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GLUCOCORTICOID RECEPTORS

JoHN W FuNDER*
Baker Medical Research Institute, Melbourne, Austrahia

Summary—Glucocorticoild hormones are secreted umquely from the zona fasciculata of the
adrenal cortex, with marked circadian vanation 1n basal levels and acute elevation 1n response
to stress Glucocorticoid receptors are almost ubiquitously distributed, and mediate a wide
range of tissue-specific responses, in addition to classical, [*H]dexamethasone-binding GR
(Type II receptors) there 1s excellent evidence that Type I sites (MR) act as mineralocorticoird
receptors 1n some tissues but high affimty glucocorticoid receptors 1n others Particular 1ssues
to be addressed in the presentation include (1) the extent to which glucocorticord receptor
occupancy 1s modulated by extracellular (plasma-binding enzymes) or intracellular (proto-
oncogenes) factors, (1) whether or not there are specific response elements for Type I and 1I
receptors, (1) putative physiological roles for Type I, lugh affimty glucocorticoid receptors,
(1v) evidence for glucocorticoid receptors other than classical GR and “MR” In summary,
glucocorticoid receptors appear to be a final common pathway mediating and/or modulating
crcadian rhythms and stress responses Cell- and tissue-specificity of response to a whole-body
signal 1s determuned by local pre-receptor, receptor and genomic differences On the basis of
previous studies on glucocorticoid secretion, and recent information on glucocorticoid action,
1t would at last appear possible to begin to construct a coherent physiology for glucocorticord
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hormones

Glucocorticoid receptors are a complex subject,
with three clearly defined receptors and clear
evidence for glucocorticoird actions via mechan-
1sms distinct from these defined receptors It 1s
possible 1n a review article such as this to list the
properties of the known receptors and to
describe “non-receptor” glucocorticoid effects,
essentially in vacuo Such a presentation, how-
ever, runs the risk of being descriptive rather
than analytic, and of being less likely to afford
physiological insights than one in which the
biology of signal as well as receptor 1s ad-
dressed More than half a century after the first
descriptton and 1solation of glucocorticoid hor-
mones we still lack a coherent physiology of
their roles in development, metabolism and the
response to stress Such a physiology will only
come from consideration of both signals and
receptors, and 1t 1s with this in mind that the
present brief overview 1s written

The secretion of physiological glucocorticords
(cortisol 1n most species, corticosterone 1n rats
and mice) from the zona fasciculata of the
adrenal cortex 1s under the predominant control
of ACTH secreted from the anterior pitwitary
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gland The mechanism whereby rats and mice
express 17-hydroxylase activity in the gonad but
not 1n the adrenal cortex has yet to be estab-
lished, the implications of secreting a less elabo-
rated glucocorticoid are yet to be explored In
this context 1t 1s worth remarking that a variety
of glucocorticoid-binding proteins 1n the rat—
Type I and II receptors, plasma corticosteroid-
binding globulin, the metabolizing enzyme
11B0OH steroid dehydrogenase (11-HSD)—
show much lower affimity for cortisol than
corticosterone, 1n contrast with the equivalent
human binding species

Although ACTH 1s widely accepted as
the predominant regulator of glucocorticoid
secretion from the adrenal cortex, other factors
(e g angiotensin, y-MSH) have been shown to
have effects These are often at concentrations
higher than commonly seen i vwo, so that a
physiological role in the modulation of cortisol
levels by secretagogues other than ACTH re-
mains to be estabhshed Similarly open to ques-
tion are physiological roles for factors other
than corticotropin-releasing factor (CRF) and
arginine vasopressin (AVP) as stimul for pro-
opiomelanocortin (POMC)synthests and ACTH
release, and for glucocorticoids as inhibitors A
range of candidate factors—inctuding catechol-
ammes, NPY, ANP, angiotensin, interleukin 1
and mtric oxide—has been studied, and roles as
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hypothalamic or paracrine modulators postu-
lated, the relative importance of any influence
they have on ACTH synthesis and secretion
m vwo, and under what physiological circum-
stances, remains to be explored

