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Snnunary--Glucocortmold hormones are secreted umquely from the zona fasclculata of the 
adrenal cortex, with marked carcadmn vanaUon m basal levels and acute elevation m response 
to stress Glucocorttcold receptors are almost ubiquitously &stnbuted, and me&ate a w~de 
range of tmsue-speofic responses, m addmon to clasmcal, [3 H]dexamethasone-bmdmg GR 
(Type II receptors) there m excellent evadence that Type I rotes (MR) act as nuneralocortmold 
receptors m some t~ssues but l'ugh affimty glucoco~co~d receptors m others Particular msues 
to be addressed in the presentataon include (0 the extent to whmh glucocorUcold receptor 
occupancy Is modulated by extracellular (plasma-bmdmg enzymes) or mtracellular (proto- 
oncogenes) factors, (n) whether or not there are specafic response elements for Type I and II 
receptors, On) putatwe phymologmal roles for Type I, lugh affimty glucocortacold receptors, 
0v) ewdence for glucoco~cotd receptors other than clasmcal GR and "MR" In summary, 
glucocortmold receptors appear to be a final common pathway medmtmg and/or modulating 
clrcadmn rhythms and stress responses Cell- and tmsue-specaficlty of response to a whole-body 
mgnal is determmed by local pre-receptor, receptor and genomm dafferences On the barns of 
prewous stu&es on glucocortaco~d secreUon, and recent mformataon on glucocort~co~d acUon, 
it would at last appear posmble to begin to construct a coherent phymology for glucocorUco~d 
hormones 

Glucocortmold receptors are a complex subject, 
with three clearly defined receptors and clear 
ewdence for glucocortlcotd actions via mechan- 
rams &stlnct from these defined receptors It m 
posmble in a rewew arUcle such as tlus to hst the 
properties of  the known receptors and to 
descnbe "non-receptor" glucocortmotd effects, 
essentmlly m v a c u o  Such a presentation, how- 
ever, runs the risk of  being descnpUve rather 
than analytm, and of  being less hkely to afford 
phymologmal mmghts than one in whmh the 
biology of  mgnal as well as receptor m ad- 
dressed More than half a century after the first 
description and molaUon of  glucocortacold hor- 
mones we stdl lack a coherent phymology of  
their roles in development, metabohsm and the 
response to stress Such a phymology wdl only 
come from consideration of  both mgnals and 
receptors, and ~t m w~th this m mind that the 
present bnef  overview is wntten 

The secreUon of  physlologmal glucocorUcolds 
(cortmol m most species, cort~costerone m rats 
and nuce) from the zona fasclculata of  the 
adrenal cortex is under the predormnant control 
of  ACTH secreted from the antenor  pltmtary 
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gland The mechanism whereby rats and nuce 
express 17-hydroxylase activity m the gonad but 
not m the adrenal cortex has yet to be estab- 
hshed, the lmphcatlons of  secreting a less elabo- 
rated glucocorUcold are yet to be explored In 
thin context it ~s worth remarkmg that a variety 
of  glucocorncold-blndmg proteins m the r a t - -  
Type I and II receptors, plasma cortlcosterold- 
binding globuhn, the metabohzmg enzyme 
l l f lOH steroid dehydrogenase ( l l -HSD)---  
show much lower affimty for corttsol than 
cortmosterone, m contrast with the equwalent 
human binding specms 

