTH, normalized to pituitary protein content, was measured

in anterior pituitaries taken from unstressed rats killed

at time 0, before initiation of the 2-min restraint

(experiment represented in Fig. 1) or ip injection stress

(experiment represented in Fig. 3). Pituitary ACTH content

was not significantly different in B-PELLET or B-WATER rats

relative to the levels in their respective SHAM controls.

Pituitary ACTH

COntent

(pg/ug protein)

A. 2-min restraint stress

(Fig. 1)

SHAM 561 + 48

B-PELLET 620 + 49

B. Injection stress

(Fig. 3)

SHAM 422 + 20

B-WATER 374 + 110
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Time course of the ACTH response to restraint in

adrenalectomized rats implanted with corticosterone

pellets.

To determine how long the elevated plasma ACTH levels

persisted after stress in B-PELLET rats, groups of rats

were exposed to a brief (2-min) period of restraint.

Plasma ACTH and corticosterone concentrations were measured

at various intervals during the next 24 h (Fig. 1). After

restraint, plasma ACTH concentrations in B-PELLET rats were

significantly elevated above the values in SHAM controls

for the first 10 min and were still elevated, although not

significantly, at 1 h.

The characteristic marked increase in ACTH in B-PELLET

rats at the time of lights-out (12 h) (Akana et al. 1986)

was not affected by prior restraint, since identically

prepared rats that had not been exposed to restraint had

similar ACTH levels. This rise in ACTH, which occurs at

the time of the normal circadian peak in corticosterone,

demonstrates an apparent reset in corticosterone feedback

sensitivity (Akana et al. 1986). In fact, over the 24-h

period, the pattern of ACTH secretion in the B-PELLET rats

paralleled that of corticosterone in the SHAM controls,

seemingly reflecting the drive for both circadian and

stress-induced increases in corticosterone.
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FIGURE 1. Plasma ACTH (top) and corticosterone (bottom) at

various times after 2-min restraint stress in SHAM (closed

triangles) and B-PELLET (closed squares) rats. Open

triangles and squares denote SHAM and B-PELLET rats,

respectively, that did not undergo restraint and were

killed at 12 and 24 h. Asterisks indicate significant

differences (p< .05) between the responses of the two

groups. n = 4-6/group.
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Effect of corticosterone in the drinking fluid on the ACTH

response of adrenalectomized rats to iniection.

To determine if the lack of a stress-induced increase

in corticosterone was responsible for the hypersecretion of

ACTH in B-PELLET rats, adrenalectomized rats were given a

phasic corticosterone signal through the provision of 25

pg/ml corticosterone in their drinking water (B-WATER). In

the same experiment, to evaluate the magnitude of the

corticosterone signal provided to the rats the evening

before, groups of B-WATER rats were killed around the time

of lights-out (Fig. 2). Plasma ACTH concentrations were

high 2 h before and at lights-out. The decrease in ACTH 2

h after lights-out was probably a consequence of the

ingestion of corticosterone, since plasma corticosterone

levels were low 2 h before lights-out, but rose at the time

of lights-out and 2 h later to values near normal for this

time of day (Akana et al. 1983, 1986).
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The following morning, other groups of B-WATER rats

and SHAM controls were subjected to ip injection, a stress

previously found to cause hypersecretion of ACTH in B

PELLET rats (Chapter 2; Akana et al. 1988). SHAM rats had

a smooth corticosterone response to the stimulus, whereas

B-WATER rats had no corticosterone response (Fig. 3).

Plasma corticosterone levels in B-WATER rats were

equivalent to those in SHAM animals at time zero and

remained low, at levels even lower than those in B-PELLET

rats (Chapter 2, Akana et al. 1988). However, the ACTH

responses of SHAM and B-WATER rats to injection were

similar. Although ACTH values in the B-WATER groups tended

to be lower at 10 min and higher at 60 min after injection,

there were no significant differences between the groups

(Fig. 3).
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FIGURE 3. Plasma ACTH (top) and corticosterone (bottom)

after ip injection stress in SHAM (triangles) and B-WATER

(circles) rats. Asterisks indicate significant differences

between the two groups. n = 10–12/group.
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Comparison of ACTH responses to restraint in four treatment

qroups : SHAM, CK, B-PELLET, and B-WATER.

To compare the effects of constant and phasic

corticosterone signals on the ACTH response to stress in

the same experiment, four groups of rats (SHAM, B-PELLET,

B-WATER, and CK) were exposed to 5 min of restraint. The

results (Fig. 4) show panels comparing the treatment groups

to the SHAM controls. SHAM rats were the only animals

capable of both an acute corticosterone response to stress

(Fig. 4, bottom panels) and a circadian rise in

corticosterone. Two of the other three treatment groups

(B-WATER and CK) were probably exposed to a near-normal

increase in corticosterone during the night before the

experiment, but either lacked (B-WATER, Fig. 4, middle

panel) or had a significantly blunted (CK, Fig. 4, right

panel) plasma corticosterone response to stress. B-PELLET

rats had neither nighttime nor stress-induced increases in

corticosterone. The magnitude of the ACTH response to

restraint in B-WATER and CK rats was not different from

that in SHAM controls (Fig. 4, middle and right panels).

In this experiment, however, although B-PELLET rats had

slightly elevated ACTH levels at 60 min, the ACTH response

to 5-min restraint was not significantly different from

that in SHAM controls at any time (Fig. 4, left panel).
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FIGURE 4. Plasma ACTH (top) and corticosterone (bottom)

after 5-min restraint in SHAM (closed triangles; response

is repeated in each panel), B-PELLET (squares; left panel),

B-WATER (circles; middle panel), and CK (open triangles;

right panel) rats.

experiment at the same time; data are separated into panels

for clarity of presentation.

All rats went through the same

Asterisks indicate

significant differences between SHAM rats and the other

treatment groups. n = 6/group.
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ACTH response of B-PELLET and B-WATER rats to 10-min

restraint.

Because the B-PELLET rats only exhibited a tendency

toward the usual prolonged ACTH response to restraint in

the previous experiment, we repeated the experiment using

10-min restraint in B-PELLET and B-WATER rats. Figure 5

shows that both groups of adrenalectomized rats had

significantly greater ACTH responses relative to those in

SHAM rats at the end of restaint (10 min), but that at 45

min, only the B-PELLET rats still had significantly

elevated ACTH concentrations compared to control SHAM rats.

ACTH levels in the B-WATER rats had returned to control

(SHAM) levels by this time.
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FIGURE 5. Plasma ACTH (top) and corticosterone (bottom)

after 10-min restraint stress in SHAM (triangles), B-PELLET

(squares) and B-WATER (circles) rats. SHAM, n=10; B-PELLET

and B-WATER, n=12. Asterisks indicate significant

differences (p<.05) relative to SHAM rats; dagger indicates

a significant difference relative to B-WATER rats.

86



DISCUSSION

In the previous chapter (Akana et al. 1988), we showed

that adrenalectomized rats replaced with a constant

corticosterone signal sufficient to normalize basal plasma

ACTH concentrations exhibit exaggerated and sustained

increases in ACTH after the application of stress in the

morning. We have attempted in this study to determine

which of two missing corticosterone signals, circadian or

stress-induced increases in corticosterone, may account for

the sustained stress-induced hyperresponsiveness. We have

found that rats exposed to approximately normal circadian

variations in the steroid, even though they lack the

ability to mount an acute corticosterone response to

stress, are capable of turning off stress-induced ACTH

secretion in a normal fashion.

Compared with SHAM and B-PELLET rats in the same

experiment, CK and B-WATER rats tended to hypersecrete ACTH

in the first few minutes after stress. Previous work from

this laboratory has shown that relative to levels in SHAM

rats, adrenalectomized rats treated with corticosterone in

their drinking fluid have augmented plasma ACTH levels 3

min after ether or laparotomy with intestinal traction

(Wilkinson et al. 1981a). In the present experiments, B

WATER rats also tended to overrespond at 5 min, although

this difference was only significant in one experiment.
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Variation between experiments in the degree of

responsiveness of B-WATER rats may have been due to

differences in peak or mean concentrations of plasma

corticosterone achieved when rats drink the steroid.

Akana et al. (1983) have also found that CK rats have

an exaggerated response to ether at 3 min. The discrepancy

between this finding and the present data may be due to the

difference in time between CK treatment and

experimentation; rats in the former experiment were used on

d 7, whereas rats in the present study were used on d 5.

It is also possible that the timing of the present

experiment would have missed peak ACTH levels at 3 min.

The finding that rats which cannot produce acute,

rapid changes in corticosterone tend to hypersecrete ACTH

after stress is consistent with the concept that a fast

feedback corticosterone signal is necessary to normalize

ACTH responses to stress (reviewed in Jones et al. 1982).

However, plasma ACTH in CK and B-WATER rats consistently

returned to the levels in SHAM controls within 45 min,

indicating that a signal other than fast feedback is

sufficient for normal termination of stress-induced ACTH

secretion. It is characteristic of the B-PELLET rats that

the enhanced ACTH response persists beyond this time, for

almost an hour after the application of fairly punctate

stimuli (Chapter 2; Akana et al. 1988).
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It is not clear why the B-PELLET rats did not

significantly hypersecrete ACTH after 5 min of restraint

when 2 min of restraint evoked heightened ACTH secretion

relative to that of SHAM rats in a separate experiment.

The variation between experiments in the responsiveness of

B-PELLET rats may be a result of differences in free plasma

corticosterone concentration. Because the production rate

of corticosteroid-binding globulin is quite sensitive to

constant levels of corticosterone in adrenalectomized rats

(Levin et al. 1987), small increases in total plasma

corticosterone concentrations can cause marked increases in

the concentration of free, presumably biologically active,

corticosterone, which would in turn regulate the

excitability of the hypothalamic-pituitary axis.

The results of these studies suggest that the

circadian rhythm in corticosterone may control the duration

and possibly the magnitude of ACTH responses to stress.

Circadian minimum and maximum levels of plasma

corticosterone may be required to produce given levels of

receptor occupancy, which, in turn, set the stress

responsiveness of the adrenocortical system. This concept

is consistent with the type I and type II corticosterone

receptor systems in rat brain recently characterized by

Reul and De Kloet (Reul and De Kloet 1985; Reul et al.

1987a).
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At the free corticosterone levels of 3.1 + 0.5 nM that

have been measured in B-PELLET rats (Dallman et al. 1987b),

higher affinity type I, or corticosteroid, receptors (Kd =
0.5—1.0 nM; Reul and De Kloet 1985; Beaumont and Fanestil

1983) would be at least 75% occupied, whereas lower

affinity type II, or glucocorticoid, receptors (Kq = 2.5-

5.0 nM; Reul and De Kloet 1985) would be less than 55%

occupied. In contrast, SHAM, B-WATER, and CK rats all have

morning corticosterone levels that are much lower (0.3+0.04

pig/dl., corresponding to 10+2.4 nM total or 0.2+0.02 nM

free) and evening levels that are considerably higher (12.8

it 2.4 pg/dl., corresponding to 371 + 68 nM total or 14.6 +

3. 1 nM free) (Dallman et al. 1987b) than those in B-PELLET

rats. The normal termination of ACTH responses to stress

in B-WATER or CK rats, despite the lack or attenuation of

changes in corticosterone, respectively, suggests that the

nocturnal peak in corticosterone, which produced nighttime

receptor occupancy levels similar to those in SHAM rats

(Reul and De Kloet 1985), was sufficient to normalize at

least the duration of stress-induced ACTH secretion. The

effect of circadian increases in corticosterone might be

mediated by type I receptors, whose nocturnal increase in

number (Reul et al. 1987a) might be satisfied by the

augmented corticosterone levels, or by the type II

receptors, whose lower affinity (Reul and De Kloet 1985)

would also be satisfied by higher circulating levels of
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corticosterone. Transient occupancy of the type II

receptors by acute stress-induced increases in

corticosterone, as has been reported by Reul and De Kloet

(1985), may also be required to normalize that magnitude of

the ACTH response, as suggested by the tendency of B-WATER

and CK rats to hypersecrete ACTH immediately after stress.

In addition to missing an adequate nocturnal peak, B

PELLET rats also lack an appropriate circadian nadir in

their corticosterone rhythm. These rats have plasma

corticosterone levels higher than those in sham

adrenalectomized rats for at least 4 h of the circadian

cycle (Akana et al. 1986). It is possible that the

constant, inappropriately high levels of corticosterone at

this time may cause glucocorticoid receptor down-regulation

in these animals. The sustained ACTH secretion observed in

B-PELLET rats resembles the stress-induced hypersecretion

of corticosterone reported by Sapolsky et al. in aged rats

(Sapolsky et al. 1984a) and in young rats exposed to either

chronic stress (Sapolsky et al. 1984a, b) or chronic high

doses of corticosterone (Sapolsky et al. 1984b, 1985).

Sapolsky et al. (1984a,b; 1985) have also correlated the

prolonged corticosterone response to stress in these rats

with decreases in hippocampal corticosterone receptor

concentrations. Thus, the extended ACTH responses to

stress in B-PELLET rats might also be attributable to

similar down-regulation of corticosterone receptors.
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The stress-induced hypersecretion of ACTH in B-PELLET

rats is not solely due to the absence of an acute

corticosterone feedback signal. Our results suggest that

while acute stress-induced increases in corticosterone may

affect the level of the ACTH response, circadian variations

in corticosterone may be necessary for normal termination

of stress-induced ACTH secretion. The relative importance

of the corticosterone levels and the timing or duration of

circadian peaks and troughs in corticosterone to the

regulation of stress-induced ACTH secretion remains to be

determined.
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CHAPTER 4

ACTH SECRETION AND VENTILATION INCREASE AT SIMILAR ARTERIAL

PO2 IN CONSCIOUS RATs a CHARACTERIZATION OF ACTH RESPONSES
TO HYPOXIA IN RATS

RATIONALE

For further characterization of ACTH responses to

stress in SHAM and B-PELLET rats, it was desirable to use a

stimulus that was itself relatively well characterized.

Because the ultimate aim of these experiments was to define

brain regions driving the greater stress-induced ACTH

release in B-PELLET rats, it was also necessary to have

some information on neural pathways mediating physiological

responses to a given stress, since this information would

aid in interpreting subsequent data on brain areas

associated with the hypersecretion of ACTH in B-PELLET

rats .

Hypoxia was selected as such a standardized stimulus

because it has been shown to produce reliable, graded

increases in plasma ACTH that were related to the severity

of hypoxia below a threshold arterial partial pressure of

oxygen (Paoz) (Raff et al. 1983c). In addition,

chemoreceptor afferents in cranial nerves IX and X have

been shown to mediate much of the pituitary-adrenocortical
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response to hypoxia (Lau 1971a; Marotta 1972; Raff et al.

1982; Raff et al. 1984a). The nucleus of the solitary

tract (NTS) is a major relay for chemoreceptor afferents

(Mitchell 1980), and has been shown to have direct

projections to the PVN (Ricardo and Koh 1978; Ciriello and

Calaresu 1980a,b; Swanson and Sawchenko 1983). There is

considerable information on additional efferent projections

of the NTS which may indicate other areas mediating ACTH

responses to hypoxia; for example, the central nucleus of

the amygala, a potential glucocorticoid feedback site (Fuxe

et al. 1987), has been shown to receive direct projections

from the NTS (Ricardo and Koh 1978).

In order to use hypoxia as a stress, it was necessary

to determine the level of hypoxia that reliably stimulated

ACTH secretion in rats. Previous work in this laboratory

has shown that isocapnic hypoxia produced by exposure to 7%

O2 -4% CO2 stimulates ACTH secretion in conscious,

chronically cannulated rats (Raff and Fagin 1984);

however, these experiments did not indicate the effects of

exposure to various levels of hypoxia when isocapnia was

not maintained. Because other experiments defining

threshold Pao.2 for hypoxia-induced ACTH secretion used

anesthetized, artificially ventilated animals (Raff et al.

1983c), it was also of interest to determine if changes in

ventilation correlated with those in ACTH secretion in

conscious, spontaneously breathing animals.
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INTRODUCTION

In a variety of species, normo- and hypobaric hypoxia

stimulates secretion of ACTH (Marks et al. 1965; Boddy et

al. 1974; Raff et al.. 1981; Raff et al. 1982; Raff et al.

1983b, c ; Raff et al. 1984a: Raff and Fagin 1984; Raff et

al. 1986; Raff and Roarty 1988) and glucocorticoids

(Marotta et al. 1965; Moncloa et al. 1965; Lau 1971a, b;

Marotta 1972; Boddy et al. 1974; Bloom et al. 1977; Sutton

et al. 1977; Rattner et al. 1980; Altland and Rattner 1981;

Raff et al. 1981; Heyes et al. 1982; Raff et al. 1982; Raff

et al. 1983b, c : Raff et al. 1984a: Raff and Fagin 1984;

Raff et al. 1986; Raff and Roarty 1988). Because

hyperventilation, one of the best-characterized responses

to acute hypoxia, typically occurs only when Pao.2 falls
below a threshold level (Lambertsen 1974), it is of

interest to determine whether activation of the

adrenocortical system, another adaptive response to

hypoxia, also exhibits a comparable threshold.

Several studies in conscious, spontaneously breathing

animals have demonstrated that graded increases in plasma

ACTH (Marks et al. 1965) or glucocorticoids (Bloom et al.

1977; Rattner et al. 1980) are directly related to the

severity of hypoxia. However, in the former study, ACTH

could only be measured indirectly by adrenal as corbic acid

depletion (Marks et al. 1965), and none of these studies
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attempted to correlate adrenocortical and ventilatory

responses across a wide range of inspired oxygen

concentrations to identify response thresholds. One study

failed to find any corticosterone response in mature rats

to graded hypoxia, possibly because any changes were

obscured by high basal corticosterone levels (Altland and

Rattner 1981).

Previous work from this laboratory in anesthetized,

paralyzed, ventilated dogs showed that hypoxia does not

evoke ACTH and corticosterone secretion until Paoz falls

below about 45 mm Hg (Raff et al. 1983c). While this work

showed the effect of hypoxia on adrenocortical system

activity in the absence of potentially confounding changes

in arterial pH, PacO2 and ventilatory frequency (Raff et

al. 1983c), it remains to be determined whether a

comparable threshold exists for hypoxia-induced ACTH

secretion in conscious animals, and, despite the

conflicting effects of allowing ventilation to change,

whether increases in plasma ACTH and glucocorticoids

parallel those in ventilation. The present studies were

performed in rats with chronic vascular catheters to permit

nondisruptive blood sampling. These experiments were

designed to determine : (1) the degree of hypoxia at which

plasma ACTH and corticosterone increase in the conscious

rat and (2) how the Pao2 associated with hypoxia-induced

ACTH and corticosterone secretion correlates with the Paoz

96



at which hyperventilation-induced decreases in PacO2

(Lambertsen 1974) occur.

METHODS

Animal Preparation. Male Sprague-Dawley rats

(Holtzman, Madison, WI), 300-450 g, were implanted with

chronic femoral artery catheters under sodium pentobarbital

anesthesia (50 mg/kg, ip; Fort Dodge Laboratories, Fort

Dodge, IA), using the techniques developed by Raff and

colleagues (Raff and Fagin 1984; Raff et al. 1986; Raff amd

Roarty 1988). The catheters were made from lengths of

Tygon tubing (0.02 x 0.06 in, ID x OD; Fisher Scientific,

Fairlawn, NJ) fused with cyclohexanone (Fisher Scientific)

to SV 31 tubing (Critchley Electrical Products, Auburn,

N.S.W., Australia). The catheters were protected by a

flexible steel spring (Plastic One, Roanoke, VA) anchored

subcutaneously to the rat via a dacron-covered tab and

leading out the top of the cage, so that blood samples

could be obtained without disturbing the rat or restricting

its movement. Xylocaine (Astra Pharmaceuticals,

Westborough, MA) and Polysporin jelly (Burroughs Wellcome,

Research Triangle Park, NC) was applied to all incisions

prior to suturing the skin. Following surgery, rats were

housed individually in wire mesh cages in a light (12 h

on) –, temperature- and humidity-controlled room, with free
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access to food (Purina diet 5008, Ralston Purina, St.