What has been established 1s a clear species
difference for CRF and AVP 1n terms of role as
predominant ACTH secretagogue In the rat
CRF increases POMC synthesis and ACTH
secretion, whereas AVP appears not to alter
transcription and acts primarily as a synergistic
factor with CRF 1n terms of release, in the sheep
exactly the opposite 1s the case[1] What has
also been established 1s the extraordinary com-
plexity of glucocorticoid feedback on POMC
synthesis and ACTH release Sites of gluco-
corticoid action which have been demonstrated
include the hippocampus, with high concen-
trations of both Type I and I glucocorticoid
receptors, and recently defined relays to the
hypothalamus [2], the hypothalamus, where
synthesis and release of CRF and/or AVP 1s
influenced by glucocorticoid levels [3], the me-
dian eminence, where glucocorticoid-regulated
metabolism appears to regulate levels accessing
the portal circulation [4], and the pituitary 1tself,
where glucocorticoids negatively regulate both
POMC gene transcription and ACTH release
Equally complex appear to be the time dimen-
sions over which this negative control 1s exerted,
from seconds/minutes—presumably by non-
genomic mechanisms—to many hours Given
that essentially all cells appear to contain Type
I glucocorticoid receptor, this complexity of
glucocorticord negative feedback control 1s
likely to increase rather than decrease 1f other
factors—particularly negative regulators—are
established as having physiological roles in the
control of ACTH secretion

What even the established complexity clearly
admts 1s that ACTH secretion responds to two
distinct, superimposable signals, those of circa-
dian vanation and stress Secretion of glucocor-
ticoids 1s pulsatile, reflecting pulsatile secretion
of ACTH, and in turn of CRF and AVP[5]
Though the implications of such pulsatility are
essentially unexplored 1n terms of metamessage,
over a 24h period glucocorticoids show a
clearly circadian vanation, reflecting ACTH se-
cretion, with a nadir during sleep and a peak
around the time of beginning activity, further-
more, the more carefully the study 1s done to
avoid superimposed stress, the more different
are peak and nadir values of circulating gluco-
corticoids, up to a 70- to 100-fold difference [6]
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Peak values for plasma glucocorticoids are com-
monly moderately rather than maximally elev-
ated, and are also commonly transient, 1n
contrast, glucocorticoid synthesis and release 1n
response to stress may generate very high levels
over a considerable time period

Just as glucocorticoids are secreted in two
modes—circadian and 1n response to stress—
they clearly interact with two classes of well-
characterized members of the steroid/thyroid/
retinoic acid/orphan receptor family of nuclear
transactivating factors, the Type I (mineralocor-
ticoid) and Type II (classical glucocorticoid)
receptors Type I receptors have high (X,
<1 nM at 4°C) and equal affinity for aldoster-
one, deoxycorticosterone and corticosterone [7]
The human mineralocorticoid receptor has been
cloned from human kidney cDNA, and shows
equivalent affinity for cortisol as for aldoster-
one, corticosterone and deoxycorticosterone [§]
Its homologue 1n the rat has been cloned and
sequenced from rat hippocampal cDNA, under-
lining the commonality of Type I receptors in
diverse tissues tn the body In the kidney 1t 1s
aldosterone-selective, and thus able to act as a
mineralocorticoid receptor, in the hippocampus
it 1s clearly not aldosterone-selective, so that 1t
18 overwhelmingly occupied by the much higher
circulating levels of glucocorticoids

