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Abstract

Glucocorticoids are secreted into the systemic circulation from the adrenal cortex and initiate a
broad range of actions throughout the organism that regulate the function of multiple organ
systems, including the liver, muscle, the immune system, the pancreas, fat tissue, and the brain.
Delayed glucocorticoid effects are mediated by classical steroid mechanisms involving
transcriptional regulation. Relatively rapid effects of glucocorticoids also occur that are
incompatible with genomic regulation and invoke a noncanonical mode of steroid action. Studies
conducted in several labs and on different species suggest that the rapid effects of glucocorticoids
are mediated by the activation of one or more membrane-associated receptors. Here, we provide a
brief review focused on multiple lines of evidence suggesting that rapid glucocorticoid actions are
triggered by, or at least dependent on, membrane-associated G protein-coupled receptors and
activation of downstream signaling cascades. We also discuss the possibility that membrane-
initiated actions of glucocorticoids may provide an additional mechanism for the regulation of
gene transcription.

Glucocorticoids have an extensive range of actions in target tissues throughout the organism,
and these actions have long been recognized to elicit both rapid and delayed effects on
physiological and behavioral responses (1). The delayed glucocorticoid actions are
mediated, for the most part, by activation of known cytosolic receptors belonging to the
nuclear receptor superfamily, the corticosteroid type I, or mineralocorticoid, and
corticosteroid type |1, or glucocorticoid, receptors (2). These intracellular corticosteroid
receptors initiate transcriptional activation or repression by the translocation of the ligand-
bound receptor to the nucleus and binding to a glucocorticoid response element sequence in
the promoter region of different glucocorticoid-regulated genes (3, 4). Glucocorticoids can
also regulate transcription without binding directly to the DNA but by associating with other
transcription factors to regulate their transcriptional activity (5). There is a rapidly growing
body of evidence suggesting that acute physiological and behavioral effects of
glucocorticoids are mediated by actions associated with the plasma membrane and
independent of gene transcription, as has been surmised by the incompatibility of the rapid
effects with genomic regulation. Here, we present an overview of the evidence for the rapid
effects of glucocorticoids being mediated by one or more membrane-associated
glucocorticoid receptors coupled to downstream G protein-dependent signaling cascades.
We touch upon findings suggesting an interaction of the glucocorticoid membrane receptor
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signaling with other receptor signaling cascades and discuss the possibility of an alternative
mechanism of glucocorticoid transcriptional regulation via membrane glucocorticoid
receptor signaling.

Rapid Glucocorticoid Actions

Glucocorticoids have been shown to exert a vast array of rapid functional effects on
different cells and tissues as well as on behavioral responses in different vertebrate species.
Among the tissues and systems targeted for rapid glucocorticoid effects are muscle,
pancreas, heart, adipose tissue, the immune system, and the brain. We will concentrate in
this review primarily on the rapid cellular effects of glucocorticoids on the vertebrate brain,
although here we mention briefly some of the rapid, transcription-independent cell/
molecular actions of glucocorticoids in other tissues. For example, glucocorticoids have
been shown to inhibit smooth muscle contraction in the trachea via rapid, nongenomic
actions that are not blocked by the intracellular glucocorticoid receptor antagonist
mifepristone (6). Glucocorticoids also have been reported to cause a rapid suppression of the
stimulated release of insulin from pancreatic p-cells, whereas they have little or no effect on
resting insulin levels in vivo and in vitro (7); this rapid decrease in insulin, interestingly, is
opposite to the delayed increase in insulin levels caused by slow glucocorticoid actions. In
the heart, glucocorticoids induce endothelial nitric oxide release by stimulating nitric oxide
synthase via activation of phosphatidylinositol-3 kinase and protein kinase Akt, which
contributes to the acute cardiovascular protective effects of the steroid (8). Glucocorticoids
stimulate fat cell production in adipose tissue by facilitating the differentiation of
preadipocyte precursors into adipocytes via a nontranscriptional suppression of a histone
deacetylase complex (9), representing an epigenetic action of the glucocorticoids on adipose
tissue. The well-known antiinflammatory action of glucocorticoids in the immune response
was shown to be mediated by glucocorticoid actions that are in part independent of
glucocorticoid receptor binding to the DNA, also indicating a nontranscriptional action of
the steroid (10). Thus, as one might expect from blood-borne steroids with such widespread
access to tissues, multiple target organs throughout the organism mount rapid responses to
glucocorticoids that are independent of, or parallel to, the transcriptional regulatory function
of the steroids. Interestingly, rapid actions of glucocorticoids are seen in lower vertebrate
species and represent an evolutionarily conserved mechanism of steroid action, to the extent
that it has been posited that the membrane glucocorticoid receptor and its rapid actions may
represent the more evolutionarily ancient of the forms of glucocorticoid receptor activity
(11). It is worth noting that the rapid glucocorticoid actions are extremely varied in nature
and probably represent the actions of multiple receptor mechanisms, including possibly the
classical intracellular receptor(s) acting at the membrane through nongenomic signaling
mechanisms. Although it has generally been assumed that glucocorticoids access their
cognate intracellular receptors by passive diffusion through the membrane because of their
lipophilicity, there are recent reports that even the transcriptional effects of glucocorticoids
may require transport across the plasma membrane by a membrane transporter (12).