Louis, MO) and water. The dead space of the catheters was

flushed daily with 0.3 ml 100 U sodium heparin (Elkins

Sinn, Cherry Hill, NJ). Rats were allowed to recover for 3

d between surgery and use in experiments. Some rats whose

arterial catheters remained patent were used in more than 1

experiment, each at a different O2 concentration. These

rats also had a 3 d interval between experiments. Hypoxic

or normoxic exposure 3 d previously did not affect changes

in blood gases, pH or hormones induced by exposure to a

different level of O2 in these animals.
Experimental procedure. All experiments were

performed in the morning within 3 h of lights on. On the

afternoon preceding the experiment, 2 rats in their home

cages were transferred into a Plexiglas chamber, through

which room air (21% O2) was run from a tank (Liquid
Carbonic, San Carlos, CA) overnight at 8 lymin. Rats were

not handled after transfer to this chamber until completion

of the experiment. The next morning, a control blood

sample (2.2 ml) was taken for plasma ACTH, corticosterone

and blood gases; red cells from this sample were

resuspended in saline and returned to the rats within 10–15

min. The experimental gas mixture of either 9, 12, 15, 18

or 21% O2 in N2 was then introduced into the chamber at 15
l/min by exchanging the room air hose for that of the

experimental gas. Oxygen concentrations were adjusted
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using flow meters (Airco, Murray Hill, NJ) to regulate the

outflow from separate O2 and N2 cylinders (Liquid Carbonic)

to a mixing chamber, from which combined gas flow was

monitored with a third flow meter (Gilmont, Great Neck,

NY). Gas for room air control experiments was re

introduced into the chamber from a pre-mixed cylinder at 15

l/min. Oxygen concentration in the chamber was monitored

with an oxygen analyzer (model 407, Instrumentation

Laboratories, Lexington, MA). When the chamber O2

concentration reached the desired level (about 5–7 min

after introduction of hypoxic gas into the chamber), 0.2 ml

blood samples were taken 1, 5, 10, 20, 30 and 50 min later

for blood gases and plasma corticosterone. An additional

2.0 ml sample was taken at 20 and 50 min for plasma ACTH;

red cells from these samples were resuspended and returned

to the rats within 15 min. In some experiments, the 2.0 ml

sample at 20 min for ACTH was omitted and only 0.2 ml was

withdrawn.

Assays and statistics. Arterial pH, PO2 and PCO2 were
measured in heparinized blood at 37 C with a Corning 158

blood gas analyzer (Corning Medical, Medfield, MA). Plasma

was frozen and subsequently assayed for ACTH (Akana et al.

1988; Dallman et al. 1974) and corticosterone (Logsdon et

al. 1987; Radioassay Systems Laboratories 125I

corticosterone kit, Carson, CA) by radioimmunoassay.

Hormones, blood gases and pH were measured in all rats.
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However, some samples were lost due to catheter malfunction

or unsuccessful hormone assays. In some cases, too many

samples were lost to permit estimation (Winer 1971) of

missing values. The data were therefore analyzed by 2-way

analysis of variance (ANOVA) for independent samples, a

conservative treatment. Post-hoc comparisons between

groups were performed when main effects were significant (p

< .05) by Newman–Keuls multiple mean analysis (Ward 1985).

Similar main effects and post-hoc conclusions were obtained

in a repeated measures ANOVA of data from only those rats

which had complete set of samples or had sufficient samples

to permit estimation of missing data (Winer 1971).

Parameters from computer-assisted curve-fitting of ACTH and

Pacoz vs. Pao.2 data were analyzed by Student's t test

(Winer 1971). Data are presented throughout as mean + SEM.

RESULTS

Arterial P02. PCO2. and pH. Control (0 min) values for
arterial blood gases and pH did not differ among groups.

Overall values were (n=50): 91.6 + 0.7 mm Hg (Paoz), 46.5 +

0.4 mm Hg (PacO2) and 7.431 + .004 (pH). Rats exposed to

room air (21% O2) did not exhibit any significant changes

in these variables over 50 min. The arterial PO2 resulting

from exposure to 18, 15, 12 or 9% O2 decreased in a graded

manner with decreasing inspired O2 concentration (FIO2) and
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differed significantly between each of the O2

concentrations used (Fig. 1A). However, decreases in Paco 2

and increases in arterial pH relative to those in rats

breathing room air, did not occur consistently throughout

the exposure period except in rats exposed to 9 or 12% O2.

At the two lower O2 concentrations, decreases in PacO2 were

related to the severity of hypoxia, and were significant at

all times during hypoxia relative to those in all other

groups (Fig. 1B). Likewise, arterial pH changed inversely

with PacO2, reflecting respiratory alkalosis ; pH was
consistently and significantly elevated above that in the

21% O2 group in rats exposed to 12 and 9% O2 (Fig. 1C).

Unlike rats subjected to the two lower Fro2, rats exposed

to 18 or 15% O2 did not exhibit consistent changes in

arterial PCO2 or pH. In the 15 or 18% O2 groups, Pacoz was
only significantly lower than that in rats breathing room

air at 50 min (Fig. 1B), while pH values were significantly

higher than those in room air controls only at 5 min in the

15% O2 group (Fig. 1C).
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FIGURE 1. Arterial Po2 (Paoz., A), PCO2 (Paco 2, B), and pH
(C) in conscious, chronically cannulated rats exposed to

different inspired O2 concentrations for 50 min. Time,
treatment, and interaction effects were significantly

different (p<.05) by 2-way independent—measures analysis of

variance for Paoz, Pacoz, and pH; significant differences
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between groups are indicated by group letters above the

data point; n=8–10 (21%), 9–10 (18%), 8 (15%), 8–9 (12%),

and 6 (9%). The n varies in some groups because some

samples were lost. Break in time scale between 0 and 1 min

represents time required for chamber O2 concentrations to

stabilize after introduction of hypoxic gas mixtures (see

Methods).
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Plasma ACTH and corticosterone. Plasma ACTH in rats

breathing room air was low and did not change significantly

over the 50 min exposure period. Plasma ACTH did not

differ significantly from that observed at 21% O2 in any

group except rats exposed to 9% O2 (Fig. 2A). The high

ACTH values in the 9% O2 group may have obscured
differences between other groups, since analysis excluding

the 9% O2 group revealed that ACTH was significantly higher

at 50 min in the 12% relative to the 21% O2 group. Similar

treatment of the rest of the data also did not reveal any

further differences in Pao.2 or Pacoz, although by this

approach, the 15% O2 group was found to have significantly

higher arterial pH relative to the 21% O2 group at 20, 30,
and 50 as well as at 5 min.

Plasma corticosterone also did not vary significantly

over the course of the experiment in the 21% O2 group. In

rats exposed to 12 or 9% O2, plasma corticosterone

concentrations rose steadily over the entire 50 min period,

whereas in rats exposed to 18 or 15% O2, plasma
corticosterone only increased significantly relative to

that in the 21% O2 group after 20 min (Fig. 2B).
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FIGURE 2, Plasma ACTH (A) and corticosterone (B) in

conscious, chronically cannulated rats exposed to different

inspired O2 concentrations for 50 min. Time, treatment,

and interaction effects were significant (p<.05) for both

ACTH and corticosterone. Symbols and statistics are as in

Fig. 1; n=8-9 (21%), 8–10 (18%), 8 for corticosterone and

3-6 for ACTH (15%), 8–9 (12%), and 6 (9%).
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In rats exposed to 15% O2 in which the 2.0 ml sample

for ACTH at 20 min was omitted, both plasma ACTH (Fig. 3A)

and plasma corticosterone (Fig. 3B) were significantly

lower by 50 min of hypoxia than that in rats sampled 3

times for ACTH. Although plasma corticosterone tended to

increase over 0 min control values, the sharp increase at

30 and 50 min did not occur in rats not subjected to the

large blood sample at 20 min (Fig. 3B). No other

significant differences were observed between these two 15%

O2 groups except transient discrepancies in arterial pH at

1 and 10 min (data not shown).
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FIGURE 3.
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exposed to 15% oz and sampled either 2 or 3 times for ACTH.
Rats sampled 3 times (n=3-6 for ACTH, 8 for corticosterone)

underwent collection of a 2.2 ml blood sample, with

subsequent reinfusion of the erythrocytes, at 0, 20, and 50

min after induction of 15% O2 (data from Fig. 2). In rats
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sampled twice (n=7–8), 2.2 ml blood samples were collected

only at 0 and 50 min. Time, treatment, and interaction

effects were significant (p<.05) by 2-way ANOVA for ACTH

and corticosterone. Asterisks indicate significant

differences between rats sampled 2 times and rats sampled 3

times for ACTH.
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To compare threshold values of Pao.2 at which decreases

in PacO2 and increases in plasma ACTH occured, a

scattergram of paired data for plasma ACTH and Paco 2 vs.

Pao.2 was constructed. It is apparent from this approach
that at 20 or 50 minutes of hypoxia, ACTH is increased, and

Pacoz decreased, at Pao.2 less than about 60 mm Hg (Fig. 4).

Fitting either a hyperbolic or a Hill function to the data

by computer-assisted nonlinear least squares analysis did

not reveal any difference in parameters between 20 and 50

min. However, because the error of the fit (root mean

square) for the Hill function was not significantly better

than that of the hyperbolic function, we could not compare

the sensitivity (indicated by the Hill coefficient, p) of

ACTH and Pacoz to changes in Pao.2.
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FIGURE 4. Scatterplot of plasma ACTH and arterial PCO2 in

rats exposed to 21, 18, 15, 12 or 9% O2 for 20 (top) or 50

(bottom) min. Points represent only rats in which paired

blood gas and ACTH data were available; n=9 (21%), 7 (18%),

3 or 4 (20 and 50 min, respectively, 15%), 9 (12%), and 6

(9%).
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DISCUSSION

Consistent hypocapnia, alkalosis and adrenocortical

system activity only occurred in rats exposed to 9 or 12%

O2. In contrast, in rats exposed to 15 or 18% O2, changes

in arterial pH or PCO2 were transient, and plasma

corticosterone, but not ACTH, increased only after 20 min

relative to that in rats breathing room air. Rats

breathing 15% O2 that did not undergo the large blood

sample at 20 min for ACTH still exhibited transient

decreases in PacO2 and increases in pH but did not increase
ACTH or corticosterone.

The acute changes in arterial pH and PacO2 with

increasing severity of hypoxia are most likely due to

increased ventilation (Lambersen 1974; Raff et al. 1986).

Some researchers have reported that metabolic rate

decreases in rats with hypoxia (Olson and Dempsey 1978).

However, while it is possible that decreased metabolism

might account for some of the observed decreases in Pacoz,
it is more likely that it amplified ventilation-induced

changes. Consistent with this possibility, both frequency

and volume of ventilation were found to be increased in

rats after 1 hour of exposure to 12% O2 (Olson and Dempsey

1978), the F102 at which sustained hypocapnia and alkalemia
occurred in the present experiments.
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It is likely that the plasma ACTH response to pure

hypoxia might be greater than that reported here, since

both hypocapnia and changes in lung inflation ensuing from

hyperventilation have been implicated in inhibiting ACTH

(Raff et al. 1981; Raff et al. 1983c.; Raff et al. 1982) and

vasopressin (Share and Levy 1966) secretion as well as

ventilation (Lambertsen 1974). Nevertheless, the close

correlation between ACTH and ventilatory responses to

hypoxia is clear: changes in plasma ACTH and PacO2 do not

occur gradually as Pao.2 falls, but occur at a distinct

threshold. Plots of paired plasma ACTH and Pacoz vs. Pao.2

values at 20 and 50 min revealed that the threshold Pao.2
was about 45–60 mm Hg both for stimulation of ACTH and

decreases in PacO2. Pepelko and Dixon have found that in

acutely catheterized, restrained rats, significant

decreases in Paco, occurred as Pao.2 decreased from about 70

to 50 mm Hg (Pepelko and Dixon 1975). Although Rattner et

al. (1980) have described a threshold relationship between

corticosterone and altitude in mice, direct measurement of

ACTH secretion relative to Pao.2 in the rat has not been
previously reported, nor have the sensitivities of blood

gas and ACTH responses to hypoxia been simultaneously

compared in conscious animals.

A threshold Pao.2 for activation of corticosterone
secretion could not be derived from these data because

plasma corticosterone did not differ between any of the
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hypoxic groups by the end of exposure. The sharp increase

in plasma corticosterone at 30 and 50 min in rats breathing

15 or 18% O2 may have been due in part to the hemodynamic

stimulus of the 2.2 ml blood sample at 20 min, since rats

not subjected to this large a sample at 20 min did not

elevate corticosterone in response to 15% O2. Transient
increases in ACTH, such as might occur from removal of this

relatively large volume of blood, have been shown to

stimulate corticosteroid secretion as effectively as

constant ACTH infusion (Wood et al. 1982b). Such brief

increases in ACTH would not have been detected with our

sampling paradigm. However, the fact that no changes in

plasma corticosterone were evident in rats sampled 3 times

for ACTH while breathing room air suggests that there was

an interaction between the effects of hypoxia and the large

20 min blood sample which evoked adrenocortical activity in

the 18 and 15% O2 groups. Interaction between hypoxia and
hemodynamic stimuli in potentiating ACTH secretion have

been demonstrated by Raff et al. (1986) in rats hemorrhaged

after 42 h of exposure to 21, 12.5 or 10% O2. Interaction

might also have occurred at the adrenal level, possibly by

increasing ACTH delivery to the adrenal, since hypoxia has

been reported to increase adrenal plasma flow (Raff et al.

1981) and adrenocortical blood flow (Breslow et al. 1988),

although this effect must be balanced against potential
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inhibitory effects of hypoxia on adrenal steroid synthesis

(Raff et al. 1981).

The blood gas and pituitary-adrenal responses to

hypoxia could be dissociated to some extent in rats exposed

to 15% O2 by eliminating the blood sample for ACTH at 20
minutes. Although rats sampled only twice for ACTH did not

exhibit any significant increase in corticosterone, they

still displayed decreases in PacO2 and increases in

arterial pH similar to those in rats sampled at all three

times for ACTH. While these results, when considered with

the significant changes in arterial PCO2 and pH in rats

exposed to 15% or 18% O2 (Fig. 1B and C), suggest that

ventilation may increase at a higher Pao.2 than does ACTH
secretion, the apparent ventilatory changes were not

maintained throughout the exposure period.

It is not clear if this dissociation between ACTH and

ventilatory responses to 15% O2 represents a true

difference in activational threshold. Although the data in

Figure 4 suggest that the stimulus of the 20 minute blood

sample may have contributed to the ACTH level at 50

minutes, there was no difference between the 20 and 50

minute points in the computer-generated best-fit parameters

characterizing the sensitivity of ACTH to Pao2. It

therefore seems unlikely that the 20 minute sample (which

would not have affected the 20 min data) significantly

increased the sensitivity of ACTH to changes in Pao.2. In
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other experiments employing only 0 and 50 minute samples at

12% O2, plasma ACTH at 50 minutes was slightly lower than

that reported here, but, consistent with the present

studies, was still significantly elevated over control

levels (unpublished data). Consequently, we suspect that

ACTH would increase over a similar range of Pao2 as in the

present experiments, although the absolute levels

themselves might not be as high.

It is also possible that exposure to 15% O2 stimulated

ACTH secretion that was not detected by our sampling

regimen. This could occur either because such increases

were not sustained (Wood et al. 1982b), or because they

were delayed relative to changes in PacO2, and would only
have been evident at exposure times exceeding 50 minutes.

In support of the latter possibility, Marks et al. reported

that blood ACTH activity of rats breathing 15% O2 was

significantly greater than that of rats breathing 21% O2 by
3–6 hours of exposure (Marks et al. 1965). In contrast,

Bloom et al. (1977) observed slight increases in plasma

corticosterone in conscious calves at levels of hypoxia

that induced no significant changes in Paco.2.
The finding that increases in plasma ACTH and

decreases in PacO2 occur in a similar range of Pao2 in
conscious rats is additional evidence that increased

activity in the adrenocortical system is part of a

coordinated set of physiological responses to hypoxia. In
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support of this assertion, chemoreceptor denervation has

been shown to inhibit ventilatory (Lau 1971a; Marotta 1972;

Lambertsen 1974; Krasney and Kohler 1977) and

adrenocortical system (Lau 1971a; Marotta 1972; Raff et al.

1984a; Raff et al. 1982) responses to hypoxia, indicating

that both ventilatory and ACTH responses to hypoxia share

specific neural pathways. Pulmonary stretch reflexes,

which may be activated by hypoxia-induced hyperventilation,

have been found to inhibit not only the bradycardia

(Bernthal et al. 1950; Vatner and Rutherford 1981; DeBurgh

Daly 1986) but also the ACTH (Raff et al. 1981) and

vasopressin secretion (Share and Levy 1966) induced by

hypoxia or chemoreceptor stimulation. Likewise, there is

evidence to suggest that arterial PCO2 and blood pressure,

both of which change in response to hypoxic stimuli

(Lambertsen 1974), in turn have parallel effects on

ventilation and pituitary-adrenal activity (Heistad et al.

1975; Lambertsen 1974; Mancia et al. 1976; Raff et al.

1983b, c : Raff and Roarty 1988). Our data are in agreement

with those of Raff et al. (1986) that hemodynamic stimuli

may potentiate the effects of hypoxia on the adrenocortical

system.

Not all hormonal responses to hypoxia exhibit the same

threshold for activation. Vasopressin was found to be less

sensitive than ACTH secretion to normocapnic hypoxia in

anesthetized, ventilated dogs (Raff et al. 1983c). Bloom
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et al. (1977) have also reported that corticosteroid

secretion in conscious calves increased at higher Pao.2 than
did plasma glucagon, and that adrenal catecholamine output

was relatively insensitive to all but severe levels of

hypoxia. Similarly, Rattner et al. (1980) found in mice

that plasma corticosterone increased, and LH decreased,

over a similar range of hypobaric exposure that had only

slight or inconsistent effects on FSH, growth hormone and

prolactin. In light of the apparently greater sensitivity

of the brain-pituitary-adrenocortical axis to hypoxia, and

of the glucose-mobilizing actions of glucocorticoids

(Baxter and Tyrrell 1987), the adrenocortical system might

be considered to act as an initial defense against the

metabolic constraints of acute hypoxia. Thus, it is

logical that ACTH secretion, like hyperventilation, is one

of the first adjustments made in response to hypoxia.
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CHAPTER 5

BRAIN T 14C 1-2-DEOXYGLUCOSE UPTAKE DURING HYPOXIA IN RATS

WITH DIFFERENTIAL ACTH RESPONSES TO STRESS 3 METABOLIC

MAPPING OF PATHWAYS MEDIATING STRESS-INDUCED ACTH SECRETION

RATIONALE

Experiments described in Chapters 2 and 3 (Akana et

al. 1988; Jacobson et al. 1988) indicated that

adrenalectomized rats replaced with constant, low levels of

corticosterone via a subcutaneous pellet (B-PELLET) secrete

ACTH in response to a variety of stimuli. This abnormal

ACTH response appears to be due to the lack of both stress

induced increases in corticosterone and to the lack of a

circadian rhythm in corticosterone (Chapter 3; Jacobson et

al. 1988). It does not seem to be due to increased

pituitary sensitivity, since SHAM and B-PELLET rats exhibit

indistinguishable ACTH responses to iv CRF under

pentobarbital anesthesia (Akana et al. 1986).

To identify brain areas which may drive this increased

response, two experiments were performed. The first

experiment determined if hypoxia could be used for

comparing the responses of SHAM and B-PELLET rats to

stress. Because 12% O2 was found to stimulate ACTH
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secretion reliably in intact rats (Chapter 4; Jacobson and

Dallman 1989), the first experiment tested whether B-PELLET

rats would also exhibit an exaggerated ACTH response to

this level of hypoxia.

In the second experiment, the relative contribution

of different brain sites to the stress-induced

hypersecretion of ACTH in B-PELLET rats was determined by

comparing [**cl-2-deoxyglucose uptake (Sokoloff et al.

1977) in SHAM and B-PELLET rats during hypoxia. The

rationale behind this experiment was that the greater ACTH

secretion in B-PELLET rats would be a physiological marker

for sites specifically mediating ACTH as opposed to other

physiological responses to hypoxia. B-PELLET rats were

chosen as the most appropriate model for study of stress

induced ACTH secretion because unlike adrenalectomized

rats, B-PELLET rats have normal morning plasma ACTH levels

(Akana et al. 1985a, 1988). Thus, differences in local

cerebral glucose metabolism observed between SHAMS and B

PELLET rats after stress could be attributed solely to

differences in stress-induced ACTH secretion. Because the

enhanced ACTH response to stress in B-PELLET rats appears

to result from the lack of both a rapid and a circadian

corticosterone feedback signal, brain sites identified by

the 2-deoxyglucose technique may represent areas

responsible for feedback inhibition of the ACTH response to

Stres S.
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INTRODUCTION

Early observations that anxiety or epinephrine

infusion increased cerebral oxygen consumption led to the

suggestion that stress might cause global increases in

brain metabolism (Kety 1950; King et al. 1952). This

assertion was supported by the findings that cerebral

glucose and oxygen uptake was increased in artificially

ventilated, conscious rats immobilized with tubocurarine

(Carlsson et al. 1975; Bryan et al. 1983). Propranol, and

in some cases, adrenalectomy, was found to inhibit the

increase in cerebral oxygen metabolism caused by

tubocurarine restraint (Carlsson et al. 1975; Berntman et

al. 1979), which appears to have inspired the use of

adrenalectomy to prevent nonspecific influences of

physiological stress responses on brain glucose metabolism

(Ingvar et al.. 1980).