The mechamism whereby the same receptor
can respond to two different higands in different
tissues 1n the body appears to involve, at least
in large part, the operating of the enzyme
11-HSD[9, 10] This enzyme, as its name 1m-
phes, acts on C-11 hydroxylated steroids, such
as cortisol and corticosterone, and converts
them to receptor-mmactive 1l-keto analogues
(cortisone and  1l-dehydrocorticosterone)
Aldosterone 1s not metabolized mn a similar
fashion, the unique, highly reactive aldehyde
group at C-18 cyclizes with the C-11 hydroxyl in
the aldosterone molecule to yield an 11,18
hemiketal, which 1s resistant to enzymatic at-
tack High levels of enzyme activity have been
found in the kidney and parotid, very modest
levels 1n the colon, and very low levels in
hippocampus, blockade of the enzyme by the
admimistration of carbenoxolone [9] or gly-
cyrrhetinic acid [10] 1s followed by a marked
increase 1 glucocorticold binding to these
otherwise aldosterone-selective Type I receptors
1n physiological mineralocorticoid target tissues
such as kidney, parotid and colon

There are, however, several caveats that
should be clearly stated before too readily
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accepting the activity of 11-HSD as the umque
determinant of Type I receptor selectivity, and
of 1ts activity as being umquely such a selectiv-
ity-conferring mechamsm First, though to date
only a single species of 11-HSD has been
cloned—from rat liver [11], and by extension 1n
the human [12]—there 1s cogent though indirect
evidence for more than one enzyme responsible
for such activity [13—15] The hepatic species
[11, 12] 1s expressed at high levels in hiver, lung,
testis and renal proximal tubule, none of which
are currently considered physiological aldoster-
one target tissues, but 1s absent from renal
cortical collecting tubules, parotid and colon
This species has thus been termed 11-HSDI, to
distinguish 1t from the activity demonstrated in
aldosterone target tissues (11-HSD?2)

Guven that 11-HSD1 appears to be expressed
in what would normally be considered classical
glucocorticord target tissues, its role would ap-
pear to be to fractionate circulating glucocorti-
coid signal in different target tissues, so that
depending on the extent of 11-HSD activity in
a particular tissue 1t will be more or less respon-
sive to a common level of circulating glucocor-
ticoids The best experimental evidence for this
1s currently in the testis, where the appearance
of 11-HSD activity coincides with a marked
increase 1n testicular androgen biosynthesis,
known to be suppressed by glucocorticoids [16]

There are similarly open questions 1n terms of
11-HSD2 Though 1n kidney extracts there are
multiple mRNA species [17], these are clearly
vanants of HSDI1 recogmzed with an hepatic
c¢DNA probe Though there are yet no sequence
data available for the activity termed 11-HSD2,
it has been convincingly demonstrated cyto-
chemically in rat[14] and more recently pig
(Provencher et al , unpublished) cortical collect-
ing tubules On the other hand, only very
modest levels of 11-HSD activity have been
demonstrated i colon, where there are very
high levels of Type I receptors which are par-
ticularly aldosterone-selective i viwo For this
tissue, then, additional and/or alternate specifi-
city-conferring mechanisms have been postu-
lated [18], similarly yet to be addressed are the
mechanisms excluding progesterone and deoxy-
corticosterone, both of which are fully reduced
at C-11, from Type I receptors in mineralocorti-
coid target tissues

Type I receptors, which recognize aldosterone
and the physiological glucocorticoids equiva-
lently, will normally be occupied by glucocorti-
coids unless they are excluded For Type II or
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classical glucocorticoid receptors such ambigu-
1ty at the receptor level does not appear to be an
equivalent problem Type II receptors appear
essentially ubiquitous, are commonly labelled
with [PH]dexamethasone, and were the first
members of the extended steroid receptor super-
family to be cloned and sequenced [19] Type II
receptors have a considerably lower affinity for
corticosterone and cortisol than do Type I
receptors, so that their occupancy profile over
the range of physiological glucocorticoid con-
centrations 1s clearly different On the other
hand, the N-terminal region of the Type I
receptor 1s only 5-10% as efficient 1n transcrip-
tional terms as the equivalent domamn n the
Type II receptor, leading to the suggestion that
in concert the two receptors may provide an
extended dynamic range over which glucocorti-
coids can affect target cells