Rapid Glucocorticoid Regulation of Brain Function

Glucocorticoids have been found to exert effects on neuronal activity that can occur within
seconds to minutes of the exposure of the cells to the steroid, precluding the involvement of
genomic regulation in these effects. The transcription-independent glucocorticoid actions
have been reported mainly in different limbic and brain stem structures of the brain, where
they control functions ranging from learning to neuroendocrine function to reproductive
behaviors. Thus, systemic glucocorticoids have been reported to increase locomotor activity
of rats placed in a novel environment but not in rats previously exposed to the same
environment (13). This glucocorticoid effect is dependent on nitric oxide release, because it
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was blocked by nitric oxide synthase antagonists and rescued by the nitric oxide precursor .-
arginine (14). Moore and colleagues (15, 16) have published several probing studies using
the rough-skinned newt as a model in which they have shown that stress levels of
corticosterone suppress male reproductive behavior in these animals via rapid actions at a
putative membrane corticosteroid receptor. This behavioral effect is caused by the rapid
glucocorticoid inhibition of brain stem neural circuits that control motor outputs responsible
for limb clasping during reproduction (17), and this appears to be mediated by the
glucocorticoid-induced synthesis and release of endogenous cannabinoids in these circuits
(18). This rapid action of glucocorticoids via endocannabinoid release is interesting in light
of recent findings of an endocannabinoid intermediate in the rapid effects of glucocorticoids
on synaptic transmission in the hypothalamus (see below) (19-21).

Several studies have been performed to determine the effects of glucocorticoids on learning
and memory based on the empirical notion that stress can have both positive and negative
effects on one’s ability to process information and form memories (e.g. see Ref. 22 for
review). Briefly, although the long-term effects of elevated circulating glucocorticoid levels
have generally been found to be detrimental to memory (23), acute glucocorticoid actions
have been reported to enhance memory formation. Thus, learning is enhanced by
glucocorticoids applied during or immediately after training sessions via actions requiring an
intact amygdala (24). Similarly, adrenalectomy and blocking corticosterone synthesis
inhibits the consolidation of emotional memories in rats, and this memory impairment is
rescued by acute glucocorticoid application (25-27). The glucocorticoid effects on memory
appear to a large degree to result from genomic modifications of the response properties of
hippocampal and amygdalar neurons by changing the intrinsic and/or synaptic excitability of
these cells. Long-term exposure to glucocorticoids has deleterious effects on the
morphological structure and synaptic innervation of hippocampal neurons (28). Chronically
elevated glucocorticoids by chronic stress or repeated corticosterone administration and
chronically low glucocorticoid levels after adrenalectomy have been shown to cause changes
in the excitability of hippocampal CA1 pyramidal neurons in rats by altering their intrinsic
electrical properties and their synaptic inputs (29, 30), and these effects generally have been
attributed to genomic actions of the glucocorticoids. However, it was shown recently that
acute glucocorticoid application in hippocampal slices enhances long-term potentiation of
Schaffer collateral inputs to CA1 pyramidal neurons (31), suggesting facilitation of a
probable cellular mechanism for hippocampus-dependent learning. Thus, although the
transcriptional actions of glucocorticoids undoubtedly regulate how hippocampal neurons
respond to afferent inputs over the long run, the rapid, nontranscriptional effects of
glucocorticoids in the hippocampus may provide a possible mechanism for the acute
facilitatory effects of glucocorticoids on some forms of learning and memory.

Much of the attention on the glucocorticoid effects in the brain over the years has been
focused on the negative feedback effects of glucocorticoids on the stress activation of the
hypothalamic-pituitary-adrenal (HPA) axis, the neuroendocrine system responsible for
triggering the stress-induced elevations in blood glucocorticoid levels (see Ref. 1 for
review). It has long been recognized that glucocorticoids exert a negative feedback
regulation of the HPA axis that is mediated by both rapid and protracted glucocorticoid
actions at the levels of the anterior pituitary, where the ACTH cells are located, the
hypothalamic paraventricular nucleus (PVN), where the hypophysiotropic (CRH and
vasopressin) neurons are located, and the hippocampus, an upstream regulator of the HPA
axis. We will review briefly what is known about the glucocorticoid actions at each of these
relays in the regulation of the HPA axis.
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Glucocorticoid Feedback Regulation of the HPA Axis