However, the findings that specific manipulations

induce specific effects on local cerebral glucose

metabolism do not support a generalized effect of stress on

brain metabolism. Some stimuli, such as swimming (Sharp

1976) or hypoxia (Cohen et al. 1967; Pulsinelli and Duffy

1979; Shimada 1981; Torbati et al. 1986; Beck and

Krieglstein 1987; MacNeill and Bryan 1988) do appear to

cause virtually global increases in cerebral glucose

utilization, although more mixed effects of hypoxia on
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brain glucose metabolism have been reported (Miyaoka et al.

1979; Duffy et al. 1982).

However, other stimuli affect glucose metabolism only

in specific brain regions. Water deprivation decreases

glucose utilization in several structures, including

cerebellar and cerebral cortex, hippocampus, brainstem

adrenergic nuclei, caudate, thalamus and amygdala, but

increases glucose utilization in the hypothalamic

paraventricular (PVN) and supraoptic nuclei, septal

triangular nucleus, subfornical organ, and posterior

pituitary (Gross et al. 1985). However, salt loading only

appears to affect glucose metabolism in the posterior

pituitary (Schwartz et al. 1979; Lightman et al. 1982;

Gross et al. 1985). Adrenalectomy was found to induce

increases in glucose utilization in the locus ceruleus,

hippocampus, anterior pituitary, hypothalamic PVN and

median eminence that could be prevented by dexamethasone

(Kadekaro 1988). Savaki et al. (1982) showed that the

nucleus of the solitary tract, the paraventricular and

supraoptic nuclei, and the bed nucleus of the stria

terminalis increased glucose metabolism after hemorrhage in

proportion to mean arterial pressure. Virtually all of

these manipulations stimulate the brain-pituitary axis

(Gann et al. 1981; Luger et al. 1987). Consequently, it

seems unlikely that a common physiological response (i.e.
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ACTH secretion) could induce such a variety of patterns in

brain metabolic activity.

Furthermore, systemic responses have been observed in

the absence of accompanying changes in brain metabolism.

Bryan et al. (1988) found that rats exhibited similar

pressor and plasma catecholamine responses upon placement

in a footshock chamber regardless of whether the rats had

been conditioned by footshock or not. However, only

conditioned rats exhibited increases in brain [14c1–2–
deoxyglucose uptake relative to paired controls left in

their home cage. Consequently, changes in cerebral

metabolism after a given stimulus seem to be primarily

mediated by specific afferent inputs rather than solely by

systemic responses.

Brain uptake of (**cl-2-deoxyglucose has been proposed

by Sokoloff and colleagues to be a metabolic marker of

central nervous system activity (Sokoloff et al. 1977).

This technique is based on the principle that glucose is

the primary fuel for the brain, and that 2-deoxyglucose is

taken up by the same transporter and phosphorylated by

hexokinase in the same way as glucose (Sokoloff et al.

1977). Deoxyglucose-6-phosphate is not readily metabolized

and remains trapped in tissue as decryglucose-6-phosphate

(Sokoloff et al. 1977). Under specific experimental

conditions which minimize the effects of transport,

phosphorylation and dephosphorylation, tissue radioactivity
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may be used to quantitate glucose utilization of discrete

brain regions (Sokoloff et al. 1977). Validation of 2–

deoxyglucose as a marker of neuronal activity has come from

demonstrations that 2-deoxyglucose uptake is regulated by

and proportional to electrical activity at the nerve ending

(Mata et al. 1980; Yarowsky et al. 1983, 1985). The

sodium/potassium ATPase, rather than secretion, appears to

be the energy-requiring step, since veratridine-induced

increases in posterior pituitary 2-deoxyglucose uptake have

been shown to be blocked by ouabain but not by calcium-free

medium (Mata et al. 1980). Recent studies at the light and

electron microscopic level indicate that glia may also

contribute substantially to 2-deoxyglucose uptake observed

in a given region (Yarowsky and Boyne 1989).

Since the brain has been shown to be required for

stress-induced ACTH secretion (see Introduction, section

III), and since many of the stimuli used in metabolic

mapping studies also activate the pituitary adrenal system,

it is of interest to determine if [**c]-2-deoxyglucose Carl

be used to map brain regions regulating ACTH responses to

StreSS .
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METHODS

ACTH responses of SHAM and B-PELLET rats to hypoxia.

Male Sprague-Dawley rats (275-350 g) from Holtzman

(Madison, WI) were prepared with chronic indwelling femoral

artery catheters as previously described (Chapter 4;

Jacobson and Dallman 1989). Two days after cannulation,

rats were either sham-adrenalectomized (SHAM) or

adrenalectomized and replaced with a scº 40% corticosterone

pellet (B-PELLET). This level of corticosterone

replacement had been found in preliminary experiments to

normalize plasma ACTH and thymus weight in 250-350 g rats

(unpublished data). All rats were given 0.5% NaCl to drink

after adrenalectomy or sham-adrenalectomy. SHAM and B

PELLET rats were always paired within each experiment. On

the morning of the fifth day after adrenal surgery, hypoxia

(10 or 12% O2) or normoxia was induced as previously

described (Chapter 4; Jacobson and Dallman 1989). After

chamber O2 concentrations had stabilized, arterial blood

samples were taken at 0 and 50 min for plasma ACTH and at

0, 5, 10, 20, 30 and 50 min for plasma corticosterone,

arterial pH and arterial PO2 and PCO2 (Paoz, Pacoz).
Arterial blood gases and pH were measured in iced whole

blood using a Corning 158 blood gas analyzer (Ciba-Corning,

Medfield, MA). Plasma hormones were assayed as previously
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described (Dallman et al. 1974; Akana et al. 1988; Logsdon

et al. 1987). A total of 8 SHAM and B-PELLET rats each

were exposed to 12% or 21% O2; experiments with 10% O2 used
5 rats per group. Data were analyzed by 2-way ANOVA and

are presented as mean : SEM.

Local cerebral glucose utilization in brains of SHAM and B

PELLET rats during hypoxia.

Male Sprague-Dawley rats (275-350 g) were prepared

with chronic indwelling catheters in the femoral artery and

vein. Arterial catheters were made as previously described

(Chapter 4; Jacobson and Dallman 1989); venous catheters

were made of fused lengths of PE 50 tubing (Clay Adams,

Parsippany, NJ) with a hub to secure the catheter to the

peritoneum. Two days after cannulation surgery, rats were

either sham-adrenalectomized or adrenalectomized, implanted

with a scº pellet of 40 or 50% corticosterone, and given

0.5% NaCl to drink. Rats were weighed at cannulation and 1

d before use in 2-deoxyglucose experiments.

One SHAM and one B-PELLET rat were always paired

within each experiment. On the afternoon before the

experiment, rats in their home cages were transferred to

the hypoxia chamber as previously described (Chapter 4;

Jacobson and Dallman 1988). [**cl-2-deoxyglucose (50-60

puCi/mM in 100% ethanol, American Radiolabelled Chemicals,

Inc., St. Louis, MO) was evaporated to dryness and
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resuspended in saline. On the morning 5 d after adrenal

surgery, a control arterial sample was taken for plasma

ACTH, glucose, and **c counts. Hypoxic (10 or 12% O2) or

normoxic (21% O2) conditions were then established. Five

min after chamber O2 had stabilized, 50 ■ ci/300 g body
weight (**cl-2-deoxyglucose was injected iv in a volume of

0.25 ml, and the catheter was flushed twice with 0.3 ml of

heparinized saline (50 U/ml). Arterial blood samples (100

pil) were taken at 0.5, 1, 2, 3, 5, 10, 15, 20, 25, 30, and

36 min after 2-deoxyglucose administration, with an

additional 2 ml removed at 36 min for plasma ACTH. Except

at 0.5 min, the arterial line was flushed with heparinized

saline after all samples. Plasma glucose and **c content

were determined with a Beckman glucose analyzer II and

liquid scintillation counter, respectively (Beckman,

Fullerton, CA); plasma ACTH was assayed as previously

described (Dallman et al. 1974; Akana et al. 1988).

To facilitate rapid blood sampling in both rats, the

time that each rat was given the isotope was staggered by 6

minutes. The first rat received (**c.1-12-deoxyglucose
after 5 min of hypoxia or normoxia, and both rats were

killed 41 min after induction of hypoxia, such that 36 min

elapsed between administering isotope to and sacrificing

the first rat, while 30 min elapsed between injection and

sacrifice of the second rat. These times were within those

estimated to minimize effects of the rate constants for
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transport and phosphorylation of 2-deoxyglucose and for

dephosphorylation of deoxyglucose-6-phosphate (Sokoloff et

al. 1977). Therefore, the total hypoxia exposure and

sampling times for plasma ACTH were the same in both rats.

Although the plasma [14c.) content between 30 and 36 min was

not anticipated to contribute substantially to overall

[**c]-2-deoxyglucose uptake, the order in which rats

received the isotope was alternated between treatment

groups, such that SHAM or B-PELLET rats were not

consistently given the isotope in the same order.

Rats were killed with an intra-arterial overdose of

pentobarbital. Their brains were removed, frozen in 2–

methylbutane on dry ice (-3.0 C), and coated with embedding

medium (Lipshaw, Detroit, MI) while still frozen.

Embedded, frozen brains were wrapped in foil and kept at

–80 C. Brains were cut on a cryostat in 20 micron

sections, thaw-mounted on to coverslips and dried on a hot

plate. Coverslips were mounted with rubber cement on

cardboard and applied to x-ray film (Kodak SB5) for one

week. Calibrated 14C standards (Reivich et al. 1969) were

exposed with the tissue sections. After films were

developed, selected slides were removed from the cardboard

and stained with cresyl violet for histology.

Densitometric analysis of autoradiographs was made with

reference to the histology using the IMAGE program of
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Microcomputer Imaging Device (Imaging Research Inc., St.

Catharines, Ontario).

RESULTS

ACTH responses of SHAM and B-PELLET rats to hypoxia.

In the larger rats used for this experiment,

implantation of a 40% corticosterone pellet at

adrenalectomy resulted in thymus weights that were similar

to those of SHAMS (B-PELLET, 144 + 9; SHAM, 143 + 8, n=

16/group). Figure 1 shows that blood gases and arterial pH

were indistinguishable between SHAM and B-PELLET rats

during hypoxia (12% O2, left panels) or normoxia (21% O2,

right panels). Plasma corticosterone (Fig. 2, bottom

panels) was essentially constant in B-PELLET rats, while

SHAMS exhibited a slight increase in corticosterone during

normoxia and a larger increase during hypoxia. Plasma ACTH

was similar in SHAM and B-PELLET rats at all times during

normoxia and at 0 min prior to hypoxia, but B-PELLET rats

exhibited significantly greater ACTH levels relative to

SHAMS after 50 min of hypoxia (Fig. 2, left panels).
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FIGURE 1. Arterial blood gas and

PELLET rats exposed to 12% or 21%

o 5 to 20 go so
(min)

pH values in SHAM and B

O2.

Arterial partial pressure of oxygen (Paoz, top panels),
carbon dioxide (PacO2, middle panels) and arterial pH

(bottom panels) were measured in iced whole blood of SHAM
(closed triangles) and B-PELLET (open triangles) rats.
n=8/group for both 12% and 21% O2.
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FIGURE 2, Plasma ACTH and corticosterone in SHAM and B

PELLET rats during 12 or 21% O2. n=8/group for both 12*

and 21% O2.

Asterisks indicate significant differences between SHAM and

B-PELLET rats.
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Local cerebral glucose utilization in brains of SHAM and B

PELLET rats during hypoxia.

Plasma ACTH and brain mean local cerebral glucose

utilization (LCGU) for individual SHAM and B-PELLET rats

from three separate experiments at 21, 12 or 10% O2 are
shown in Table 1. In all experiments, B-PELLET rats had

plasma ACTH levels higher than those in SHAMS by 41 min,

although absolute levels were much higher after hypoxia (10

or 12% O2) than after room air. Mean LCGU was higher in

all rats at both levels of hypoxia than that at 21% O2.

TABLE 1. Plasma ACTH and brain mean glucose utilization

(LCGU) in SHAM and B-PELLET rats.

The data from individual rats are given for 3 separate

experiments at 10, 12 and 21% O2, respectively.

PLASMA ACTH MEAN LCGU
(pg/ml) (pmol/100g/min)

IQ2-l Treatment 0 min 41 min

21% SHAM 32 24 65. 907
B-PELLET 27 40 61. 496

1.2% SHAM 53 366 68. 831
B-PELLET 36 4.62 71. 162

1.0% SHAM 76 199 87. 085
B-PELLET 38 37.2 79 - 744
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Correlating with the increases in mean LCGU, hypoxia

increased LCGU in almost every brain region examined (Table

2). Increases in LCGU with hypoxia occurred consistently

in B-PELLET rats, but were occasionally inconsistent in

SHAM rats (e.g., hypoglossal nucleus, inferior colliculus,

gracile nucleus). At 21% O2, LCGU (expressed either as

absolute levels or normalized to brain mean) differed by

more than 25% between SHAM and B-PELLET rats in the CA1

pyramidal cell layer of the hippocampaus, dentate gyrus,

ventral tegmental nucleus, and the median eminence. At 12%

O2, greater than 25% differences in LCGU between SHAM and

B-PELLET rats occurred only in the central nucleus of the

amygdala, ventromedial hypothalamic nucleus, and corpus

callosum.

At 10% O2, more structures exhibited differences in

LCGU exceeding 25% between SHAM and B-PELLET rats. These

structures included the hypoglossal nucleus, area postrema,

C1/A1 adrenergic cell group, cuneate and gracile nuclei,

nucleus of the solitary tract, lateral medullary reticular

formation, ventral tegmental nucleus, ventromedial nucleus,

medial habenula, hippocampal CA1 and CA3 cell layers, and

the amygdala (all divisions examined). The LCGU of the

corpus callosum and solitary tract also differed by more

than 25% between SHAM and B-PELLET rats during 10% O2.

Notably, although LCGU of the median eminence differed by

25% between SHAM and B-PELLET rats at 21% O2, no such
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differences occurred during hypoxia. Moreover, the LCGU of

the PVN did not differ substantially between B-PELLET and

SHAM rats in any experiment, despite the consistently

higher ACTH levels in B-PELLET rats. The PVN, even during

hypoxia, exhibited low levels of 2-deoxyglucose uptake when

compared to the surrounding hypothalamus (Fig. 3). In one

experiment in which pituitaries were collected, glucose

metabolism in the anterior pituitary was higher in the SHAM

rat at 12% O2.

133



IZ6*0999
*
99€1,6

*09■9*69£€0
*IOff9°€901.8

°098ý
º
£9

J.CITT3{dI-8
9.98
°0900

º
19†8.8

°099Z*89
L.L.0
*I666

*
01.

£68
°0Z98

*
89WVHS

Z■ -■■ z

6IO
*I6€.9

°
Z.D.OffIºI

0$I*I8
8II
*TL99*6.L.

99.8
°0I■9*I9

JACITICI■ I-81
910
*I

$$0*#['

6II
*TZ80

°L1.

09z*I€9L*989L8°0I■Z*09WVHS
Z■ -■ Z■

#99T*I■ 90
IºZ6×660

*T
*E9.9
°L8

■ 8$
$*I

*#6■ ºº9IT*9.I8°0
*
G98
*
#9

JACITITICI■ I-8I
09.9
°0929

º
99Z■ ;L*0

0$9*#9
£Z8*
0899

º
ILLZ.9

°0
9I6*9.■ y

WVHS
Z■ -■■

snæTonu■ ºqeeunodno…If
ITeoo■ 6reuerpeIV/IOeuterqsodeer■(IIx)sneTonNTesso■ 6od■ HNOI■ OCIMI

º

sº■ eirJLZITI■ I■ I-º■pueWVHSueÐAqeq■ JOuIJIO■ GZ■ qsiregg■ pn■ O'Ipez■ Ieurrou
IoeqnTosqe
esou■ºn
suo■ 6ereneo■ pu■sx{s■ ireqsv
*

squeuernseeu

zqseeIqegoe6ereaeue
quese-Idersirequin
N

*Ie
IqeI,morgn■ O'I
ueeuu■ erqe■■■O3

pez■ Ieurrouuo■ z■ ez■ I■ z■ nesoon■ 6TeooTs■
uese-IderI■ edqoeegorequmuuloq■■ oqe■■■ u
■ ur/enss■ 4600I/Tour■

up(n■ OTI)uo■■ ez■ I■■ nesoon■ 6TeooTs■
uese.Ideauo■ 6exuea■ 6
exogx■ edqo■ ee

gorequmu
doqe■ J,

*

siqueur■ Iedxe
e
qeredeseer■
■
uorgsqerTenp■ A■ pu■rogpequeTnqeqs■eqeq

•

Zo■ IzzozIºOIon
ernso■ xe
Æqpeonpu■s■ erLaTTº■ a-a

pueWVHSgosuo■ 6eru■erqsno■ ireau■uo■ 3ez■ I■■ nesoont6røooT*
Z
º■ t■■■ ;

134



0LL*I98.8
°
80T#89Z*I*Z86

°LL

60I*I902
*
898L8*0GI0

*
#9Z68

°0
■Z.8
*
#9

Z89
*0

€68
°
8€.ZLL*0£6%*Liº

Mae'I'IÇIdI-81
$28
*I968

°
0′ZI9,88

°0
L6Z*89

ZEO
*I

0I0*89£2.8
°0

ZIZ*#9€1.8
°0

€£9
*
19.

99■ 9
°0L■6*T£;9€L*092y*8■ ;WVHS

Z■ -■ TZ

GI8
*I

■LI
*
6.ZI

989
*T888

*
ZIT$69

*II6Iº66
890
*IZ6Z*9L0º6*0G06

*
999■L*0

†9.0
°
€9

I81
º0I09

*
99Jºº■ ºT'ICI&I-8I

9LL*T902
*
ZZI

8£9
*I£98

º
90I09.Z*I620

*
98■ZO

*I809
°0L

920
*I

6I9*01.99L*0TIL6*I9L.I6*0980
º
£9WVHS

Z■ -■ Z■

09#*I£90
º■II

*#82
*T

*69.8
°
Z0I

89I*I
9€Iº£6*LLTºT

»ZZ8°€6*†6.6
°0+99Z*6.L.*9LL*0

£66
*I9

*060
*T

»IZ6*98
J.CITITI■ IdI-81

#69■
*I198

*
IZI61.8

°0619
*
9.L.

868
°098I*8.L.€9LºO69■ ºº9900L

º0626
*
09089

*0IL#*09.G€9
*0IE8

*
99WVHS

Z■ -■ T

Tequeur6æJ,Terque
A

■ A■ TOJO■ Iegu
I

40er■Kºre■■ IOS40er■„Kret■■ Ios
gosnæTonNºutro■ .IeIno!QeH

KreTTnpewTereqe“I
sn■ no■ I

-TooJo■ Iegu
I

snæTonusn■ TºnN■ I■ oeir5)NOI5OCIMI
·
■ o■■ zaozIºOIon
ernso■ xe
Kqpeonpu■s■ exLaTIga

-8pueWVHSgosuo■ 6eru■ erqsno■ ireau■
º

uo■■ ez■ I■ z■ nesoon■ 6TeoorI

•

penu■■ uoo’’’ZT■■■■
135



990
*I9€9

*
99*Liº8°0

*8:L0
º
Z999.8

°0
■ ¢£Z*£9

L€.L
*00£€*9.■ y

866
*0868

*
I9

GIZ
*I969

*#L.

Z90
*I02.L

*
#9

IO■
*I29I*98Jºº■ 'I'

ICH&I-81

99.I*T£98
*#L.