For both Type I and II receptors our current
models of mechanism of action are similar but
not 1dentical One area i which the two recep-
tors appear to differ are their localization 1n the
absence of hgand, for Type I receptors the
localization 1s predominantly nuclear, whereas
Type II receptors appear to be both cytoplasmic
and nuclear, though the extent of the partition-
ing 18 a matter of some debate Secondly, Type
IT receptors have recently been shown to be
profoundly altered—in terms of steroid binding,
and thus of activation by binding to protoonco-
gene products (c-fos, c-jun) 1n some but not all
cell lines studied [20-22]

An area of current ambiguity 1s that of the
identity or otherwise of the hormone response
element (HRE) for Type I and II receptors The
nucleotide sequence 1nvolved 1s a palindromic
pentadecamer (GAACAnnnTGTTC), which ex-
perimentally at least can serve as a response
element for Type I (MRE), II (GRE), androgen
and progestin receptors A two nucleotide
change (GGTCAnnnTGACC) turns the motif
Into a response element recogmzing activated
oestrogen and vitamin D receptors, and omus-
sion of the three linking indifferent nucleotides
(GGTCATGACC) a thyroid and retinoic acid
response element

In physiological terms the data are conflict-
ing Arguing for a common MRE/GRE
are studies on cultured cortical collecting
tubules, in which Na* and K?* fluxes
between two chambers separated by a cultured
cell monolayer are equivalently stimulated by
aldosterone, dexamethasone and the “pure”
glucocorticoild RU28362, which does not bind
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to Type I receptors [23] Against a necessarily
shared response element are studies on hippo-
campal shices, where selective activation of Type
I and II receptors has been shown to produce
distinct effects on electrophysiological 1ndi-
ces[24] Resolution of this conundrum will
be assisted by the identification of genes
which are aldosterone-responsive in physiologi-
cal mineralocorticoid target tissues

Both Type I and II receptors are classical,
intracellular, hgand-activated nuclear transcrip-
tion factors Recently, membrane receptors for
adrenal steroids have been identified in two
distinct systems In very recent studies, human
peripheral monocyte membranes have been
shown to bind ['*Tjaldosterone, with high
affinity and specificity clearly distinct from that
of the intracellular sites, notably a much lower
affinity for glucocorticoids than for aldoster-
one [25] Previously, classical intracellular Type
I receptors have been demonstrated in mono-
cytes [26], and i wvitro effects of aldosterone
administration on monocyte Nat and K* flux
documented [27], although some discrepancies
were noted between receptor and effector stud-
1es In terms both of affimty and the profile of
agonist and antagonist effects of various ster-
oids, the recently described membrane binding
sites for aldosterone may thus be more reason-
ably implicated 1n mediating effects on ion flux
than the classical intracellular Type I sites

For glucocorticoids, a similar high affimty
membrane receptor has been demonstrated
in the nervous system of the amphibian Ticarda
[28] These sites have nanomolar affinity for
corticosterone, and for cortisol an order of mag-
nitude less, for aldosterone and dexamethasone,
and a senies of “neurosteroids”, their affimty 1s
very much less, again clearly distinguishing
them from classic intracellular receptors for
adrenal steroids In Ticarda corticosterone ad-
munistration to the male of the species 1s fol-
lowed by a very rapid abrogation of mounting
of females, and an excellent correlation has been
demonstrated between relative affimty for the
membrane bound corticosterone receptors and
ability to inhibit mounting and the clasp reflex

In addition to these high affinity membrane-
bound receptors, there 1s compelling but to date
indirect evidence for physiological receptors
with low affimty for corticosterone, 1n the
adrenal medulla The first evidence for such a
mechanism came from studies over 25 years
ago [29], which showed that hypophysectomy
was followed by a fall in adrenal phenyl-
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ethanolamine N-methyl transferase (PNMT EC
21128) activity, a fall which was restored
by the administration of much higher than
replacement doses of glucocorticoids [30] Sub-
sequently, the PNMT gene has been cloned and
shown to have a canomical GRE 1n the 5
untranslated region, which responds to dexa-
methasone by a ~ 10-fold increase 1n transcrip-
tion, an increase abrogated when the GRE 1s
mutagenized {31]