Although ACTH is widely accepted as 
the predominant regulator of  glucocort~co~d 
secretion from the adrenal cortex, other factors 
(e g anglotensm, y-MSH) have been shown to 
have effects These are often at concentrations 
lugher than commonly seen m v w o ,  so that a 
physlologmal role m the modulation of  corUsol 
levels by secretagogues other than ACTH re- 
mares to be estabhshed Slmdarly open to ques- 
tion are phymologmal roles for factors other 
than corUcotropm-releasmg factor (CRF) and 
arglmne vasopressm (AVP) as stlmuh for pro- 
optomelanocortm (POMC)synthems and ACTH 
release, and for glucocortlcolds as mhlb~tors A 
range of  candidate factors--including catechol- 
amines, NPY, ANP, anglotensln, mterleukm 1 
and mtnc oxide---has been studied, and roles as 
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hypothalamlc or paracrlne modulators postu- 
lated, the relative ~mportance 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 estabhshed is a clear species 
difference for CRF and AVP in 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 in terms of release, in the sheep 
exactly the opposite is the case [1] What has 
also been established is the extraordinary com- 
plexity of glucocortlcold feedback on POMC 
synthesis and ACTH release Sites of gluco- 
cortlcold action which have been demonstrated 
include the hlppocampus, with high concen- 
trations of both Type I and II glucocortlcold 
receptors, and recently defined relays to the 
hypothalamus[2], the hypothalamus, where 
synthesis and release of CRF and/or AVP is 
influenced by glucocortlcold levels [3], the me- 
dmn eminence, where glucocortlco~d-regulated 
metabolism appears to regulate levels accessing 
the portal circulation [4], and the pituitary itself, 
where glucocorUcolds negatively regulate both 
POMC gene transcription and ACTH release 
Equally complex appear to be the time &men- 
slons over which this negatwe control is exerted, 
from seconds/minutes--presumably by non- 
genomlc mechamsms--to many hours Gwen 
that essentially all cells appear to contain Type 
II glucocortlcold receptor, this complexity of 
glucocortlcold negatwe feedback control is 
likely to increase rather than decrease if other 
factors--particularly negative regulators--are 
estabhshed as having physiological roles m the 
control of ACTH secretion 

What even the estabhshed complexity clearly 
admits is that ACTH secreUon responds to two 
distinct, supenmposable signals, those of orca- 
dlan vanatlon and stress Secretion of glucocor- 
t~co~ds is pulsatlle, reflecting pulsatde secretion 
of ACTH, and in turn of CRF and AVP [5] 
Though the implications of such pulsaUhty are 
essentially unexplored in terms of metamessage, 
over a 24h period glucocortlcolds show a 
clearly circa&an variation, reflecting ACTH se- 
cretion, with a na&r during sleep and a peak 
around the time of begmmng actwlty, further- 
more, the more carefully the study is done to 
avoid superimposed stress, the more different 
are peak and na&r values of circulating gluco- 
corUcolds, up to a 70- to 100-fold difference [6] 

Peak values for plasma glucocortlcolds are com- 
monly moderately rather than maximally elev- 
ated, and are also commonly transient, m 
contrast, glucocortlcold synthesis and release m 
response to stress may generate very high levels 
over a considerable time period 

Just as glucocortlcolds are secreted in two 
modes--circadian and in response to stress-- 
they clearly interact with two classes of well- 
characterized members of the steroid/thyroid/ 
retmolc acid/orphan receptor family of nuclear 
transactwatlng factors, the Type I (mmeralocor- 
tlcold) and Type II (classical glucocorUcold) 
receptors Type I receptors have high (Kd 
~< 1 nM at 4°C) and equal affinity for aldoster- 
one, deoxycorucosterone and cortlcosterone [7] 
The human mmeralocortlcold receptor has been 
cloned from human kidney cDNA, and shows 
equivalent affinity for cort~sol as for aldoster- 
one, cortlcosterone and deoxycortlcosterone [8] 
Its homologue in the rat has been cloned and 
sequenced from rat hlppocampal cDNA, under- 
hnmg the commonahty of Type I receptors m 
diverse tissues in the body In the kidney it is 
aldosterone-selectwe, and thus able to act as a 
mlneralocortlcold receptor, in the hlppocampus 
It is clearly not aldosterone-selectwe, so that it 
Is overwhelmingly occupied by the much higher 
orculatmg levels of glucocortlColds 

The mechanism whereby the same receptor 
can respond to two different hgands in different 
tissues in the body appears to involve, at least 
m large part, the operating of the enzyme 
l l-HSD[9, 10] This enzyme, as its name im- 
plies, acts on C-11 hydroxylated steroids, such 
as cortlsol and cortlcosterone, and converts 
them to receptor-reactive l l-keto analogues 
(cortisone and 11-dehydrocortlcosterone) 
Aldosterone is not metabolized in a similar 
fashion, the unique, highly reactive aldehyde 
group at C-18 cycllzes with the C-11 hydroxyl in 
the aldosterone molecule to yield an 11,18 
hemlketal, which ~s resistant to enzymatic at- 
tack High levels of enzyme activity have been 
found in the kidney and parotld, very modest 
levels in the colon, and very low levels In 
hlppocampus, blockade of the enzyme by the 
administration of carbenoxolone[9] or gly- 
cyrrhetlnlC aod  [10] Is followed by a marked 
increase In glucocortlcold binding to these 
otherwise aldosterone-selectlve Type I receptors 
in physiological mmeralocortlco~d target tissues 
such as kidney, parotld and colon 