£8y*098.8
*
T£9€1,*096■

*
8#GI9

°0999
*0;

ZL6*00■ 0
*
#9

86.2
*IL99

*
9.86€6

*0II6
*
I9

Iz;
*II89

º
£6WVHS

O$IZ

8II
ºI099

º
6.L.

900
*I£89,

º
IL■10

*I
OI■ ;
*9L

*606
*0

*
E88*#9£Zº

ºIL9I*#6
ZIE
*I088

º
£6

060
*I9f99

ºL.L.

£69
*T

#29
°
€IIJAZITITI■ Idi-8

O$ZT
Z

ICZ*I09Lºtº88LI
*TZ90

*I8
9I6*0890

º
£9I89

-0
#68
º9■

GZI
*I

†8.■ yºL.L.

£9■ ººI

0£.L.̂00I
I66
*0

€†Z*89
L.L9*I899

º
80IWVHS

·
■ o■■IzIozI

*†9.8
°0

■■ ¢£I*89»ZI6
*0

*Z9LºZL*086*0
*#6T*■ ;L.

*IZL*0
*9Liº
º
L9

OZI
*I

*88Z
*
68

*£9€*I6.L8
°L0I

*T88°0
*I6Z*0L

€£€*I

*ILZ’901I,2■ 1''I■ ºd-8I

O$0I L82
*T990

*
ZIT9$I*I0■ 98

*
66

Z6I*I
89Lº£0T†9.6

*0Z80
º
£8

€0€
*I909

°€II
Z00
*T

€£Z*18
09.Z*I

0£I*LOT
699
*T

Lý■ yºffyIWVHS

IeInounpedra3u
I

eTnu'eqe■■ e■peW.e

Inueqe■Tereqe“I
£VIOIVIOsndureoodd■ HTerez■ ev■Terquæ0Terez■ eTosea

e

Tep6■ urysneTonuNOI505!?!
*OIoq
ernsodxe
Aqpeonpu■s■ erLaT'ISI■

-apueWVHSgosuo■ 6exu■ exqsno■ xeau■º
uo■■ ez■ I■■ nesoon■ 6Teoori

•

penu■■ uooº■ T■■■■■■
136



Z6L*0
£6.9
°89

LLE
*I#89

*
#8■

■ 9.8
°0

×8Z9
º
Z9

Z66
*0Z66

*
09£6.9

°0Ziff9°Zº

Z01
*0Z9.Iº£■€9L*0I06

*9■ º
*T£6
*00LZ

*
19.Jºº■ 'I'

ICHöI-81

02.L
*08Z$

*
Liº

6.Z■ ;
*I88T

º■ º6

£9■
*0L■ 9

°
0£89.8

°0
ZIZ*19.

069
*0868

*
8€.■Z.9

°0ÞZI
*
I■■ y€I9°OZ68

°
0■

6.Z.L
*0890

º
8?■■ ËS

Z■ -■ TZ

L.I8°0
0LI
*
89€1.8

°069.IºZ9
680
*T8Z6

°€1.

99.8
°0990

º
£9†08°0LEZ

*
L9*

LZ8*
0

*IE8
*
89IZ6*0

ZIGº99A■ 2I'I'ICI■I-81

I0L*0
■LZ
*
8■0LL*0LZ0

º
£9

GII
ºIL'IL

*9L

L98
*0Z99

º
699L.L

*06■ ¢£º£90€.9
°0L98

°€†
■Z6*0I89

º
£9WVHS

Žõ-■ Z■

€06
*096.6

°
IL

029:
*I

#ItºZ*9.0I
69.8
°0I09

*
899■8°09€■ ºº19£ºL*099Z*69€9L*0608

°
09*G99

*0
*810
º
£9*£1.9

°0
*Z9,9
°
€9

J■ º:ITI■ IdI-81
620
*I

9I9*68
#IGºT6€.8

*
T£TZ8L

*0980
º
8999.L

*0
■ ;LL*9990L*0

£Lý
*
I900.1

*0Lý6*096€.8
°0

I90
°€1.

6I6*0
■90
°
08■■ IS

Z■ -■■

um■ desTerez■ e“Ixeqiroo
e

qeInfu■ O■ oueu■ ureue■ pewo■ z■ eur-se■■ oeirdnSIeTnTTeoou6eW
JeIn■ IeoOAIeäIeTno■ IQuæAerea

Te■peuIoIº■ uæAsnureTe■qod■ HsnaK9e3e3ueqNOI502IMI·
■ o■ IzzozI’01on
ernso■ xe
Aqpeonpu■s■ eaLaTIga

-8pueWVHSgosuo■ 6er
u
perqsno■ ireau■
º

uo■ z■ ez■ I■ z■ n
e
soon■ 6TeoorI

•

penu■■ uoo
ºz.TF■■■■■■

137



61.9
°

0I■ ;
g*0L€9

*
98Z99
º
G8

JL:I’ITI■ I■ I-º■■■■■■ SŽõ-■■ z
-8pueWVHSgosuo■ 6er

98L*
0€0
L*0€0ý

º
Z9969
*
8■

809
°

0989
*0IEZ

*
£■I■Z*Lý

+998
°

0I89
*0

*028
°
09988
º9■

JL:I’ITICIðI-81■■■■■ 5Žõ-■ z■

*8.69
°

0■ )08°0+99
Z*99986
º69J,2|"I'ICI■I-8■■ SŽõ-■■ T

Kreq■ n■■ dJIO■ Ie■ SOd■Kreq■ n■■ dIo■ ir■ nu■umsoTTeosndrooNOI502||Hººo»Iztoz■'01on
eanso■ xe
■ qpeonpu■s■ eaLaTIga

u■ erqsno■ Ieau■
'uo■ z■ ez■ I■■ nesoon■ 6Teoori

•

penu■■uo>*■ T■■■■■■ l
138



ºlº lºº
ºn in

FIGURE 3. Local cerebral glucose utilization in the

paraventricular nucleus of a B-PELLET rat exposed to 12%

02.

The autoradiograph of a brain section through the PVN of a

B-PELLET rat exposed to 12% O2 was color-coded by computer
assisted imaging. Color bar indicates the level of

cerebral glucose utilization in plmol/100 g tissue/min.

Note that PVN glucose utilization is less than that of the

surrounding hypothalamus and is in itself relatively low.
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Because few differences in LCGU were observed between

SHAM and B-PELLET rats at 12% oz., even though B-PELLET rats

appeared to secrete significantly more ACTH than SHAMS

(Fig. 2), a comparison of SHAM and B-PELLET ACTH responses

to 10% O2 was performed to address the possibility that 12%

O2 was not a sufficiently strong stimulus to reveal
differences in brain drive for ACTH secretion between the

two groups. This level of hypoxia produced similar Pao.2

(ca. 35 mm Hg) and PacO2 (ca. 25 mm Hg) in both treatment

groups (data not shown). Plasma ACTH for each pair of SHAM

and B-PELLET rats is shown in Table 3. Although average

plasma ACTH in B-PELLET rats was higher than that in SHAMS

after 10% O2, this difference was not significant, owing to

two experiments in which SHAMS had higher post-hypoxia ACTH

levels than B-PELLET rats. Thymus weight was again similar

between the two treatment groups (SHAM, 106 + 17 mg/100g;

B-PELLET 142 + 23 mg/100 g body weight), indicating that B

PELLET rats were not under- or over-replaced with

CorticosterOne.
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TABLE 3. Plasma ACTH in SHAM and B-PELLET rats before and

after exposure to 10% O2.

Data from SHAM and B-PELLET rats are grouped by experiment,

with group averages for each time point given at the

bottom.

PLASMA ACTH (pg/ml)

Experiment Treatment 0 min 41 min

++ SHAM 72 197
B-PELLET 54 1300

2. SHAM 20 669
B-PELLET 72 736

3. SHAM 41 659
B-PELLET 31 508

4. SHAM 62 4.25
B-PELLET 54 782

5. SHAM 72 484
B-PELLET 72 301

MEAN + SEM SHAM 53 + 10 487 + 87

B-PELLET 57 it 8 725 + 167

141



DISCUSSION

ACTH responses of SHAM and B-PELLET rats to hypoxia.

B-PELLET rats had elevated ACTH levels relative to

SHAM rats in response to 12% O2, consistent with the

suggestion in Chapter 2 (Akana et al. 1988) that the

apparent hypersecretion of ACTH in B-PELLET rats represents

a deficit fundamental to regulation of ACTH responses to

stress, rather than a specific response to a given

stressor. However, B-PELLET rats did not exhibit

significantly greater ACTH responses to 10% O2, indicating
either that this level of hypoxia was a maximal stimulus

for both groups, or that there was considerable variability

in the ACTH responses of B-PELLET rats to hypoxia. The

former possibility seems unlikely, since 9% O2 produced
ACTH levels of about 700–800 pg/ml in intact rats (Chapter

4; Jacobson and Dallman 1989), whereas the ACTH response to

10% O2 in SHAMS was approximately 400-500 pg/ml. It is
also unlikely that the ACTH response to hypoxia is

completely independent of the differential corticosterone

responses in SHAM and B-PELLET rats, because hypoxia

induced ACTH secretion can be inhibited by prior elevations

in endogenous corticosteroids (Raff et al. 1984b). The

variable hypersecretion of ACTH by B-PELLET rats is

difficult to explain, since at 12% oz only 1 of 8 B-PELLET

rats (as opposed to 2 out of 5, at 10% O2) exhibited end

142



hypoxia ACTH levels lower than those in the paired SHAM

control. Nevertheless, our initial inability to find

significant differences between the ACTH response in SHAM

and B-PELLET rats to 2 min restraint (Chapter 3, Figure 4;

Jacobson et al. 1988) also suggests that this animal model

exhibits variable ACTH responses to stress.

Local cerebral glucose utilization in brains of SHAM and B

PELLET rats during hypoxia.

Metabolic mapping of brain sites potentially mediating

the enhanced stress-induced ACTH secretion in B-PELLET rats

was not pursued due to concern that limitations in the

(**c]-2-deoxyglucose technique and variability in the B

PELLET rat model would not permit consistent correlation of

differences in local cerebral glucose utilization (LCGU)

with stress-induced ACTH secretion. This decision was

based on the lack of substantial differences between SHAM

and B-PELLET rats at 12% O2, which had been shown to

stimulate a significantly greater ACTH response in B-PELLET

rats, and on the inability to find consistent differences

in ACTH secretion at 10% O2, which appeared to be
associated with more differences in LCGU between SHAM and

B-PELLET rats .

Nevertheless, a few conclusions can tentatively be

made from these limited data. Both levels of hypoxia

increased LCGU to some extent in virtually every structure

1 4 3



examined, although the relative increases were not always

related to the severity of hypoxia. These data are in

accord with previous findings that hypoxia induces global

increases in LCGU (Pulsinelli and Duffy 1979; Shimada 1981;

Torbati et al. 1986; Beck and Krieglstein 1987; MacNeill

and Bryan 1988).

However, these data do not support a requirement for

peripheral catecholamines (Kety 1950; King et al. 1952) or

corticosteroids in mediating changes in brain metabolism.

Even though B-PELLET rats lacked the ability to mount

adrenomedullary and adrenocortical responses to stress,

hypoxia increased LCGU in almost all brain regions examined

in B-PELLET rats. Some other peripheral factor (e.g. ACTH)

may play a role in the hypoxia-induced increases in brain

metabolism. However, as discussed above, the different

patterns of glucose utilization induced by stimuli which

activate the adrenocortical system cannot be explained by a

common systemic response. Furthermore, the requirement for

brain involvement in adrenocortical responses to stress

(see Introduction, section III) and the specific

requirement for chemoreceptor involvement in adrenocortical

responses to hypoxia (Lau 1971a; Marotta 1972; Raff et al.

1982; Raff et al. 1984a), would argue against a peripheral

mechanism as sole mediator of all brain metabolic responses

to hypoxia.
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The present data also indicate that stimuli which

activate the adrenocortical system do not necessarily cause

large increases in 2-deoxyglucose uptake in the PVN. Both

acute adrenalectomy and hemorrhage have been reported to

produce large increases in radioactivity in the PVN, such

that the optical density of this nucleus was greater than

that of the surrounding hypothalamus. (Kadekaro et al.

1988; Savaki et al. 1982). In the present experiments, the

relative optical density of the PVN was consistently less

than that of the neighboring hypothalamic tissue (Fig. 3),

regardless of whether rats were exposed to normoxia or

hypoxia.

This relative lack of hypoxia-induced 2-deoxyglucose

uptake by the PVN may be due to differences in the stimuli

of hemorrhage or adrenalectomy vs. hypoxia. Hypoxia has

been reported to stimulate ACTH secretion relatively weakly

compared to hemorrhage (Raff 1988; Raff and Roarty 1988;

Raff et al.. 1986).

Neuronal metabolic responses, as revealed by 2–

deoxyglucose uptake, may also differ for different stimuli.

Even though as much as 50% of [*H]-2-deoxyglucose in grey

matter is located over nerve terminals rather than

perikarya (Sharp 1976), no increases in median eminence

glucose utilization could be correlated with the higher

ACTH levels in B-PELLET rats during hypoxia. Similarly,

dehydration induced by water deprivation has been found to
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increase 2-deoxyglucose uptake by the paraventricular and

supraoptic nuclei (Gross et al. 1985), whereas salt loading

has only been shown to increase 2-deoxyglucose uptake in

the neural lobe of the pituitary (Schwartz et al. 1979;

Lightman et al. 1982; Gross et al. 1985). The lack of

(**cl-2-deoxyglucose in the PVN during salt loading

suggests that the 2-deoxyglucose technique may not detect

all the metabolic changes induced by a given stimulus. The

fact that both water deprivation and salt loading increase

vasopressin expression in hypothalamic magnocellular

neurons (Sherman et al. 1986; Majzoub et al.. 1987) suggests

that osmotic stimuli induce similar effects in the cell

bodies of these neurons. However, this response only

correlates with 2-deoxyglucose uptake in the case of water

deprivation, raising questions about the nature of the

activity detected by the 2-deoxyglucose technique.

It is also possible that the enhanced metabolic

activity reported in the PVN after adrenalectomy or

hemorrhage results from interaction between the effects of

the experimental stimulus and the effects of prior surgical

preparation. These studies used the conventional animal

preparation for 2-deoxyglucose uptake experiments, in that

rats were restrained and had recently undergone vascular

cannulation surgery. (Sokoloff et al. 1977; Savaki et al.

1982; Kadekaro et al. 1988; Soncrant et al. 1988).

Potentiation of pituitary-adrenal responses to a given
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stimulus by simultaneous or previous application of a

different stimulus, including surgery, has been repeatedly

demonstrated (Raff et al. 1983a; Karteszi et al. 1982;

Bereiter et al. 1982; Raff et al. 1986; Keller-Wood and

Dallman 1984). While vascular surgery or hindlimb

restraint, either alone or in combination, were not found

to affect LCGU (Soncrant et al. 1988), it is possible that

such "low level" stimuli would interact with manipulations

such as adrenalectomy or hemorrhage to cause large

increases in PVN glucose utilization. Such interaction

would not have occurred in the present experiments, since

animals had recovered from surgery for 5 days and were

undisturbed prior to induction of hypoxia.

The lack of large differences in LCGU between SHAM and

B-PELLET rats at 12% O2, even though 12% O2 appeared to
stimulate hypersecretion of ACTH in B-PELLET rats, also

suggests that changes in brain 2-deoxyglucose uptake

related to ACTH secretion are a small or subtle aspect of

the overall changes in brain metabolism produced by a given

stimulus. Other investigators (Bryan et al. 1988) have

found that naive rats placed in a footshock chamber

exhibited stress responses (increases in plasma

catecholamines and heart rate) that were not associated

with changes in local cerebral glucose metabolism.

The present data cannot exclude the possibility that

the greater plasma ACTH levels in B-PELLET vs. SHAM rats
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after stress are not driven by brain input, but are instead

generated either by an increase in pituitary sensitivity to

hypothalamic input or to a decrease in ACTH clearance.

While it has not been rigorously demonstrated that

pituitary responsiveness to secretagogues besides CRF is

unchanged, streptozotocin-diabetic rats, which also have

enhanced ACTH responses to stress, do not exhibit increased

sensitivity to vasopressin or vasopressin plus CRF

(Scribner et al., unpublished results). Furthermore,

glucocorticoid feedback, which appears to be the main

deficit in B-PELLET rats, does not affect the ability of

other secretagogues to potentiate the effects of CRF (Abou

Samra et al. 1986; Bilezikjian et al. 1987). Although ACTH

clearance has not been specifically measured in B-PELLET

rats, the clearance of another protein, corticosteroid

binding globulin, does not appear to be influenced by

constant corticosterone (Levin et al. 1987).

While these results confirm those of others reporting

widespread hypoxia-induced changes in brain [14c]-2-
deoxyglucose uptake (Beck and Krieglstein 1987; Shimada

1981), they raise questions as to whether this technique is

adequate to detect changes in local cerebral glucose

metabolism specifically associated with hypoxia-induced

ACTH secretion. It is clear that the 2-deoxyglucose

technique does not detect all the changes in neural

activity due to different osmotic stimuli (Schwartz et al.
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1979; Lightman et al. 1982; Gross et al. 1985).

Consequently, it was uncertain that the 2-deoxyglucose

technique, when combined with the possible variability in

B-PELLET ACTH responses to stress, would be effective for

identifying brain regions mediating stress-induced ACTH

secretion.
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CHAPTER 6

THE ADRENOCORTICAL SYSTEM RESPONDS SLOWLY TO REMOVAL OF

CORTICOSTERONE IN THE ABSENCE OF CONCURRENT STRESS -

INVESTIGATION OF ADRENALECTOMY AS A STRESSFUL STIMULUS TO

THE BRAIN-PITUITARY AXIS

RATIONALE

It is unclear if adrenalectomy-induced increases in

plasma ACTH represent a response to the stress of surgery

or simply an increase in basal secretion permitted by the

removal of glucocorticoid inhbition (Dallman et al. 1972).

To distinguish between these two possibilities, we compared

the effects of surgical (adrenalectomy), pharmacological

(treatment with adrenal enzyme blockers) or stressless

(withdrawal of corticosterone in the drinking water from

previously adrenalectomized rats) removal of corticosterone

on ACTH secretion.

INTRODUCTION

Adrenocorticotropin (ACTH) secretion increases rapidly

in rats after removal of corticosterone feedback by

surgical or pharmacological adrenalectomy. Transcription

rates of the pro-opiomelanocortin (POMC) gene (Birnberg et
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al. 1983) and secretion of ACTH (Dallman et al. 1972;

Dallman et al. 1974; Buckingham and Hodges 1974) are

elevated above those in sham-operated controls within 60

min of surgery, and POMC and corticotropin-releasing factor

(CRF) mRNA concentrations increase within 8–24 h of surgery

(Birnberg et al. 1983; Beyer et al. 1988). Similarly, ACTH

secretion increases 2–3 h after treatment with drugs which

block enzymes involved in the synthesis of corticosterone

(Akana et al. 1983; Hirata et al. 1975). The rate of CRF

secretion and its content in the median eminence is

decreased (Plotsky and Sawchenko 1987; Suda et al. 1983),

but the fractional release of both CRF and vasopressin

(AVP) is elevated by 12 h, and the number of CRF-positive

cells in the paraventricular nuclei is increased by 24 h

after pharmacological adrenalectomy (Plotsky and Sawchenko

1987).

The rapid time course of the response of the

adrenocortical system to removal of steroid is surprising,

considering that the probable mechanism of the effect is

mediated via dissociation of the steroid-receptor complex

from specific genomic sites, followed by alterations in the

rate of transcription of specific genes and subsequently in

the rate of protein synthesis. After bilateral

adrenalectomy, the changes in peripheral targets that are

negatively regulated by corticosterone are far slower than

the changes in CRF and ACTH. In contrast to the rapid
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hypothalamic-pituitary response to adrenalectomy, it

requires more than 24 h to observe increases in thymus

weight or corticosterone binding globulin (CBG) after

removal of corticosterone by adrenalectomy (Akana et al.

1985a; Levin et al. 1987).

It has been shown repeatedly that stresses may

interact to augment ACTH secretion, such that a stimulus

that is normally subthreshold may stimulate ACTH secretion

in an animal that has previously been or is simultaneously

exposed to another stimulus (Bereiter et al. 1982; Karteszi

et al. 1982; Raff et al. 1986; ). Removal of corticosterone

by adrenalectomy is clearly a stress, and treatment with

adrenal enzyme inhibitors usually involves the ancillary

stresses of handling and injection. It seemed possible to

us, therefore, that the rapid ACTH response to removal of

corticosterone in rats might not only reflect the loss of

steroid from its receptors, but might result from an

interaction between stress and the loss of feedback.