On the other hand, mechanisms 1n addition to
this classical glucocorticoid regulation of gene
expression are clearly operant in control of
PNMT activity The much higher than replace-
ment doses of corticosteroid required to restore
PNMT activity post-hypophysectomy 1s evi-
dence for this, more recently, this has been
confirmed and extended by studies in which
adrenal PNMT activity and levels of PNMT
mRNA were measured 1n 1ntact rats chromcally
treated for 1 week with a range of doses of
dexamethasone or the highly selective Type II
glucocorticord RU28362 [32]

Under such conditions dexamethasone ap-
pears 3-5 times as potent as RU28362, as
gauged by progressive decreases in thymus and
adrenal weights with progressive increases in
doses of administered steroid In parallel, both
steroids produced a >10-fold increase n the
levels of PNMT mRNA, consistent with the
m vitro transfection studies previously cited
When, however, PNMT activity i the con-
tralateral adrenal was determined by the stan-
dard radioenzymatic assay, a clear distinction
between the effects of dexamethasone and
RU28362 was seen With RU28362, an imtial
fall iIn PNMT activity was seen over the dose
range 1-30 ug/day with plateau levels at higher
doses With dexamethasone a shghtly steeper
imtial fall in activity to a nadir at 30 ug/day was
followed by a progressive increase with higher
doses, so that at 1mg/day dexamethasone
values 1dentical to those seen in vehicle-treated
control rats were seen

We nterpret these findings as follows The
mutial fall in PNMT activity with both glucocor-
ticoids reflects suppression of the hypotha-
lamo-pituitary drive to the adrenal, as indicated
by the fall of adrenal weight to plateau levels
with 100 ug—1 mg of either steroid Under such
circumstances endogenous secretion of cortico-
sterone, upon which PNMT activity normally
depends, falls progressively, this fall 1n cortico-
sterone 1s thus measured 1 a fall m PNMT
activity At higher doses of dexamethasone, the
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“restorative” action of high dose dexametha-
sone or corticosterone previously noted [29, 30]
progressively comes into play That this effect 1s
via other than classical Type II glucocorticoid
receptors 1s clearly seen from the imability of
otherwise equivalent doses of RU28362 to elev-
ate PNMT activity, given that RU28362 1s a
potent and highly selective Type II receptor
agonist Given the doses of corticosterone or
dexamethasone required to restore the effect in
the surgically [29, 30] or chemucally [32] hypo-
physectomized rat, the receptor via which such
an effect 1s mediated clearly 1s of relatively low
affinity, consistent with the very high levels of
free corticosterone 1n the portal blood perfusing
the adrenal medulla Whether or not this low
affimty corticosterone receptor 1s a membrane
or intracellular receptor awaits determination,
as does the mechamism whereby 1t modulates
PNMT activity independent of the classical
Type II receptor mediated effects on PNMT
gene transcription

In summary, glucocorticoids appear to act
through at least two classes of relatively high
affinity intracellular receptors (Type I and IT) In
some tissues Type I receptors are aldosterone
selective, at least in part reflecting the activity of
one species of the enzyme 11-HSD 1n cells which
are physiological targets for aldosterone action
In other cells and tissues 11-HSD activity ap-
pears to modulate Type II (classical GR) occu-
pancy and activation by glucocorticoids, thus
fractionating individual target tissue response to
a common circulating level of steroid In ad-
dition, there has recently been demonstrated a
high affimty membrane receptor specific for
phystological glucocorticoids m neural tissue
from the amphibian Ticarda, and there 1s com-
pelling albert indirect evidence for a low affinity
receptor recognizing corticosterone and dexa-
methasone but not RU28362 1n the rat adrenal
medulla It therefore appears highly likely that
1n future we will recognize not only classical GR
as mediators of the physiological actions of
glucocorticoid hormones, but a range of other
high and low affinity receptors, membrane
and intracellular, acting via both genomic and
non-genomic mechanisms
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