There are, however, several caveats that 
should be clearly stated before too readily 
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accepting the actlxqty of 11-HSD as the unique 
determinant of Type I receptor selectivity, and 
of its activity as bemg umquely such a selectw- 
lty-confernng mechanism First, though to date 
only a single species of l l-HSD has been 
cloned--from rat hver [11], and by extension In 
the human [12]--there is cogent though indirect 
evidence for more than one enzyme responsible 
for such activity[13-15] The hepatic species 
[11, 12] is expressed at high levels m hver, lung, 
tesus and renal proximal tubule, none of which 
are currently considered physiological aldoster- 
one target tissues, but is absent from renal 
corUcal collecting tubules, paroUd and colon 
This species has thus been termed 11-HSD1, to 
&stmgmsh it from the actlvlty demonstrated in 
aldosterone target tissues (11-HSD2) 

Given that 11-HSD1 appears to be expressed 
in what would normally be considered classical 
glucocortlCOld target tissues, its role would ap- 
pear to be to fractlonate circulating glucocortl- 
cold signal in &fferent target tissues, so that 
depending on the extent of 11-HSD actlvlty in 
a particular tissue it will be more or less respon- 
sive to a common level of circulating glucocor- 
tlcolds The best experimental evidence for this 
is currently m the testis, where the appearance 
of 1 I-HSD activity coincides with a marked 
increase m testlcular androgen biosynthesis, 
known to be suppressed by glucocortlcolds [16] 

There are slmdarly open questions in terms of 
11-HSD2 Though in kidney extracts there are 
multiple mRNA species [17], these are clearly 
variants of HSD1 recognized with an hepatic 
cDNA 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 a l ,  unpubhshed) cortical collect- 
lng tubules On the other hand, only very 
modest levels of l l-HSD activity have been 
demonstrated m colon, where there are very 
high levels of Type I receptors whlch are par- 
tlcularly aldosterone-selectlve m vwo For this 
tissue, then, additional and/or alternate speclfi- 
clty-confernng mechanisms have been postu- 
lated [18], similarly yet to be addressed are the 
mechanisms excluding progesterone and deoxy- 
cortlcosterone, both of which are fully reduced 
at C-11, from Type I receptors m mlneralocortl- 
cold target tissues 

Type I receptors, which recogmze aldosterone 
and the physiological glucocortlcolds equiva- 
lently, will normally be occupied by glucocortl- 
colds unless they are excluded For Type II or 

classical glucocortlcold receptors such ambigu- 
Ity at the receptor level does not appear to be an 
equwalent problem Type II receptors appear 
essenUally ublqtatous, are commonly labelled 
with [3H]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 
cortlcosterone and cortlsol than do Type I 
receptors, so that their occupancy profile over 
the range of physiological glucocortlcold con- 
centratlons is clearly different On the other 
hand, the N-terminal region of the Type I 
receptor is only 5-10% as efficient in transcrip- 
tional terms as the equivalent domain m the 
Type II receptor, leading to the suggestion that 
in concert the two receptors may provide an 
extended dynamic range over which glucocortl- 
colds can affect target cells 

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

An area of current amblgmty is that of the 
identity or otherwise of the hormone response 
element (HRE) for Type I and II receptors The 
nucleotlde sequence involved is a pahndromlc 
pentadecamer (GAACAnnnTGTTC), which ex- 
perimentally at least can serve as a response 
element for Type I (MRE), II (GRE), androgen 
and progestln receptors A two nucleotlde 
change (GGTCAnnnTGACC) turns the motif 
into a response element recognizing activated 
oestrogen and vitamin D receptors, and omis- 
sion of the three hnklng indifferent nucleotldes 
(GGTCATGACC) a thyroid and retlnolc 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" 
glucocortlcold RU28362, which does not bind 
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to Type I receptors [23] Against a necessarily 
shared response element are studies on luppo- 
campal shces, where selectwe activation of  Type 
I and II receptors has been shown to produce 
&stmct effects on electrophyslologlcal radi- 
ces[24] Resolution of this conundrum wdl 
be assisted by the identification of genes 
which are aldosterone-responslve in physiologi- 
cal nuneralocortlcold target Ussues 