To test this possibility, we have devised a stress less

means of removing the corticosteroid feedback signal

through the use of adrenalectomized rats treated from the

time of adrenalectomy with corticosterone in the drinking

fluid. We have previously shown that the level of

corticosterone can be adjusted to normalize thymus weight

and morning levels of plasma and pituitary ACTH, and that

this form of replacement provides an approximately normal

152



circadian corticosterone rhythm, since rats consume most of

their water nocturnally, when plasma corticosterone in

intact rats is normally high (Jacobson et al. 1988; Akana

et al. 1985a; Dallman et al. 1989a). Removal of the

steroid signal in such rats consists of changing from the

corticosterone-containing to the steroid-free drinking

fluid. Some of the results have been presented elsewhere

(Akana et al. 1983).

METHODS

Young male Sprague-Dawley rats (Holtzman, Madison WI)

weighing 120-200 g were pair-housed in hanging basket cages

in a temperature-, humidity- and light (12 h on )-controlled

room in the UCSF Animal Care Facility. Five experiments

were performed. The protocols for these were approved by

the UCSF Committee for Animal Research.

Experiment 1 : The effect of pharmacological vs. surgical

corticosterone removal.

Within 3 h of lights-on, rats were injected scº with

cyanoketone (120 mg/kg), metyrapone (300 mg/kg),

aminoglutethimide (500 mg/kg) or vehicle (saline for

metyrapone, DMSO for cyanoketone or aminoglutethimide). A

separate group of rats was adrenalectomized under ether
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anesthesia. Aminoglutethimide and metyrapone were

generously supplied by Ciba-Geigy (Ardsley, NY).

Cyanoketone was a kind gift from Sterling-Winthrop

(Rensselaer, NY).

Experiment 2s Plasma ACTH responses to progressive

inhibition of corticosterone by aminoglutethimide.

Rats were injected scº with 3 different doses of

aminoglutethimide (50, 100 or 500 mg/kg) or vehicle (DMSO)

either 2.5 h after lights-on or 2.5 h before lights-out,

and were killed 30 min later.

Experiment 3: The effect of stressless steroid removal

during the first 24 h.

Rats were bilaterally adrenalectomized under ether

anesthesia and given corticosterone (25 pig/ml) in the

drinking fluid (0.2% ethanol in 0.5% NaCl) at the time of

adrenalectomy. Five d later, steroid was removed from some

of these rats (–B) and replaced with the saline-ethanol

vehicle alone. When water bottles were changed for —B

rats, the control (+B) rats that continued to drink

corticosterone were given fresh bottles of the fluid

containing 25 pig/ml corticosterone. Water bottles were

changed either at lights-on or at lights-off. In both

experiments, the 0–12 h and 12–24 h points were studied on

separate occasions. However, rats were otherwise treated
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identically in each part of the experiment, and the 12 h

point was repeated each time to ensure that there were no

significant overall differences in plasma ACTH in the

second half of the experiment.

Experiment 4 : The effects of stressless (-B) vs. surgical

(ADX) steroid removal on adrenocortical system function and

target tissues over 7 d.

+B and -B rats were treated identically to those in

Experiment 3. Additional rats were adrenalectomized (ADX)

under ether anesthesia at the same time that water bottles

were changed for +B and -B rats.

Experiment 5: Comparison of plasma and pituitary ACTH 2

weeks after stressless or surgical removal of

corticosterone.

At the same time that water bottles were changed for

+B and -B rats, additional rats were either

adrenalectomized (ADX) or sham-adrenalectomized (SHAM)

under ether anesthesia; rats were killed within 1 h or

lights-on or lights-off 2 weeks later.

Rats were routinely weighed at the time of

adrenalectomy and again 18–30 h prior to blood and tissue

collection. All groups for a given time point were weighed

at the same time. Fluid intake in +B rats was also
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measured by weighing the water bottles. Rats were killed

in the animal room by decapitation at the times indicated

in the individual experiments. All treatment groups were

included in each time point, with the kill order

alternating among treatment groups to avoid order effects

in any one group.

Trunk blood was collected in heparinized tubes and

kept on ice; plasma was separated and frozen at -20 C until

assay. Thymus glands were collected on filter paper

moistened with 0.5% NaCl, cleaned of extraneous tissue, and

weighed. Pituitary glands were collected in 0.1 N HCl,

homogenized, and frozen for subsequent ACTH assay.

Plasma and pituitary ACTH were measured by RIA as

previously described (Dallman et al. 1974; Akana et al.

1988). Plasma corticosterone concentrations were also

measured by a previously described RIA (Logsdon et al.

1987). Data were analyzed by 2-way ANOVA for independent

measures, with post-hoc Newman–Keuls tests (Ward 1985)

performed when the main effects were significant (p<.05),

or by Student’s unpaired tº test, where appropriate. Data

are presented throughout as mean ± SEM.
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RESULTS

Rapid ACTH response to pharmacological or surgical

adrenalectomy.

The results of steroid removal using aminoglutethimide

(blocks side-chain cleavage activity), cyanoketone (blocks

isomerase-dehydrogenase activity), metyrapone (blocks 118–

hydroxylase activity) or surgical adrenalectomy under ether

anesthesia are shown in Figure 1. These results are from

several studies that have been performed by this laboratory

over the years; the cyanoketone data have been reported

previously (Akana et al. 1983) but are included to

emphasize the consistency with which plasma ACTH is

elevated following treatment with the different

pharmacological agents. The data clearly show that,

compared to the appropriate controls which were sampled

concurrently, pharmacological (inhibition of adrenal

enzymes) or surgical adrenalectomy elevates circulating

ACTH levels to an equivalent extent within 2 h of

treatment.
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FIGURE 1. Plasma ACTH response to pharmacological or

surgical adrenalectomy. Rats were injected scº with

aminoglutethimide (AG; 500 mg/kg), cyanoketone (CK; 120

mg/kg) or metyrapone (MTP; 300 mg/kg), or were

adrenalectomized under ether anesthesia (filled bars).

Respective controls (hatched bars) were injected with

vehicle (saline for metyrapone, DMSO for aminoglutethimide

and cyanoketone) or were sham-adrenalectomized. n=6–8 per

group. The cyanoketone data have been reported elsewhere

(Akana et al.. 1983).

*, significantly different (p<.05) from respective control

by unpaired tº test.

158



ACTH response to inhibition of corticosterone by

aminoglutethimide.

To correlate the increase in plasma ACTH with the

decrease in circulating corticosterone levels, an

additional experiment using aminoglutethimide was

performed. Figure 2 illustrates the dose-related changes

that occurred in plasma ACTH and corticosterone 30 min

after scº injection of aminoglutethimide in the morning or

the evening. Plasma ACTH and corticosterone were elevated

after vehicle injection, and progressive decreases in

plasma corticosterone occurred with increasing doses of

aminoglutethimide, although absolute levels of

corticosterone achieved at each dose were lower in the

morning than in the evening. However, at both times of

day, plasma ACTH was only significantly increased above

that after vehicle injection at the highest dose of

aminoglutethimide, even though corticosterone was

significantly decreased even at the lowest dose.
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FIGURE 2, Plasma ACTH (top) and corticosterone (bottom)

responses to scº injection of aminoglutethimide. Rats were

injected with the indicated doses of aminoglutethimide or

vehicle (DMSO) either 2.5 h after lights-on (open bars) or

2.5 h before lights-off (shaded bars), and were killed 30

min later. Within the morning or afternoon time points,

significant differences between dose groups (p< .05, by 2
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way ANOVA) are indicated by different letters above the

bars. Asterisks indicate significant differences between

morning and afternoon hormone levels at a given dose of

aminoglutethimide. A bar without symbols indicates that

group does not differ from any other group in that time

point. n=8 per group.
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The first 24 h after stress less removal of steroid.

To investigate whether ACTH increases as rapidly after

withdrawal of steroid feedback without the stress of

surgery, injection or drug treatment, we measured plasma

ACTH, pituitary ACTH content, thymus weight and body weight

after removing steroid in the drinking water from

previously adrenalectomized rats. To determine whether

changing the water bottles would stimulate ACTH secretion,

plasma ACTH concentrations were measured at the time of

lights-out in groups of adrenalectomized rats maintained on

corticosterone in the drinking water, both before and

immediately after providing new bottles to all rats.

Plasma ACTH concentrations were not affected by this

maneuver (before, 444 + 93 pg/ml; after, 265 + 66 pg/ml;

n=8/group).

To determine if the circadian drive for adrenocortical

activity at lights-off (Abe et al. 1979; Akana et al. 1986;

Dallman et al. 1989a) would constitute a stimulus that

might interact with removal of corticosterone feedback,

plasma ACTH and corticosterone concentrations were measured

during the first 24 h after changing the water bottles at

lights-on (Fig. 3) or lights-off (Fig. 4). Plasma

corticosterone in rats withdrawn from steroid was low and

did not change throughout the experiment (Figs. 3 & 4,
bottom); in rats continuing to drink corticosterone, plasma

corticosterone rose slightly 3 h before lights-out in one
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experiment (Fig. 3) and was consistently elevated from

lights-out throughout the dark cycle. These elevations in

plasma corticosterone correlated with increases in fluid

intake (Table 1, A). In both groups, plasma ACTH (Figs. 3

& 4, top) increased by 3 h before lights-out and remained

elevated through much of the dark period. However, this

elevation was of similar magnitude in both groups for most

of the experiment. Although there were significant

differences between +B and -B rats in circulating

corticosterone levels by 9 (Fig. 3) or by 2 (Fig. 4) hours,

respectively, consistent, significant differences in plasma

ACTH did not occur in either experiment until 18-21 h after

steroid removal, regardless of whether steroid was

withdrawn at the time of the circadian peak or nadir in

adrenocortical system activity.
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FIGURE 3. Changes in plasma ACTH (top) and corticosterone

(bottom) in +B and -B rats after changing the water bottles

at lights-on. Adrenalectomized rats maintained on

corticosterone in the drinking water for 5 d were switched

to drinking ethanol-saline vehicle (-B; open symbols) or

were again provided with corticosterone-containing fluid
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(+B; closed symbols) at lights-on. Results were obtained

from 2 separate experiments (square and round symbols) and

represent 6–8 rats per group.

* , p<. 05, +B vs. -B, by 2-way ANOVA for independentw

measures with Newman–Keuls post-hoc analysis.
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FIGURE 4. Changes in plasma ACTH (top) and corticosterone

(botom) in +B and -B rats after changing the water bottles

at lights-off. Symbols, experimental design and statistics

are as described in Figure 3, except that water bottles

were changed in the evening.
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Table
1.Fluidintakein+Brats

A.
Cumulativefluidintakeoverthefirst24hafterchangingthewaterbottles

1.)Waterbottleschanged
at
lights-on(Figure3)

Timeafterbottles changed(h):3_6910111213141524 g
fluid/2rats
1+11+12+114+5.7it19+221+324+343+284+3

(n=pairsofrats)(3)(3)(3)(3)(3)(6)(3)(3)(3)(3)

2)Waterbottleschanged
at
lights-off(Figure
4)

Timeafterbottles changed(h):245678912152124 g
fluid/2rats11+127+131+237+538+338+352+585+48771+686+6 (n=pairsofrats)(3)(3)(3)(3)(3)(3)(3)(6)(2)(3)(3)

B.24hfluidintake3-7dafterchangingthewaterbottles(Figures5-7)

Timeafterchanging bottles(d):33.544.555.56.6.5 g
fluid/2rats113+9108+8114+15117it16115+7105+10122+16145+15133+2

(n=pairsofrats)(3)(3)(3)(3)(3)(3)(3)(3)

Cumulativefluidintakein(A)wasdetermined
by
weighingwaterbottlesatthetimenewbottleswereprovided
toallratsandwhenratsfortheindicatedtimepointwerekilled.24hfluidintakein(B)wasdetermined

byweighingwaterbottles24hbeforeandatthetimeratsfortheindicated timepointwerekilled.
5.



Comparison of surgical to stressless removal of steroid

over 7 days.

To determine when changes in ACTH and other

corticosteroid-sensitive variables after stressless removal

of corticosterone would resemble those after adrenalectomy,

an additional set of intact rats was adrenalectomized at

the same time as water bottles were changed for +B and —B

rats. Plasma corticosterone in the ADX and -B rats was

maintained at concentrations of less than 1 pig/dl.

throughout the experiment, significantly lower than the

concentrations measured in +B rats (data not shown).

Plasma ACTH concentrations were consistently and

significantly elevated in -B and ADX rats relative to those

in +B rats fom 2–7 d after removal of corticosterone (Fig.

5). Morning plasma ACTH in -B rats reached a plateau of

280–300 pg/ml by d 4, while in the later half of the

experiment (d 4, 6 & 7), morning plasma ACTH was frequently

but not consistently higher in ADX than in -B rats. Plasma

ACTH was indistinguishable between -B and ADX rats at all

evening time points and exhibited a marked increase between

d 3 and 4, which was significant by an unpaired tº test of

these 2 time points. A diurnal rhythm in ACTH was evident

in all groups but was most pronounced in the +B and —B

groups. Evening ACTH concentrations in +B rats were much

lower at 6.5 d than evening levels on previous days. To

determine if this difference might be due to variability in
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fluid (corticosterone) intake, we measured water intake

over the course of the experiment. At 5.5 and 6.5 d, fluid

consumption in +B rats was lower and higher, respectively,

than on previous days (Table 1, B).
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FIGURE 5. Comparison of changes in plasma ACTH after

surgical and stressless removal of corticosterone feedback.

Drinking fluid was changed for +B (closed squares) and —B

(open squares) rats at lights-on, as described in Figure 3.

At this time, additional, intact rats were adrenalectomized

(ADX; closed diamonds). Data from several experiments were

pooled and analyzed by 2-way ANOVA for independent measures

with Newman–Keuls post-hoc tests; n=8-22 per group.

Evening ACTH levels in ADX and -B rats were significantly

different between d 3 and d 4 by unpaired tº test (no

significance symbols shown). *, p< .05 vs. 4-B;

* * , ps. 05 V8 . -B
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Pituitary ACTH content in the 3 groups is shown in

Figure 6. Pituitary ACTH did not change significantly in

+B rats over the 7 d of the experiment. ACTH content was

significantly decreased in ADX rats compared to either +B

or -B rats at 12 and 24 h after surgery, and subsequently

increased significantly above that in +B rats at 6.5 and 7

d. Pituitary ACTH in -B rats did not exhibit depletion at

12 and 24 h., but, like that in ADX rats, was significantly

elevated above that in +B rats by 6.5 d.
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FIGURE 6. Comparison of changes in pituitary ACTH content

after surgical and stressless removal of corticosterone

feedback. Groups and analysis are as in Figure 5: +B,

closed squares; -B, open squares; ADX, closed diamonds.

*, p<.05 vs. +B; **, p<.05 vs. -B
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Thymus weight also did not change significantly with

time in +B rats. It required 2.5–3 d for a significant

increase in thymus wet weight to occur in either ADX or —B

rats. Thereafter, thymus weight tended to be significantly

elevated in both groups compared to that in +B rats (Fig.

7). A significant decrease in body weight gain occurred by

4 d in ADX relative to +B rats; consistently decreased

gains in body weight in the -B and ADX rats, compared to

the +B rats, were only observed on d 6 and 7 (Table 2).
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FIGURE 7. Comparison of changes in thymus weight after

surgical and stressless removal of corticosterone feedback.

Thymus weight at time of sacrifice was normalized to body

weight measured the previous day. Groups and analysis are

as in Figure 5: Groups and analysis are as in Figure 5: +B,

closed squares; -B, open squares; ADX, closed diamonds.

*, p<.05 vs. 4-B; **, p<.05 vs. -B
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TABLE 2. Body weight gain (in grams) in +B, -B and ADX

rats. Body weight gain was calculated as the increment in

body weight from the day after corticosterone removal to

the day before rats were killed.

Time after corticosterone removal (days)

3 4 5 6 7

+B 4 + 1 17 + 1 23 + 1 38 + 5 38 + 2

-B 3 + 2 14 + 2 16 + 3 29 + 3° 30 + 3 a

ADX 0 + 1 6 + 4* 16 + 2 20 + 2b 23 + 2*

* Significantly different from +B rats (p<. 05).

b Significantly different from +B and -B rats (p<.05).
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Comparison of surgical and stressless steroid removal after

2 weeks.

To determine if morning plasma ACTH in -B rats ever

increases above the apparent plateau value of 300 pg/ml

observed 3–7 d after steroid removal, +B, -B, ADX and sham

adrenalectomized (SHAM) rats were maintained for 2 weeks

and killed either in the morning or evening. Morning

plasma ACTH and pituitary ACTH content did not differ

significantly between SHAM and +B rats (Figure 8). Morning

levels of plasma and pituitary ACTH, and evening levels of

plasma ACTH, were significantly elevated in -B and ADX rats

relative to those in +B and SHAM rats, but neither plasma

nor pituitary ACTH differed significantly between -B and

ADX rats at either time of day. A strong circadian rhythm

in plasma ACTH was still evident in both ADX and -B rats.

Thymus weight was similar between SHAM and +B rats

(+B, 261 + 19 mg/100 g body weight; SHAM, 249 + 13 mg/100 g

body weight; n=8/group) and between -B and ADX rats (-B,

344 + 22 mg/100 g body weight; ADX, 365 + 24 mg/100 g body

weight; n=8/group). However, thymus weight was

significantly increased in -B and ADX rats relative to that

in SHAM and +B rats.
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FIGURE 8. Plasma ACTH (top) and pituitary ACTH content

(bottom) two weeks after surgical or stressless removal of

corticosterone. Rats were killed 1 h after lights-on (open

bars) or 1 h before lights-off (shaded bars) 2 weeks after

surgery or corticosterone removal. Groups are identical to

those in Figure 5, with the addition of rats that were
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sham-adrenalectomized (SHAM) at the same time as other

groups had their water bottles changed or were

adrenalectomized. Within the morning or afternoon time

points, significant differences between groups (p<. 05, by

2-way ANOVA) are indicated by different letters above the

bars. Asterisks indicate significant morning/evening

differences within a given treatment group. A bar without

symbols indicates that group does not differ from any other

group in that time point. n=7–8 per group.
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DISCUSSION

The results of these studies show that, in the absence

of concurrent stress, it requires 18–21 h for persistent

increases in the activity of the brain-pituitary axis to

occur after removal of corticosteroid feedback. It is

likely that plasma ACTH increases as rapidly after

pharmacological removal of corticosteroid feedback as after

adrenalectomy not only because of the stress of handling

and injection associated with administering the drugs, but

also because the adrenal enzyme blockers may act centrally

to cause ACTH release directly. Metyrapone and

aminoglutethimide have been found to cause dizziness and

ataxia, respectively (Temple and Liddle 1970), and

metyrapone has been reported to cause ACTH secretion in

adrenalectomized dogs (Ganong 1963), implying that these

drugs may constitute a stress in themselves. The data in

Figure 2 further support this notion, since ACTH was only

significantly increased by aminoglutethimide doses much

higher than those necessary to decrease plasma

corticosterone, suggesting that ACTH was stimulated by the

central or toxic effects of the drug rather than solely by

the inhibition of corticosterone. It is possible that only

the highest dose of aminoglutethimide achieved sufficient

suppression of corticosterone to stimulate ACTH secretion.

However, this explanation seems unlikely, since both the

100 and 500 mg doses produced equivalent reductions in
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plasma corticosterone in the morning, but only the higher

dose increased ACTH.

The potentially confounding stimuli of surgery,

handling, injection and drug side effects previously

associated with the removal of steroid feedback can be

avoided by withdrawing steroid from adrenalectomized rats

maintained on corticosterone in the drinking water.

Measurement of plasma ACTH before and after changing the

water bottles clearly indicated that this procedure was not

stressful. In this experiment, which was performed at

lights-out, plasma ACTH levels were elevated (ca. 300

pg/ml) relative to those normally observed in intact rats

at this time of day (ca. 80 pg/ml). This elevation is

probably due to the lag between the circadian increase in

drive for adrenocortical system activity and the increase

in plasma corticosterone in adrenalectomized rats drinking

corticosterone in their water (Abe et al. 1979; Wilkinson

et al. 1981a; Akana et al. 1986; Jacobson et al. 1988;

Dallman et al. 1989a).

Using the paradigm of stressless corticosterone

removal, we have found that plasma ACTH did not differ

consistently between +B and -B rats until 18–21 h after

changing the water bottles; pituitary ACTH content did not

differ between the 2 groups until 6.5 d . By contrast, when

the removal of corticosterone was accomplished by surgical

adrenalectomy, there was the well known increase in ACTH at
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2 h and a significant depletion in pituitary ACTH at 12 and

24 h compared to that in +B or -B rats; thereafter

pituitary ACTH content was not different between the -B and

ADX groups, and rose similarly after 6 d. By 2 weeks after

steroid removal, plasma ACTH as well as pituitary ACTH

levels in -B rats were indistinguishable from those in ADX

rats .

Thymus weight and body weight gain, two other

variables affected by corticosterone (Akana et al. 1985a),

required at least 3 and 6 d, respectively, for significant

differences between +B and -B rats to appear. Thymus

weight was generally similar in -B and ADX rats, and

confirmed our previous finding (Akana et al. 1985a) that

increases in thymus weight occur at least 3 d after

adrenalectomy. The significant differences in body weight

gain by 4 d between ADX and -B rats may be due to the

effects of the more recent surgery in ADX rats. Still, it

is notable from these data that even in the absence of

surgical stress, ACTH, a primary regulator of

glucocorticoid secretion, responds much more rapidly to the

removal of corticosterone feedback than do other peripheral

corticosterone-sensitive endpoints.

The time course of changes in ACTH observed after

stressless corticosterone removal is consistent with that

expected from the decay of genomically-mediated

corticosterone effects. Corticosteroid receptors may not
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be completely vacant for at least 2, and possibly as much

as 11 h after adrenalectomy (McEwen et al. 1974). This

time, when combined with the time required for subsequent

changes in genomic transcription and protein synthesis, is

clearly longer than that observed for changes in ACTH

secretion after adrenalectomy (Dallman et al. 1972;

Buckingham and Hodges 1974; Dallman et al. 1974; Birnberg

et al. 1983; ). In addition, surgical or pharmacological

adrenalectomy is associated with relatively rapid changes

in POMC gene expression and CRF and AVP secretion. POMC

gene transcription has been shown to increase within 1 h of

adrenalectomy (Birnberg et al. 1983). This change is

probably mediated by increases in hypothalamic ACTH

releasing factor secretion, since CRF has been shown to

produce comparably rapid increases in POMC gene

transcription (Gagner and Drouin 1985; Eberwine et al.

1987). Rapid and sustained increases in CRF and AVP

secretion after pharmacological or surgical adrenalectomy

have been deduced from the findings that median eminence

CRF and AVP content is decreased within 12 h (Suda et al.

1983; Plotsky and Sawchenko 1987) and portal plasma levels

of both neurohormones are decreased by 12–24 h (Plotsky and

Sawchenko 1987). However, the distinct lack of plasma and

pituitary ACTH responses to stressless corticosterone

removal for 12–18 h in the present experiments makes it

unlikely that CRF, AVP and POMC synthesis or CRF/AVP
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secretion changed much earlier than 12 h. It is evident,

therefore, that the rapid changes in adrenocortical system

function that occur after surgical or pharmacological

adrenalectomy represent a strong interaction between

steroid removal and the stimulus of surgery or treatment,

and do not represent only the removal of feedback.

An analogous interaction between stimuli and

corticosterone feedback is apparent from studies of

corticotrophs in vitro. Glucocorticoid inhibition of basal

ACTH secretion seems to require at least 8 h of incubation

(Fleischer and Vale 1968; Phillips and Tashjian 1982), and

is accompanied by parallel decreases in POMC message and

protein synthesis (Roberts et al. 1979), reflecting genomic

events. In contrast, more rapid inhibitory effects of

glucocorticoids are only observed when ACTH secretion is

stimulated by secretagogues (Keller-Wood and Dallman 1984;

Widmaier and Dallman 1984) and may involve changes in

surface expression of CRF receptors or sensitivity to

intracellular second messengers (Phillips and Tashjian

1982; Childs et al. 1986).

The finding that it took equally long for plasma ACTH

to increase after removal of corticosterone at the peak as

at the trough of the circadian rhythm, i.e. that there was

no increase in circadian-stimulated ACTH as rapid as that

after stress, suggests that there is no immediate

interaction between circadian input and the removal of
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feedback. The circadian drive for ACTH secretion in +B

rats is probably not the maximal possible ACTH secretion,

since adrenalectomized rats replaced with corticosterone

pellets, which have similarly elevated evening plasma ACTH,

are capable of further increasing ACTH secretion in

response to stress applied in the evening (Akana et al.

1986). Thus, it is unlikely that the circadian drive for

ACTH secretion in +B rats could have obscured earlier

increases in ACTH secretion in -B rats resulting from

removal of corticosterone feedback.

The apparent lack of interaction between the circadian

stimulus and the removal of feedback may be due to temporal

or anatomical differences in the way in which circadian and

stressful stimuli are transmitted. Punctate stresses such

as surgery produce rapid, transient increases in plasma

ACTH (Dallman et al. 1972; Buckingham and Hodges 1974;

Dallman et al. 1974), whereas circadian drive is reflected

in more gradual, sustained increases in adrenocortical

system activity beginning approximately 4 h before lights

out (Akana et al. 1983; Akana et al. 1986; Jacobson et al.

1988; Dallman et al. 1989a). Alternatively, or in

addition, stressful and circadian stimuli may have separate

inputs to the hypophyseotrophic neurons secreting ACTH

releasing factors: either the interaction between

corticosterone feedback and stress may occur at sites

distinct from these neurons, or the neurons receiving
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circadian input may be a separate population from those

receiving stress inputs.

In addition to the relatively slow ACTH response to

removal of feedback, comparison of surgical and stressless

corticosterone removal reveals several other interesting

phenomena. First, a significant increase in evening plasma

ACTH occurred in -B and ADX rats between 3.5 and 4.5 d

after corticosterone removal. This increase may reflect

the increase in CRF and AVP synthesis and secretion that

has been reported to occur by at least 3 d after

adrenalectomy (Suda et al. 1983; Koenig et al. 1986;

Plotsky and Sawchenko 1987).

Second, morning plasma ACTH in -B rats was remarkably

stable after d 3 at a level of 280–300 pg/ml. The similar

time course for changes in both evening and morning ACTH

also resembles that for the effects of corticosterone

removal on thymus weight and CBG (Akana et al. 1985a; Levin

et al. 1987), and suggests that the genomic effects of

corticosterone require several days before all the effects

of steroid withdrawal are expressed. Because there appears

to be no stimulatory input to CRF/AVP-secreting cells at

the time of the nadir in the circadian rhythm in

undisturbed rats (Dallman et al. 1987a; Dallman et al.

1989a), it is likely that morning ACTH levels reflect the

endogenous, unstimulated activity of CRF/AVP neurons.

Therefore, morning plasma ACTH levels 3–7 d after
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stressless corticosterone removal indicate that the gain of

the hypothalamo-pituitary unit at this time is about 10 in

the absence of feedback, since basal morning ACTH levels in

intact and +B rats are about 30 pg/ml (Dallman et al.

1987a; Jacobson et al. 1988; Dallman et al. 1989a).

Third, it is of interest that even 4–7 d after the

removal of corticosterone, morning plasma ACTH

concentrations appear to be less well controlled in ADX

rats than in -B rats. The significantly elevated morning

ACTH levels in ADX vs. -B rats on d 4, 6 and 7 suggest that

ADX rats were more sensitive to unintended environmental

stimuli, or that hypothalamo-pituitary activity still had

not stabilized after the combined stimulus of surgery and

removal of corticosterone feedback. The variability in

morning ACTH was not observed in +B or -B rats, in which

adrenalectomy was accompanied at least initially by the

provision of corticosterone.

Finally, our data indicate that differences between

the effects of surgical and stressless steroid removal on

plasma and pituitary ACTH resolve with time. By 2 weeks,

plasma ACTH and pituitary ACTH content were virtually

identical in -B and ADX rats. Morning plasma ACTH levels

in -B rats, which had seemed to stabilize around 300 pg/ml

by 4–7 d after steroid withdrawal, increased by 2 weeks to

equal those in ADX rats. The increase in plasma ACTH

probably results from the similar increase in pituitary
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ACTH content beginning at 6.5 d in both -B and ADX rats and

persisting at 2 weeks after steroid removal.

The adrenalectomized rat maintained on corticosterone

in the drinking water is a useful model to study the

effects of removing glucocorticoid feedback without stress.

These animals exhibit a circadian corticosterone rhythm

similar to that in intact rats (Dallman et al. 1989a), and

thus more closely approximate a physiological model while

still permitting corticosterone levels to be controlled.

Although variability in fluid consumption may occasionally

affect plasma ACTH levels, the overall level of steroid

replacement is quite consistent, as pituitary ACTH content

and thymus weight can be maintained similar to those of

sham-adrenalectomized rats from d 5 after adrenalectomy

(Jacobson et al. 1988) for at least another 2 weeks.

Stressless removal of corticosterone may therefore assist

in distinguishing between the effects of stress and removal

of feedback on corticosteroid-sensitive variables not only

at the organismal, but at the cellular and genomic levels

as well.
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CHAPTER 7

INDUCTION OF FOS-LIKE IMMUNOREACTIVITY IN HYPOTHALAMIC CRF

NEURONS AFTER ADRENALECTOMY IN THE RAT 2 INVESTIGATION OF

BRAIN SITES MEDIATING ADRENALECTOMY-INDUCED INCREASES IN

ACTH SECRETION

INTRODUCTION AND RATIONALE

Neuronal expression of the c-fos, proto-oncogene may

serve as a marker of neural activity (Morgan et al. 1987;

Sagar et al.. 1988). The c-fos, protein product, Fos, has

been found to be induced in PC12 cells by membrane

depolarization (Morgan and Curran 1986; Bartel et al.

1989). Pharmacologically or electrically-induced seizures

stimulate rapid and transient expression of fos mRNA

(Morgan et al. 1987) and protein (Morgan et al. 1987;

Dragunow and Robertson 1987) in the limbic system and

cerebral cortex. Specific electrical, sensory or noxious

stimuli have also been shown to induce Fos expression in

discrete brain regions corresponding to known

neuroanatomical targets for such stimuli. Cutaneous

nociceptive and proprioceptive stimuli induce Fos in the

dorsal horn of the spinal cord (Hunt et al. 1987). Fos

induction occurs in thalamus, pontine nuclei and cerebellum

after electrical stimulation of motor/sensory cortex (Sagar
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et al. 1988; Sharp et al. 1989b). Dehydration induces Fos

expression in the hypothalamic paraventricular and

supraoptic nuclei (Sagar et al. 1988; Sagar and Sharp

1988). The induction of Fos in brain areas not immediately

adjacent to sites of cortical lesion, stimulation or NGF

injection suggests that neuronal Fos expression may be

regulated trans synaptically (Sagar et al. 1988; Sharp et

al. 1989a, b) . Consistent with this possibility, electrical

stimulation of motor/sensory cortex has been shown to

induce Fos expression at least 2 synapses away in areas of

the cerebellum similar to those exhibiting increases in

metabolic activity (Sagar et al. 1988; Sharp et al. 1989b).

Neuronal activity has been reported to change in

several brain regions in response to adrenalectomy. The

hypothalamic paraventricular nucleus (PVN), median

eminence, hippocampus and locus ceruleus were found to

exhibit increases in cerebral glucose metabolism 5 h after

adrenalectomy that could be prevented by dexamethasone

administration (Kadekaro et al. 1988). The electrical

activity of PVN neurons in hypothalamic slices has also

been found to increase after adrenalectomy (Kasai and

Yamashita 1988). Several well-characterized neuroendocrine

changes occur in the hypothalamus, including increased

expression of corticotropin-releasing factor (CRF) and

vasopressin (AVP) in the parvocellular division of the PVN

(Kiss et al. 1984; Jingami et al. 1985; Davis et al. 1986;
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Plotsky and Sawchenko 1987; Sawchenko 1987a; Beyer et al.

1988; Whitnall 1988; Swanson and Simmons 1989) and

increased secretion of both CRF and AVP into the

hypophysial-portal blood (Plotsky and Sawchenko 1987; Fink

et al. 1988).

The studies in the previous chapter showed that rapid

increases in ACTH after adrenalectomy resulted from the

stress of surgery combined with the loss of corticosteroid

feedback (Jacobson et al. 1989). The purpose of this study

was two-fold: 1.) to identify, using Fos

immunocytochemistry, the neurons that respond to removal of

glucocorticoid feedback after adrenalectomy or stressless

removal of corticosterone and 2.) to determine whether PVN

CRF neurons express Fos after adrenalectomy. Because there

is little information on the identity of neurons expressing

Fos after a given stimulus, the correlation of Fos

induction with changes in neuroendocrine activity in the

PVN will confirm the utility of Fos expression as a marker

of neural activity.

METHODS

Animal Preparation.

Male Sprague-Dawley rats (275-350 g) from Holtzman

(Madison, WI) were kept in a temperature-, humidity- and
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light (12 h on)—controlled room and allowed food and water

ad libitum. The experimental paradigm was approved by the

UCSF committee on animal care. Adrenalectomy (ADX) or

sham-adrenalectomy (SHAM) was performed under ether

anesthesia. All surgeries were performed in the morning

except for rats killed 12 h after adrenalectomy, which

underwent surgery at lights-off. Except for 3 and 7 d

adrenalectomized rats used for colocalization of Fos and

CRF or AVP immunoreactivity, all rats undergoing surgery

were also implanted at the time of surgery with an

indwelling intraperitoneal catheter to permit anesthetic

administration without handling the rat prior to perfusion.

The catheter was protected by a metal spring attached to

the rat by a subcutaneous dacron tab and leading out the

top of the cage (Jacobson and Dallman 1989). For the time

course of brain Fos expression after adrenalectomy, the

following treatment groups were studied at the indicated

times :

ADX Rats were adrenalectomized and given 0.5%

NaCl to drink (12 h; 1, 3 & 7 d).

SHAM Rats were sham-adrenalectomized and given

tap water to drink (12 h; 1, 3 & 7 d).
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B-PELLET

UNTOUCHED

ADX+BH2O

+B and -B

Rats were adrenalectomized, replaced at

the time of surgery with a scºpellet

(Akana et al. 1985a) of 35–40%

corticosterone: cholesterol, and given 0.5%

NaCl to drink (1, 3 & 7 d).

Rats were undisturbed until injected with

pentobarbital (ip) prior to perfusion (12

h; 1, 3 & 7 d).

Rats were adrenalectomized and given 0.5%

NaCl to drink until d 5, when they were

given 100 pg/ml corticosterone in

0.5% NaCl, 0.5% ethanol to drink until

perfusion on d 7.

Five d before surgery in ADX and SHAM

rats, rats were adrenalectomized and given

25 pig/ml corticosterone in 0.2% ethanol,

0.5% NaCl to drink. On the evening before

all animals were to be perfused, water

bottles were changed so that +B rats

continued to drink corticosterone, while —

B rats received only the ethanol-saline

vehicle. We have previously shown that

such "stress less" removal of
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corticosterone does not result in

significant elevations in plasma ACTH

relative to that in +B rats for 18-21 h

(Jacobson et al. 1989). *B and -B rats

were studied at 12 h only.

Perfusion and Immunocytochemistry.

Rats were deeply anesthetized in the animal room with

80 mg/kg sodium pentobarbital ip (Antony Products, Arcadia,

CA) containing 300 U sodium heparin (Elkins-Sinn, Cherry

Hill, NJ). For most experiments, animals were anesthetized

within 3 h of lights-on, although for more accurate timing

of the 12 h time point, rats were anesthetized within 1-1.5

h of lights-on. Within 15 min of anesthetic

administration, rats were perfused through the ascending

aorta with 200 ml 0.9% saline (37 C) followed by 300 ml of

iced periodate-lysine-paraformaldehyde (PLP) fixative

(McLean and Nakane 1974). Brains were removed, blocked and

post-fixed in PLP for a maximum of 5 h. In most cases,

brains were cut in 100 micron sections on a vibratome

immediately after post-fixation. Occasionally, brains were

transferred to 0.1 M phosphate buffer (PB) for 1–2 h after

post-fixation, but were always cut within the same day.

Brainstems were embedded in 4% agarose in 0.1 M PB prior to

slicing. Sections were collected into 0.1 M PB and kept in
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buffer overnight before being processed for

immunocytochemistry.

Fos immunocytochemistry was performed using a rabbit

antiserum against a synthetic peptide corresponding to Fos

residues 132-154 (Microbiological Associates, Bethesda,

MD). These residues are part of the M-peptide identical to

both v-fos, and c-fos (Curran et al. 1985). All procedures

for generating the antiserum were performed under contract

by Berkeley Antibody Company, Inc. (Berkeley, CA). The

antiserum was affinity purified and used at a final

dilution of 1:50 in 2% goat serum/0.1% BSA/0.2% Triton-X-

100 in 0.1 M PB. For preadsorption controls, the primary

antiserum in a 1 : 50 dilution was incubated with 1 plg/ml of

the original synthetic peptide antigen for 12 h at 4 C

before addition of the brain sections.

Before incubation with each primary antiserum,

floating tissue sections were sequentially incubated for 10

min each at room temperature in avidin and biotin in 0.1 M

PB (Vector Blocking Kit, Vector Laboratories, Burlingame,

CA), followed by 2% goat serum/0.1% BSA/0.2% Triton-X-100

in 0.1 M PB (30 min), to block nonspecific binding.

Sections were incubated with the primary Fos antiserum for

48–72 h at 4 C on a slow shaker platform. Sections were

then washed three times (5–10 min) in PB and stained by the

ABC-peroxidase technique using a Vectastain kit according

to kit instructions (Vector, Burlingame, CA). Secondary

194



antiserum was applied for 2 h at room temperature, followed

by incubation with the ABC reagent for 3 h at room

temperature. Peroxidase activity was revealed using 0.25%

diaminobenzidine (DAB) and 0.02% hydrogen peroxide (Sigma).

For double-label immunocytochemical detection of Fos

and CRF or AVP, 50-micron brain sections were collected and

stained first for Fos as described above. They were then

put through a second round of blocking steps to reduce

nonspecific binding and incubated for 48–72 h (4 C) with

rabbit antisera to either CRF or AVP at a final dilution of

1 : 500 in 2% goat serum/0.1% BSA/0.2% Triton-X-100/0.1 M PB.

Rabbit antiserum to ovine CRF was the generous gift of Dr.

Wylie Vale (Swanson et al. 1983). Rabbit anti-arginine

vasopressin was obtained from Peninsula Laboratories

(Belmont, CA). CRF or AVP-immunoreactive neurons were

revealed using a fluorescein conjugated goat anti-rabbit

antiserum (Vector, Burlingame, CA) at a dilution of 1:50 in

2% goat serum/0.1% BSA/0.2% Triton-X-100/0.1 M PB.

Incubations with the fluorescently-tagged secondary

antibody were performed over 3 h in foil-wrapped cell

culture plates at room temperature. Sections for

fluorescence microscopy were mounted in 0.1%

paraphenyldiamine/10% 0.01 M phosphate-buffered saline/90%

glycerol. Unless otherwise indicated, all chemicals were

obtained from Sigma (St. Louis, MO).
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Hormone Assay.

Corticosterone was measured as previously described

(Logsdon et al. 1987) in plasma from tail nick samples

taken after anesthesia and immediately before perfusion.

RESULTS

Adrenalectomy-induced changes in Fos-like immunoreactivity

in the hypothalamic parvocellular PVN.

The hypothalamic PVN was the only brain area

exhibiting strong and consistent differences in Fos

immunostaining between adrenalectomized rats and other

treatment groups. Numerous Fos-immunoreactive nuclei were

found in the parvocellular PVN of adrenalectomized (ADX)

rats at all times after surgery, whereas the magnocellular

PVN lacked Fos immunoreactivity. Preadsorption of the

primary Fos antibody with the Fos 132-154 peptide also
abolished all nuclear Fos-like immunoreactivity in the

parvocellular PVN (Fig. 1, adsorption control).

In contrast, Fos-like staining was virtually absent

from the parvocellular PVN of sham-adrenalectomized (SHAM)

and UNTOUCHED rats at 1, 3, and 7 d. Some staining was

present in the dorsal cap and ventral margin of the

parvocellular division, but this expression was not related

to adrenalectomy, as it was found even in UNTOUCHED rats.
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Replacement of adrenalectomized rats at surgery with

subcutaneous 35–40% corticosterone pellets produced

corticosterone levels of 8.4 + 1.6 (n=4), 5.5 +0.9 (n=8),

and 5.0 + 0.8 (n=5) pg/dl at 1, 3 and 7 d, respectively.