Both Type I and II receptors are classical, 
mtracellular, hgand-actwated nuclear transcrip- 
tion factors Recently, membrane receptors for 
adrenal steroids have been identified m two 
&stmct systems In very recent stu&es, human 
peripheral monocyte membranes have been 
shown to brad [12SI]aldosterone, with high 
affimty and specificity clearly &stmct from that 
of the mtracellular sites, notably a much lower 
affimty for glucocortlcolds than for aldoster- 
one [25] Previously, classical mtracellular Type 
I receptors have been demonstrated m mono- 
cytes[26], and tn vttro effects of  aldosterone 
admm~stratlon on monocyte Na ÷ and K ÷ flux 
documented [27], although some discrepancies 
were noted between receptor and effector stud- 
les In terms both of  affinity and the profile of 
agomst and antagomst effects of  various ster- 
oids, the recently described membrane blndmg 
sites for aldosterone may thus be more reason- 
ably lmphcated m mediating effects on ion flux 
than the classtcal lntracellular Type I s~tes 

For  glucocorucolds, a strmlar h~gh affinity 
membrane receptor has been demonstrated 
m the nervous system of the amphibian Ttcarda 

[28] These s~tes have nanomolar affimty for 
cort~costerone, and for cort~sol an order of  mag- 
mtude less, for aldosterone and dexamethasone, 
and a series of "neurostero~ds", their affimty is 
very much less, again clearly d~stmgulshlng 
them from classic mtracellular receptors for 
adrenal steroids In Twarda  cortlcosterone ad- 
numstrat~on to the male of  the species is fol- 
lowed by a very rapid abrogauon of  mounting 
of females, and an excellent correlaUon has been 
demonstrated between relatwe affinity for the 
membrane bound cort~costerone receptors and 
ability to inhibit mounting and the clasp reflex 

In addmon to these h~gh affinity membrane- 
bound receptors, there is compelhng but to date 
m&rect ewdence for phys~ologlcal receptors 
w~th low affimty for cort~costerone, in the 
adrenal medulla The first evidence for such a 
mechamsm came from stu&es over 25 years 
ago [29], which showed that hypophysectomy 
was followed by a fall m adrenal phenyl- 

ethanolamme N-methyl transferase (PNMT EC 
2 1 1 28) actwlty, a fall which was restored 
by the administration of much higher than 
replacement doses of glucocorUcolds [30] Sub- 
sequently, the P N MT gene has been cloned and 
shown to have a canonical GRE m the 5' 
untranslated region, which responds to dexa- 
methasone by a ,-~ 10-fold increase in transcrip- 
tion, an increase abrogated when the GRE is 
mutagemzed [31] 

On the other hand, mechamsms m addmon to 
this classical glucocortlcold regulation of  gene 
expression are clearly operant m control of 
PNMT actwlty The much higher than replace- 
ment doses of cort~costero~d reqmred to restore 
PNMT act~wty post-hypophysectomy is evi- 
dence for this, more recently, this has been 
confirmed and extended by stu&es m which 
adrenal P N MT actwlty and levels of P N MT 
mRNA were measured m intact rats chromcally 
treated for 1 week w~th a range of doses of 
dexamethasone or the h~ghly selectwe Type II 
glucocortlcold RU28362 [32] 

Under such condmons dexamethasone ap- 
pears 3-5 times as potent as RU28362, as 
gauged by progresswe decreases m thymus and 
adrenal weights w~th progresswe increases m 
doses of administered steroid In parallel, both 
steroids produced a >~10-fold increase m the 
levels of PNMT mRNA, consistent with the 
tn vttro transfect~on stu&es previously cited 
When, however, PNMT actlwty m the con- 
tralateral adrenal was determined by the stan- 
dard ra&oenzymat~c assay, a clear &stmcUon 
between the effects of dexamethasone and 
RU28362 was seen With RU28362, an mmal 
fall in PNMT actwlty was seen over the dose 
range 1-30 #g/day w~th plateau levels at higher 
doses With dexamethasone a shghtly steeper 
mltml fall m actwlty to a na&r at 30/zg/day was 
followed by a progresswe increase with higher 
doses, so that at 1 rag/day dexamethasone 
values ~dentlcal to those seen m vehicle-treated 
control rats were seen 

We interpret these findings as follows The 
mmal fall in PNMT actlwty with both glucocor- 
tlcolds reflects suppression of the hypotha- 
lamo-p~tmtary drive to the adrenal, as m&cated 
by the fall of  adrenal weight to plateau levels 
with 100 gg-1 mg of either steroid Under such 
circumstances endogenous secretion of corUco- 
sterone, upon which PNMT acUwty normally 
depends, falls progressively, this fall m cortlco- 
sterone is thus measured m a fall m PNMT 
activity At higher doses of dexamethasone, the 
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" r e s to ra t ive"  ac t ion  o f  high dose  dexametha -  
sone o r  cor t l cos te rone  previous ly  no ted  [29, 30] 
progress ively  comes  into  p lay  Tha t  this effect Is 
via  o the r  than  classical  Type  I I  g lucocorUcoid  
receptors  is c lear ly seen f rom the mabd t ty  o f  
otherwise  equiva lent  doses  o f  RU28362 to elev- 
ate P N M T  actwlty ,  given tha t  RU28362 is a 
po t en t  and  highly selective Type  II  receptor  
agoms t  Given  the doses o f  cor t icos te rone  or  
dexame thasone  required to restore the effect in 
the surgical ly [29, 30] or  chemical ly  [32] hypo-  
physec tomized  rat ,  the recep tor  via which such 
an effect Is med ia t ed  clearly is o f  relat ively low 
affinity, consis tent  with the very high levels o f  
free cor t i cos te rone  m the por ta l  b lood  per fusmg 
the ad rena l  medu l l a  Whe the r  or  not  this low 
affimty cort~costerone receptor  is a m e m b r a n e  
o r  ln t race l lu lar  recep tor  awai ts  de te rmina t ion ,  
as does  the mechan i sm whereby  it modu la t e s  
P N M T  act ivi ty  independen t  o f  the classtcal 
Type  I I  r ecep tor  medmted  effects on  P N M T  
gene t ranscr ip t ion  

In  summary ,  g lucocor t ico ids  appea r  to act  
t h rough  at  least  two classes o f  relat ively high 
affimty mt race l lu la r  receptors  (Type I and  II)  In  
some t~ssues Type  I receptors  are a ldos te rone  
selectwe, a t  least  m par t  reflecting the ac twl ty  o f  
one species o f  the enzyme 11-HSD in cells which 
are  phys to logica l  targets  for  a ldos te rone  act ton 
In  o ther  cells and  tissues 11-HSD actlvt ty ap-  
pears  to m o d u l a t e  Type  II  (classical G R )  occu- 
pancy  and  ac twa t ion  by glucocorUcolds,  thus 
f r ac t iona tmg  indiv idua l  target  tissue response  to 
a c o m m o n  ctrculat ing level o f  s teroid In ad-  
di t ion,  there  has recent ly been demons t r a t ed  a 
high affinity m e m b r a n e  receptor  specific for 
phys~ologlcal  g lucocor t lco lds  in neural  tissue 
f rom the a m p h i b i a n  Ttcarda, and  there is com-  
pelhng albei t  indirect  evidence for  a low affinity 
recep tor  recognizing cor t icos te rone  and  dexa-  
me thasone  but  not  RU28362 in the ra t  adrena l  
medu l l a  I t  therefore  appea r s  highly hkely tha t  
m future  we will recogmze not  only  classical G R  
as med ia to r s  o f  the physiologtca l  ac t ions  o f  
g lucocor t i co ld  hormones ,  but  a range  o f  o ther  
high and  low affinity receptors ,  m e m b r a n e  
and  lntracel lular ,  act ing via bo th  genomlc and  
non-genomic  mechanisms  
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