Corticosterone pellet implantation consistently prevented

the appearance of Fos-like immunoreactivity in the

parvocellular PVN at 1 and 3 d after surgery. At 7 d after

surgery, parvocellular Fos-like immunoreactivity was still

low in 2 out of 6 rats. In the remaining 7 d B-PELLET

rats, Fos-like staining was detectable, but the intensity

was less than that in ADX rats (Fig. 1). To determine if

corticosterone could reverse as well as prevent

adrenalectomy-induced increases in PVN Fos-like

immunoreactivity, 5 d adrenalectomized rats were given 100

pg/ml corticosterone in their drinking water for 2 d. This

treatment reduced parvocellular Fos-like staining to levels

observed in SHAMS by d 7 (Fig. 1, ADX+BH2O).

FIGURE 1. Expression of Fos-like immunoreactivity in the

PVN after adrenalectomy and corticosterone replacement.

Rats were adrenalectomized (ADX), sham-adrenalectomized

(SHAM), or adrenalectomized and immediately replaced with a

sc 35-40% corticosterone pellet (B-PELLET). Rats were

perfused for immunocytochemistry 1, 3 or 7 d later.
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Additional rats that had not undergone surgery were

perfused at the same time (UNTOUCHED). ADX+BH2O, ADX rats
given 100 pg/ml corticosterone in the drinking water from d

5 until perfusion on d 7; ADSORPTION CONTROL, section from

a 7 d ADX rat in which the primary Fos antiserum had been

preincubated with the peptide corresponding to Fos residues

132–154. Two photographs are provided for 7 d B-PELLET

rats to represent rats that did and did not exhibit PVN

Fos-like immunoreactivity. The number of rats from which

hypothalamic sections were obtained is indicated under each

photograph.
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Effects of surgical and stressless removal of

corticosteroids on expression of Fos-like immunoreactivity

in the parvocellular PVN.

We had previously shown that if corticosterone was

removed stress lessly from adrenalectomized rats by changing

their drinking fluid (-B), plasma ACTH did not differ for

18–21 h from that in rats continuing to drink steroid (+B).

In contrast, plasma ACTH increased rapidly after surgical

removal of corticosterone by adrenalectomy (Chapter 6;

Jacobson et al. 1989). To determine if a similar

discrepancy might be observed for Fos-like staining in the

PVN, rats either underwent surgery or had their water

bottles changed at lights-off. Rats were perfused 12 h

later, a time when plasma ACTH had been observed to be

relatively low and not to differ significantly between +B

and -B rats (Jacobson et al. 1989). As in the foregoing

experiments, adrenalectomy induced high levels of Fos-like

immunoreactivity in the parvocellular PVN by 12 h, whereas

little to no staining was evident in UNTOUCHED rats.

Parvocellular Fos-like staining in 12 h SHAM rats was more

pronounced than at 1, 3, and 7 d, but was lighter than that

in ADX rats. However, both -B and +B rats exhibited strong

Fos-like immunoreactivity comparable to that in ADX rats

(Fig. 2).
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FIGURE 2 . Comparison of the effects of surgical and

stress less removal of corticosterone feedback on PVN

expression of Fos-like immunoreactivity at 12 h.

Adrenalectomized rats maintained on 25 pig/ml corticosterone

in the drinking fluid had their water bottles changed at

lights-off so that some rats continued to drink steroid

(+B) while others were given only vehicle fluid (-B). At

the same time as water bottles were changed, other rats

were adrenalectomized (ADX), sham-adrenalectomized (SHAM)

or left undisturbed (UNTOUCHED). n=3 for all groups.
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EXPERIMENT 2. Co-expression of CRF or AVP with Fos-like

immunoreactivity in the parvocellular PVN.

Fos expression in adrenalectomized rats occurred

throughout the medial division of the parvocellular PVN,

suggesting that the distribution of Fos-like

immunoreactivity might coincide with that demonstrated for

CRF (Swanson et al. 1983; Antoni et al. 1983b). To

identify the PVN neurons expressing Fos after

adrenalectomy, sections were double-stained for either CRF

or AVP. Figure 3 shows the PVN of 7 d adrenalectomized

rats. Neuronal nuclei expressing Fos-like immunoreactivity

visible with light illumination (Fig. 3, right panels) also

appeared as black dots under fluorescent illumination (Fig.

3, left panels; note that few nuclei are visible in the

magnocellular vasopressin neurons, lower left). Virtually

all Fos-immunoreactive neurons were positive for CRF as

well (Fig. 3, top). Some parvocellular neurons expressing

Fos-like immunoreactivity were also found to stain for

vasopressin (Fig. 3, bottom). The colocalization of Fos

like immunoreactivity with that of CRF and AVP was also

observed in 3 d adrenalectomized rats (data not shown).
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FIGURE 3. Co-expression of Fos-like immunoreactivity in the

parvocellular PVN with CRF and vasopressin after
_*

adrenalectomy.
-

Sections through the PVN of 7 d adrenalectomized rats were

stained first for Fos using DAB as the chromogen and then º/

for CRF (top; n=5) or vasopressin (bottom; n=4) using a

fluorescein conjugated second antibody. Left- and

righthand photographs represent the same section under

fluorescent and light illumination, respectively.

º
-

S.

-

204



CRF

100pm

AVP
H
100 Um

205



Basal expression of Fos-like immunoreactivity in rat brain

in the morning.

Many brain areas exhibited nuclear Fos-like

immunoreactivity in all rats, regardless of time or

treatment. This "basal" staining was abolished by

preadsorption of the primary antiserum (data not shown).

Representative drawings adapted from the atlas of Paxinos

and Watson (1986) depict the distribution of Fos-like

immunoreactivity in Figure 4.

Telencephalon. Staining was observed in the cerebral

cortex (layers II, III and V), pyriform cortex, lateral

septum, accumbens nuclei, most divisions of the amygdala,

bed nucleus of the stria terminalis, caudate putamen, and

in scattered cells in the hippocampus and dentate gyrus.

Diencephalon. Fos-like immunoreactivity was found in

the organum vasculosum of the lamina terminalis and

throughout much of the hypothalamus. With the exception of

a dense aggregation of immunoreactive neurons in the

ventrolateral suprachiasmatic nuclei and a cluster of

neurons in the posterior hypothalamus, hypothalamic Fos

like immunoreactivity tended to be scattered. Although

several Fos-immunoreactive cells were frequently observed

in the supraoptic nuclei, Fos-immunoreactivity was rarely

present in the magnocellular division of the PVN. Other

hypothalamic areas expressing Fos-like immunoreactivity

were: the preoptic area (including the median preoptic
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nucleus), anterior hypothalamus, dorsomedial nucleus,

lateral hypothalamus, the arcuate nucleus and neurons along

the ventral edge of the hypothalamus. Staining was also

observed in the supramammillary nuclei. In the thalamus

and neighboring structures, Fos-like immunoreactivity was

identified in midline nuclei (including the

paraventricular, centromedian, xiphoid, rhomboid and

mediodorsal thalamic nuclei), the intergeniculate leaflet,

the posterior nucleus, the subparafascicular and prerubral

regions of the thalamus, the zona incerta, pretectal

nuclei, and a few cells in the lateral habenula.

Brainstem. A few cells in each of the dorsal, lateral

and ventral divisions of the central gray expressed Fos

like immunoreactivity, as did cells within the optic nerve

and intermediate white layers of the superior colliculus.

Staining was also evident in the brachium of the inferior

conjunctivum and throughout the inferior colliculus. The

pedunculopontine, subpenduncular, microcellular and lateral

tegmental nuclei exhibited Fos-like immunoreactivity, as

did scattered cells in the raphe pontis and the deep

mesencephalic and pontine reticular formations. Fos-like

immunoreactivity was strong in the pontine nuclei and

extended into the reticulotegmental nucleus and ventral

periolivary region. The cuneiform nucleus, parabrachial

nucleus, locus ceruleus, and areas coinciding with the A5

and A7 catecholaminergic cell groups were also Fos
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immunoreactive. Staining was further observed in the

medullary reticular formation, the lateral reticular

nucleus, the dorsomedial and ventromedial aspects of the

spinal trigeminal nucleus (predominantly interpolaris and

caudalis), and throughout the rostrocaudal extent of the

nucleus of the solitary tract.

FIGURE 4. Basal expression of Fos-like immunoreactivity in

rat brain in the morning.

Common areas containing Fos-immunoreactive nuclei were

plotted on representative brain atlas sections using the

camera lucida technique. Plots were constructed from

comparison of adrenalectomized, sham-adrenalectomized and

untouched rats at the 12 h and 7 d time points (n=3/group).

Rat brain atlas drawings and structure name abbreviations

adapted from Paxinos and Watson (1986) with permission of

the authors and the publisher.
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DISCUSSION

We have shown that adrenalectomy induces a sustained,

high level of Fos-like immunoreactivity in CRF- and

vasopressin-staining neurons of the parvocellular PVN, and

that PVN expression of Fos-like proteins can be both

prevented and reversed by corticosterone. The induction of

Fos-like immunoreactivity in the medial parvocellular PVN

originally suggested that these neurons might be CRF

neurons, which are also localized in this nuclear

subdivision (Swanson et al. 1983; Antoni et al.. 1983b).

Adrenalectomy not only increases CRF message and peptide

levels in the parvocellular PVN, but also dramatically

increases the level of vasopressin expression in CRF

neurons (Kiss et al. 1984; Jingami et al. 1985; Davis et

al. 1986; Plotsky and Sawchenko 1987; Sawchenko 1987a;

Beyer et al. 1988; Whitnall 1988; Swanson and Simmons

1989). Levels of both CRF and vasopressin in the external

zone of the median eminence increase, as does their

secretion into the hypophysial portal circulation (Plotsky

and Sawchenko 1987; Fink et al. 1988). Adrenalectomy

induced increases in CRF or AVP expression are normalized

relative to sham-operated animals by glucocorticoid

replacement (Davis et al. 1986; Jingami et al. 1985; Akana

et al. 1986; Sawchenko 1987a; Beyer et al. 1988).
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Likewise, we have shown that adrenalectomy-induced

expression of Fos-like immunoreactivity in the

parvocellular PVN could be prevented by corticosterone

replacement at adrenalectomy, and reversed by

corticosterone replacement 5 d after surgery. The co

localization of Fos-like immunoreactivity with that of CRF

or vasopressin the parvocellular neurons strengthens the

correlation of Fos induction with changes in neuroendocrine

activity after adrenalectomy.

Although we have previously demonstrated that plasma

ACTH in adrenalectomized rats subjected to "stressless"

removal of corticosterone in the drinking water (–B) does

not increase above that in rats continuing to drink

corticosterone (+B) for at least 18 h (Jacobson et al.

1989), we could not distinguish between the effects of

surgical or stressless removal of corticosterone on PVN

Fos-like immunoreactivity at 12 h, due to the high level of

Fos-like staining in +B as well as -B rats. Because 25

pig/ml corticosterone normalizes plasma ACTH in +B relative

to SHAM rats (Jacobson et al. 1988, 1989), we had expected

that +B rats would have low levels of Fos-like

immunoreactivity in PVN. It is unlikely that +B rats

received insufficient corticosterone, since +B thymus

weight did not differ significantly from that in SHAM or

UNTOUCHED rats (not shown). However, both -B and +B rats

exhibit an exaggerated circadian rhythm in plasma ACTH
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(Jacobson et al. 1989). It is possible, since these

animals were killed close to lights-on, that the observed

parvocellular Fos expression is residual from the strong

drive for ACTH secretion the night before. Preliminary

results from a circadian study of Fos expression after

stress less removal of corticosterone indicate that

parvocellular expression of Fos-like immunoreactivity is

high in both +B and -B rats in the morning (P. M. Plotsky

and P. E. Sawchenko, personal communication).

Corticosterone pellets appeared to be less effective

in preventing adrenalectomy-induced increases in PVN Fos

like immunoreactivity at 7 d than at 1 and 3 d. PVN Fos

expression was clearly still responsive to corticosteroids

at 7 d after adrenalectomy, since corticosterone

replacement in ADX+BH2O rats was capable of inhibiting
already high levels of expression. The Fos-like

immunoreactivity observed in several 7 d B-PELLET rats is

probably attributable to changes in delivery of

corticosterone from the pellet or to changes in

corticosterone requirements as the rats grow, rather than

to insensitivity of Fos expression to glucocorticoids. We

have observed increases in plasma ACTH by 7 d after

corticosterone pellet implantation (Akana et al. 1985a),

suggesting that control of ACTH by this form of

corticosterone replacement declines with time after pellet

implantation. It is also possible that the staining in B
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PELLET rats reflects prior circadian drive for ACTH

secretion, since B-PELLET rats, like +B rats drinking

corticosterone in the water, have a pronounced circadian

rhythm in ACTH (Akana et al. 1986).

It is interesting to note that adrenalectomy induced

prolonged expression of Fos-like proteins in the PVN,

whereas many stimuli have been reported to evoke only

transient expression of the c-fos gene (Morgan et al. 1987;

Curran 1988). This difference may be due either to

differences in the nature of the stimulus, or to the

possibility that our antiserum may recognize nuclear

proteins related to Fos. Many of the stimuli previously

used to induce c-fos, gene expression were not sustained

(Morgan et al. 1987; Dragunow and Robertson 1987; Hunt et

al. 1987; Sharp et al. 1989b). In contrast, without

steroid replacement, adrenalectomy represents a chronic

stimulus to glucocorticoid-sensitive brain sites. Water

deprivation, which is also a sustained stimulus, has been

found to induce expression of Fos immunoreactivity in the

magnocellular paraventricular and supraoptic nuclei 24 h

later (Sagar et al. 1988; Sagar and Sharp 1988);

infraorbital nerve section induces Fos-like

immunoreactivity in the spinal trigeminal nucleus for at

least 2 weeks (Sharp et al. 1989C). Thus, although Fos has

been shown to inhibit expression of its own gene (Sassone

Corsi et al. 1988) and although stimuli repeated within a
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few hours have been reported to be less effective in

inducing fos expression (Morgan et al. 1987), it is

possible that prolonging a stimulus over a longer time

frame may overcome such negative regulation.

It is also highly likely that our antibody detects

more than one Fos-like protein. Three Fos-related antigens

(fra) have been identified using an antibody to Fos

residues 127-152 (Cohen and Curran 1988). Because our

antiserum was raised against similar residues (132-154), it

may recognize some or all of these proteins. One of these

proteins, fra-1, has been shown to have a slightly delayed

time course of induction relative to authentic Fos in

response to serum stimulation (Cohen and Curran 1988).

Thus, the sustained Fos-like immunoreactivity in the PVN

after adrenalectomy may represent expresssion of Fos and a

succession of Fos-related proteins. Nevertheless, the

physiological significance of these proteins is clearly

demonstrated by their responsiveness to corticosteroid

regulation.

The factor or factors mediating the induction of Fos

like proteins in CRF neurons after adrenalectomy are

unknown. It cannot be excluded that adrenalectomy-induced

increases in plasma ACTH are responsible for inducing Fos

like proteins in CRF neurons. However, morning plasma ACTH

in +B rats is indistinguishable from, whereas plasma ACTH

in ADX rats is consistently elevated above, that in SHAMS

21 7



(Jacobson et al. 1989; unpublished observations). The

presence of high levels of Fos-like immunoreactivity in

both +B and ADX rats in the morning is inconsistent with

ACTH induction of PVN Fos expression.

The responsiveness of PVN Fos-like expression to

removal and replacement of corticosterone strongly suggests

that glucocorticoids directly or indirectly regulate c-fos,

gene expression in CRF neurons. Most CRF neurons express

glucocorticoid receptor immunoreactivity (Cintra et al.

1987; Uht et al. 1988). The finding that implants of

dexamethasone over the PVN inhibit adrenalectomy-induced

increases in CRF and vasopressin immunoreactivity (Kovacs

et al. 1986; Sawchenko 1987b) indicates that

glucocorticoids can directly affect CRF neurons.

However, it is also likely that corticosterone effects

on PVN Fos expression are mediated by afferent inputs from

other glucocorticoid-sensitive brain areas.

Extrahypothalamic feedback regulation of the hypothalamic

pituitary-adrenal axis has been inferred from the presence

of corticosteroid receptors and corticosteroid-sensitive

neurons, most notably in the hippocampus (Steiner et al.

1969; Keller-Wood and Dallman 1984; Vidal et al. 1986; De

Kloet et al. 1987; Fuxe et al. 1987). Implants of

corticosterone into the hippocampus or of dexamethasone

into the lateral septum have been found to inhibit

adrenalectomy-induced increases in plasma ACTH (Kovacs and

r
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Makara 1988). The neurotransmitters of afferent

projections mediating CRF responses to adrenalectomy are

unknown, although acetylcholine, norepinephrine and

serotonin have all been shown to stimulate CRF release in

vitro (Jones et al. 1987).

It has been suggested that Fos expression may be a

marker of neural activity (Morgan et al. 1987; Sagar et al.

1988). The demonstration of Fos-like immunoreactivity in

the PVN, which has been shown to increase metabolic

(Kadekaro et al. 1988) and electrical (Kasai and Yamashita

1988) activity after adrenalectomy, would support this

assertion. The finding that potassium depolarization

induces only c-fos, expression in PC12 cells, even though

growth factors induce both c-fos, and c-jun (Bartel et al.

1989), is consistent with the theory that Fos may be a

general mediator or transducer of membrane events at the

nuclear level (Curran 1988). Fos has been proposed to

participate in transcriptional regulation via interaction

with the c-jun/AP1 protein at specific DNA response

elements (Chiu et al. 1988). Thus, Fos could conceivably

function as a transcriptional activator in enhancing CRF

and vasopressin expression.

We observed a widespread distribution of Fos-like

immunoreactivity that was not affected by adrenalectomy.

We are confident that this staining represents an

unstressed level of expression, since rats were rapidly

7
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anesthetized and perfused, well within the time necessary

for significant Fos synthesis (Morgan et al. 1987). The

comparison of staining patterns in sham-adrenalectomized

and untouched rats also indicated that the handling

necessary to administer anesthesia (UNTOUCHED rats) and, at

1, 3 and 7 d, the effect of surgical incisions (SHAM rats)

had little impact on Fos expression. The light

parvocellular Fos immunoreactivity in 12 h SHAMS may be

attributable to the recent surgery, but this effect

subsided by 1 d.

We frequently observed a few Fos-immunoreactive nuclei

in the supraoptic nucleus and less frequently, in the

magnocellular division of the paraventricular nucleus.

This staining was not related to adrenalectomy or surgery,

since it was even found in UNTOUCHED rats. The level of

staining was much less than that found in intact rats

suspected to have been sick (observed to have swollen lymph

nodes or irritated mucous membranes at the time of

perfusion) or inadvertantly given 0.5% NaCl to drink

(unpublished observations). Other investigators have found

magnocellular Fos-like immunoreactivity to be high in the

morning and to decrease progressively over the day in

adrenalectomized rats maintained on or withdrawn from

corticosterone in the drinking water (P. M. Plotsky and P.

E. Sawchenko, personal communication). Thus, we believe

that the magnocellular Fos expression described here most
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likely reflects diurnal fluctuations in water balance

rather than frank dehydration.

It is possible that levels of "basal." Fos-like

immunoreactivity in other brain regions, particularly those

in the suprachiasmatic nucleus, may also vary in a

circadian fashion. However, several of the brain areas

identified in these experiments, including the hippocampal

complex, bed nucleus of the stria terminalis and cerebral

cortex, have also been reported to express Fos when no

specified attempt was made to control for animal stress or

time of day (Morgan et al. 1987; Sagar et al. 1988). Thus,

at least some of the Fos-like staining observed here may

represent a constitutive level of expression.

We were surprised to find that of all the brain sites

potentially responsive to glucocorticoids, only the PVN

exhibited increased expression of Fos-like proteins after

adrenalectomy. Numerous extrahypothalamic areas, including

the limbic system, cerebral cortex and several cranial

nerve nuclei, have been suggested to be possible feedback

sites based on the demonstration of corticosteroid binding

sites or glucocorticoid receptor immunoreactivity (Keller

Wood and Dallman 1984; De Kloet et al. 1987; Fuxe et al.

1987). However, none of these areas exhibited any change

in Fos-like immunoreactivity after adrenalectomy. It has

been suggested (S. M. Sagar, personal communication) that

fairly strong stimuli or changes relative to baseline

N
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stimulation may be required to observe a change in Fos

expression. Another interpretation of this view is that

the PVN is the convergence of inputs from a number of brain

sites responding to the loss of corticosteroid feedback,

and that, at least within the time frame examined here,

only this convergence provides a sufficiently strong signal

to induce Fos expression. Alternatively, it is possible

that brain Fos expression is regulated only by certain

neurotransmitters or second messenger systems, such that

the signal reflected in increased expression of Fos-like

immunoreactivity at the parvocellular PVN may be

qualitatively different from that occurring at other brain

feedback sites.

It is becoming apparent that Fos expression is

probably not a general marker of neuronal activity. The

patterns of Fos-like immunoreactivity found after

motor/sensory cortex stimulation were similar but not

identical to the patterns of (**cl-2-deoxyglucose uptake

(Sharp et al. 1989b). In addition to the PVN, both the

locus ceruleus and hippocampus were reported to increase

glucose utilization after adrenalectomy (Kadekaro et al.

1988). While the discrepancy between these results and the

present data may be attributed to differences in the time

points examined (5 h in the former study vs. 12 h – 7 d),

it is equally likely that Fos expression may only identify

certain classes of neurons responding to a given stimulus.
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Nevertheless, the ability to identify such neurons

individually by double label immunocytochemistry still

makes this approach very powerful.

These experiments have shown that expression of Fos

like immunoreactivity in brain after adrenalectomy is

consistent with characteristic changes in neuroendocrine

activity of the adrenocortical system. In doing so, they

further confirm the role of the brain in the ACTH response

to adrenalectomy (Levin et al. 1988), provide support for

the use of Fos expression as a marker of neural activity in

certain classes of neurons, and are one of the first

demonstrations of the identity of neurons expressing Fos

after a specific stimulus.
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CHAPTER 8

GENERAL DISCUSSION AND CONCLUSIONS

The main conclusions derived from these studies are

that both stress-induced and circadian corticosterone

levels regulate stress-induced ACTH release, although

circadian ACTH secretion is temporally less sensitive than

stress-induced secretion to the removal of corticosterone

feedback, and that plasma ACTH exhibits coordinate

regulation with another physiological response to hypoxia,

ventilation. The results of metabolic ([**c]-2-
deoxyglucose) or biochemical (Fos) mapping of brain regions

mediating corticosteroid control of ACTH responses to

stress strongly suggested that the particular techniques

used may not detect all the changes in brain activity

relating to stress-induced ACTH secretion. However, the

finding that adrenalectomy induces Fos-like

immunoreactivity in parvocellular PVN CRF neurons

correlated well with demonstrated increases in synthesis

and secretion of CRF and vasopressin after adrenalectomy.

These studies have distinguished between the effects

of stress-induced and circadian corticosterone levels on

the ACTH response to stress. This distinction was possible

through the use of animal models in which stress-induced

and circadian corticosterone secretion could be controlled.

º/

224



Previous studies using intact rats have suggested that

circadian corticosterone levels influence ACTH responses to

stress (Yasuda et al. 1976; Engeland et al. 1977), but

these data did not indicate whether apparent feedback

effects could be attributed to steroid levels at the time

of stress or to the prior history of corticosteroid

exposure produced by the circadian rhythm.

The prolonged and heightened ACTH response to stress

in adrenalectomized rats replaced with constant

corticosterone (B-PELLET) corroborated previous

observations (Hodges and Vernikos 1960; Keller-Wood et al.

1983a; Akana et al. 1985a) that higher doses of

corticosteroids are necessary to normalize stress-induced

vs. basal ACTH levels. Previous experiments in this

laboratory (Akana et al. 1986) have demonstrated that the

enhanced ACTH levels after stress in B-PELLET rats are

probably due to increased brain input to the pituitary, but

did not indicate the nature of the feedback deficit leading

to this increased drive. The greater magnitude of the ACTH

response in B-PELLET rats appears to be due in part to the

lack of a fast feedback signal from the adrenals, since

peak stress-induced ACTH levels were lower in sham-operated

rats (SHAMS). However, adrenalectomized rats provided with

a circadian rhythm in corticosterone via the drinking water

(B-WATER) were able to terminate stress-induced ACTH

secretion normally relative to SHAMS, even though B-WATER

9:/
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rats lacked the ability to secrete corticosterone and

exhibited higher peak ACTH levels immediately after stress.

Thus, the duration of the ACTH response to stress in B

PELLET rats appears to be due not just to the lack of

stress-induced corticosterone secretion, but also to the

absence of circadian variations in corticosterone.

The significance of the circadian corticosterone

rhythm may lie either in the fact that plasma

corticosterone is low for at least 4 hours at the nadir of

system activity, or in the fact that corticosterone is high

for at least 5 h during the peak (Akana et al. 1986;

Dallman et al. 1989a). Although the higher affinity, type

I corticosteroid receptors were proposed to be virtually

saturated even at low plasma corticosterone concentrations

(Reul and De Kloet 1985), more recent evidence indicates

that occupancy of type I receptors at such corticosterone

levels is lower than originally thought (Cascio et al.

1989). Thus, it is possible that even slight elevations in

corticosterone, when corticosterone levels should otherwise

be almost undetectable, could down-regulate type I

receptors. In support of this theory, corticosteroid

receptor down-regulation associated with aging, high dose

corticosterone administration or chronic stress is

correlated with prolonged, stress-induced hypersecretion of

corticosterone very similar to the pattern of ACTH

7,

*
~ *
-

<

'■

226



secretion in B-PELLET rats (Sapolsky et al. 1984a, b :

Sapolsky et al. 1985).

Alternatively, the sustained circadian increases in

corticosterone may function as a delayed feedback signal in

inhibiting subsequent stress-induced activity of the brain

pituitary axis. Two bolus doses of corticosterone have

been shown to normalize the subsequent ACTH response to

laparotomy in adrenalectomized relative to sham-operated

rats, via delayed feedback (Dallman et al. 1972). Both the

total dose and the duration of corticosterone exposure

affect delayed inhibition of ACTH secretion (Keller-Wood

and Dallman 1984). Although the initial circadian increase

in corticosterone occurred over 12 hours before the

application of stress in the present experiments, it was

probably sufficiently sustained to have a prolonged impact

on the responsiveness of ACTH to stimulation. Effects of

higher circadian corticosterone levels may be mediated by

the lower affinity, type II glucocorticoid receptors,

although the circadian increase in type I receptors (Reul

et al. 1987a) may also mediate the effects of higher

corticosterone concentrations.

In determining the level of hypoxia to use as a

standard stimulus for characterizing the enhanced ACTH

response to stress in B-PELLET rats, the experiments in

this thesis are the first to correlate Paco.2 with ACTH
secretion during hypoxia in conscious, spontaneously
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breathing animals. Below a threshold arterial Pao.2 of

about 60 mm Hg, plasma ACTH increased, and Pacoz decreased,
presumably because ventilation increased, in relation to

the severity of hypoxia (Chapter 4, Fig. 4). These results

are in agreement with those of Raff et al. (1983c), who

showed that plasma ACTH increased with decreases in Pao.2
below 45 mm Hg in anesthetized, artificially ventilated

dogs. The intensity dependency of the ACTH response to

Pao.2 below approximately 60 mm Hg also correlates with the
direct relationship demonstrated between peak plasma ACTH

and trough plasma glucose levels during insulin

hypoglycemia (Keller-Wood et al. 1981), or between

pituitary-adrenal activity and mean arterial pressure

during caval constriction or hemorrhage (Wood et al. 1982a;

Gann and Cryer 1973; Darlington et al. 1986b). In

combination with the evidence that chemoreceptor

denervation inhibits ACTH and ventilatory responses to

hypoxia (Marotta 1972; Lau 1971a; Lambertsen 1974; Krasney

and Kohler 1977; Raff et al. 1982; Raff et al. 1984a), and

that ventilation may in turn inhibit ACTH secretion (Raff

et al. 1981), the present studies suggest that hypoxia

induced ACTH secretion is tightly regulated in parallel

with ventilation.

The experiments in B-PELLET rats have also suggested

that the duration of ACTH secretion is related to the

intensity of stimulation. After 2 minutes of restraint,

º
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plasma ACTH in B-PELLET rats had returned to baseline

levels by 1 hour (Chapter 3, Figure 1). However, 90

minutes after the end of a 90 minute restraint period,

plasma ACTH was still elevated 8-fold above basal levels

(Chapter 2, Fig. 3). These data, in animals in which

corticosteroid levels did not change, correlate with

previous findings by Keller-Wood et al. in intact dogs. In

the latter studies, total ACTH secretion (duration and

magnitude) was proportional to the integrated decrease in

plasma glucose after insulin (Keller-Wood et al. 1981).

This duration-intensity relationship is also analogous to

that demonstrated for ACTH stimulation of the adrenal

cortex, in which total corticosterone secretion was found

both in vitro and in vivo to be proportional to the log of

ACTH (Keller-Wood et al. 1983b; Keith et al. 1986).

In spite of the direct relationship between plasma

ACTH and Pao.2 below 60 mm Hg, the correlation between local

cerebral glucose metabolism and hypoxia-induced ACTH

secretion in SHAM and B-PELLET rats was poor, particularly

at the PVN. These preliminary experiments did demonstrate,

however, that the global increases in cerebral glucose

metabolism induced by hypoxia were not a general or

nonspecific effect of increases in plasma corticosterone or

catecholamines, since B-PELLET rats, lacking both of these

responses, still exhibited increased cerebral glucose

utilization in virtually all brain regions during hypoxia.
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In light of the close parallel regulation of ACTH and

ventilatory responses to hypoxia, the lack of differences

in brain (**c.1-2-deoxyglucose uptake between SHAM and B

PELLET rats may indicate that the pathways mediating ACTH

secretion are only a small proportion of those mediating

cardiovascular, ventilatory and other responses to hypoxia.

It is also possible that the widespread changes in cerebral

glucose metabolism induced by hypoxia obscured the changes

specifically related to ACTH secretion, and that a stimulus

inducing fewer changes in glucose utilization, such as

hemorrhage (Savaki et al. 1982) might have been more

appropriate for determining sites mediating stress-induced

ACTH secretion.

In the second set of experiments, adrenalectomy was

selected as a more reliable stimulus with demonstrated

electrophysiological and neuroendocrine effects at the PVN

(e.g., Kasai and Yamashita 1988; Plotsky and Sawchenko

1987) to use in identifying brain regions regulating

stimulated pituitary activity. The comparison of surgical

(adrenalectomy), pharmacological (adrenal enzyme blockade)

and stressless (withdrawal of corticosterone in the

drinking water from previously adrenalectomized rats)

removal of corticosterone conclusively demonstrated that

the rapid increase in ACTH after adrenalectomy or adrenal

enzyme inhibition represented a response to the stress of

surgery or drug side effects. The increase is not due
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solely to disinhibition of basal secretion, since

"stress less" removal of corticosterone in the water from

previously adrenalectomized rats resulted in much slower

increases in plasma ACTH which required 18–24 hours to

become significant (Chapter 6, Figs. 3 and 4). Thus,

although stress-induced adrenocortical activity is not

affected by falling corticosteroid levels once

corticosteroid concentrations have been elevated (Dallman

and Yates 1969), the present experiments have shown that

removing corticosteroids simultaneously with stress causes

prompt increases in plasma ACTH.

A second conclusion of the studies of corticosterone

removal is that in contrast to the profound stimulation of

ACTH secretion by adrenalectomy, circadian increases in

ACTH are not immediately augmented by removal of

corticosterone feedback. Circadian brain-pituitary

activity is clearly sensitive to feedback, since the

elevated afternoon ACTH levels in adrenalectomized rats

given corticosterone in the drinking water (+B) fell within

2 hours of the onset of nocturnal feeding and drinking

activity (Chapter 3, Fig. 2). Occasional increases in

total daily fluid intake also correlated with reduced

circadian peak ACTH levels in +B rats (Chapter 6, Fig. 5

and Table 1). However, after stressless removal of

corticosterone (-B), much more time (approximately 18–24

hours) was required for significant increases in morning

! {

J. J.

231



(nadir) plasma ACTH levels, and about 3 days were necessary

for significant increases in evening (peak) ACTH (Chapter

6, Fig. 5).

These results agree only partially with studies in

humans on the effects of feedback blockade with the

glucocorticoid antagonist RU 38486. Similar to the removal

of corticosterone feedback from adrenalectomized rats in

the morning, administration of the glucocorticoid

antagonist RU 38486 to normal human volunteers in the late

evening, the time of the circadian nadir in human

adrenocortical activity, or in the late morning after the

cortisol peak, does not result in increases in plasma ACTH

or cortisol. However, regardless of the time of

administration, RU 38486 consistently increased plasma ACTH

and cortisol measured at the circadian peak (Bertagna et

al. 1984; Gaillard et al. 1984).

While it is possible that the lack of interaction of

feedback removal with circadian drive in the present

experiments reflects different regulatory mechanisms

between rats and humans, it is more likely due to the

different relation between plasma corticosteroid levels and

ACTH in the two experimental models. In adrenalectomized

rats drinking corticosterone in the water, plasma

corticosterone is independent of ACTH, whereas in the human

subjects, adrenocortical cortisol secretion is still

responsive to pituitary drive. Akana et al. (1985b) have
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shown in cyanoketone-treated rats that very slight

differences in plasma corticosterone can account for marked

differences in ACTH secretion during the circadian rise in

adrenocortical system activity. It is therefore plausible

that even in adrenalectomized rats maintained on

corticosterone in the water (+B), evening plasma ACTH

levels represent maximum circadian secretion (as distinct

from maximum possible secretion) due to the inability of

plasma corticosterone levels achieved by water intake to

keep pace with circadian drive for corticosterone

secretion. In suppport of this possibility, cyanoketone

treated rats and +B rats have similar circadian peak plasma

ACTH levels, even though the pattern of plasma

corticosterone differs between the 2 groups (Dallman et al.

1989a; Junpublished results). Thus, the maximum level of

ACTH secretion established by the circadian reset in brain

pituitary activity may not be immediately responsive to

additional deficits in corticosterone produced by removal

of corticosterone in the drinking water. In contrast,

circadian increases in plasma ACTH in normal humans are

probably not maximal because the adrenal cortex is capable

of responding rapidly to ACTH.

Aside from differences in the nature of stressful vs.

circadian stimuli, the differential interaction of the

removal of corticosterone feedback with stress or circadian

ACTH secretion suggests that there may be separate pathways
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regulating stress-induced and circadian increases in brain

pituitary activity. Circadian and stress inputs may

terminate on separate populations of CRF neurons having

differential feedback sensitivity, or the interaction

between stress and feedback may occur at separate sites

proximal to the CRF neuron. In support of the former

possibility, Whitnall (1988) has distinguished between 2

subpopulations of CRF neurons, one which co-expresses

vasopressin in intact rats, and one which co-expresses

vasopressin only after adrenalectomy. The inhibition of

vasopressin expression only in the latter population by

normal corticosterone levels suggests that the two groups

of neurons have different feedback sensitivity (Whitnall

1988).

The time course for increases in morning and evening

ACTH levels was similar to that reported for increases in

availability of hippocampal type I and type II

corticosterone receptors, respectively (Reul et al.

1987a, b). The increases in receptor capacity have no

regulatory significance in the absence of corticosterone,

but they do suggest the speed with which possible afferent

inputs to the hypothalamus may respond to the loss of

corticosterone. Because inhibition of morning plasma ACTH

in rats is compatible with an interaction of corticosterone

at type I receptors (Levin et al. 1987; Dallman et al.

1989b; Cascio et al. 1989), the increases in morning plasma
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ACTH after corticosterone withdrawal may be due to loss of

type I receptor-mediated inhibition. The significant

increase in circadian peak plasma ACTH between 2.5 and 3.5

days after corticosterone removal (Chapter 6, Fig. 5)

similarly correlates with the increase in type II receptor

capacity after adrenalectomy (Reul et al. 1987a, b), and may

represent the loss of type II receptor-mediated feedback,

whose pharmacology is consistent with that observed for

corticosteroid inhibition of evening ACTH in rats (Dallman

et al. 1989b). Likewise, at least 3 d were required for

significant increases in thymus weight to occur (Chapter 6,

Fig. 7); the thymus appears to contain only type II

(glucocorticoid) receptors (Moguilewsky and Raynaud 1980;

De Kloet et al. 1984a). It is not known if corticosteroid

receptors outside the hippocampus exhibit similar responses

to corticosteroid removal. However, the pharmacology of

feedback regulation of circadian nadir, circadian peak, and

stress-induced ACTH secretion will aid in distinguishing

the pathways by which these inhbitory effects are

regulated.

The greater increases in evening relative to morning

ACTH levels with time after stressless removal of

corticosterone (Chapter 6, Fig. 5) do indicate that there

is ultimately some interaction of circadian activity with

the loss of feedback, since if morning and evening ACTH

levels were equally sensitive to the withdrawal of
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corticosterone, both should increase at the same rate.

Instead, the increase in circadian peak ACTH levels 2 weeks

after corticosterone removal is approximately double the

increase in morning (nadir) levels (Chapter 6, Figs. 5 and

8), suggesting that the overall increase in activity of the

brain-pituitary axis is itself activity-dependent. When

circadian peak levels of brain-pituitary activity are

restrained by nocturnal intake of corticosterone in +B

rats, the relative levels of evening and morning plasma

ACTH remain stable for at least 2 weeks (Chapter 6, Figs. 5

and 8). Similarly, implantation of a subcutaneous

corticosterone pellet provides a large surge in plasma

corticosterone that initially prevents the stimulated

activity of the brain-pituitary system in B-PELLET rats.

However, the system eventually escapes from that inhibition

as plasma corticosterone levels decline after pellet

implantation (Akana et al. 1985a).

Fos immunocytochemistry mapping of brain regions

responding to the removal of corticosterone by

adrenalectomy revealed that Fos-like proteins were only

induced in CRF- and vasopressin-staining neurons in the

parvocellular PVN. This result is important not only in

that Fos expression correlates well with the known

adrenalectomy—induced changes in CRF and vasopressin

expression in the PVN (see Introduction, section V. B), but

also in that this correlation helps validate the use of Fos
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as a marker of neuronal activity. In addition, the high

levels of parvocellular PVN Fos-like expression observed in

+B as well as -B rats early in the morning strongly

suggested that PVN Fos expression might also reflect

circadian drive for hypothalamic-pituitary activity. The

techniques developed by Whitnall (1988) for detecting

secretory granule depletion from separate subpopulations of

CRF neurons, in combination with Fos immunocytochemistry,

may aid in determining if the differential interaction of

corticosteroid removal with stress and circadian stimuli

occurs in separate CRF neuron populations.

In view of reports that glucocorticoid implants into

extrahypothalamic areas also inhibit stimulated ACTH

secretion (Davidson and Feldman 1967; Bohus et al. 1968;

Kovacs and Makara 1988), it is unlikely that the PVN is the

only site responding to adrenalectomy. Instead, the lack

of Fos induction in other brain areas may be due either to

differential regulation of Fos expression in these areas,

or to the lack of sufficiently strong inputs to stimulate

Fos expression. Because a variety of second messengers has

been shown to induce c-fos, gene expression in cultured

cells (Curran 1988), it seems more likely that PVN

expression of Fos-like immunoreactivity represents a

combination or quantitative summation of inputs, rather

than a qualitatively different input. Thus, like [14c]-2-
deoxyglucose uptake, this technique for mapping neural
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activity may not identify all the regions responding to a

given stimulus. However, Fos immunocytochemistry offers

the distinct advantage that it can identify individual

In eurOIn 8 . (**cl-2-deoxyglucose autoradiography is not

readily compatible with conventional immunocytochemical

perfusion and fixation techniques (Yarowsky and Boyne

1989), nor does it distinguish between increases in glucose

utilization in perikarya and neuropil (Sharp 1976).

These experiments have demonstrated differential

interaction of distinct circadian and stress-induced

corticosteroid feedback signals with the stimulatory inputs

to ACTH secretion, stress and circadian drive. The

differential effects of imposition or loss of

corticosteroid feedback were only revealed when combined

with stimulatory stress-induced or circadian inputs from

the central nervous system. This stimulated activity

correlates with adrenalectomy— and circadian-associated

induction of Fos in the PVN. Because there is ample

evidence that the pituitary is less sensitive to

corticosterone feedback than the brain (Keller-Wood and

Dallman 1984; Levin et al. 1988), these studies therefore

strongly support a primary action of corticosteroid

feedback on the brain to regulate stimulated ACTH

secretion.
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