Slow, transcription-dependent actions of glucocorticoids occur at each of the glucocorticoid
feedback target sites of the HPA axis. At the pituitary, glucocorticoids regulate the
expression of proopiomelanocorticotropic hormones, including ACTH, as well as the
expression of CRH receptors and vasopressin receptors by the pituitary adrenocorticotrophs,
thus controlling the amount of ACTH secreted into the blood in response to portal CRH and
vasopressin (32—34). Glucocorticoids also regulate the levels of expression of the peptides
CRH and vasopressin in the CRH neurons in the hypothalamus (35, 36), as well as the
GABAergic inhibitory synaptic inputs to the CRH neurons of the PVN (37-40). The
combined effects of lower pituitary ACTH levels, reduced expression of pituitary CRH and
vasopressin receptors, and lower CRH and vasopressin expression in the PVN contribute to
a suppression of the HPA hormone response to stress. Finally, it has also been shown that
chronically elevated glucocorticoids and chronic stress cause long-term changes in the
excitatory synaptic response properties of the upstream hippocampal CAL neurons, exerting
a slow enhancement of glutamate excitation (29) but suppressing N-methyl---aspartate
receptor-mediated long-term potentiation (41). How these long-term changes in
hippocampal synaptic responses impact the regulation of the HPA axis remains to be
determined.

Conveniently, the acute effects of glucocorticoids on the main glucocorticoid feedback
target sites tend predominantly toward the rapid suppression of activation of the HPA axis,
as would be predicted for a negative feedback regulation. Thus, at the pituitary,
glucocorticoids suppress CRH-induced ACTH secretion within minutes via a rapid,
transcription-independent mechanism (42, 43). The rapid glucocorticoid effect on the
pituitary accounts for about half of the total rapid feedback inhibition of ACTH release in
vivo (1, 44), the remaining half occurring within the brain. At the level of the PVN,
glucocorticoids have been reported to exert rapid effects that were mainly, although not
exclusively, inhibitory on the spiking activity of median eminence-projecting PVN neurons
recorded in vivo (45-47). This predominantly inhibitory effect on spiking activity was also
seen in PVN neurons recorded in slices of hypothalamus in vitro (47), although these effects
were blocked by the intracellular glucocorticoid receptor antagonist mifepristone. In another
series of studies in hypothalamic slices, cortisol generally did not affect the spontaneous
spike frequency of PVN neurons recorded in the parvocellular subdivision (48), although it
blocked spike activation induced in these neurons by norepinephrine (49), suggesting an
indirect effect on the noradrenergic modulation of synaptic inputs. Additionally,
glucocorticoids have been found to suppress stimulated vasopressin release from
hypothalamic slices/explants via a transcription-independent mechanism (50, 51). It should
be noted that glucocorticoids also have been reported to suppress voltage-activated
potassium currents (52) and to enhance the spiking activity of some PVVN neurons (47, 52),
suggesting a possible excitatory effect on some cells in the PVN.

The rapid inhibitory effects of glucocorticoids on PVN neurons are consistent with a
suppression of excitatory synaptic drive and/or a facilitation of inhibitory synaptic input to
the PVN. We reported recently that glucocorticoids inhibit glutamatergic excitatory
postsynaptic currents in PVN neuroendocrine cells within minutes of application by
stimulating the release of endocannabinoids (19), retrograde messengers that act to suppress
the presynaptic release of glutamate and GABA (53, 54). Thus, glucocorticoids stimulate the
synthesis and release of the endocannabinoids anandamide and 2-arachidonoylglycerol in
the PVN, which inhibit glutamate release onto PVN neuroendocrine cells via the activation
of CB1 receptors on presynaptic glutamate terminals (Fig. 1) (19, 55). We also have found
that glucocorticoids rapidly facilitate the release of GABA inhibitory synaptic inputs to a
subset of neuroendocrine cells, the magnocellular neurons (20), whereas there was no effect
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on GABA inputs to parvocellular neuroendocrine cells (19). The lack of effect
onGABAinputs to PVN parvocellular neurons and the rapid facilitatory effect on GABA
inputs to magnocellular neurons is in stark contrast to the suppression of GABA inputs to
PVN parvocellular neurons caused by chronic stress and sustained high corticosterone (38)
and suggests that there is a differential regulation of GABA inputs under conditions of acute
vs. sustained rises in glucocorticoids. It is not yet clear whether the rapid facilitatory
glucocorticoid effect on GABA release is also caused by the retrograde action of
endocannabinoids at GABA terminals or by some other retrograde messenger, although
preliminary evidence suggests that, unlike the rapid glucocorticoid effect on glutamate
release (21), the rapid glucocorticoid effect on GABA release is not blocked by the
adipocyte hormone leptin (Di, S., and J. G. Tasker, unpublished observation). The effect of
suppression of excitatory synaptic inputs combined, in some cells (i.e. oxytocin and
vasopressin neurons), with facilitation of inhibitory inputs to PVN neurons would be
expected to strongly inhibit the PVVN outputs that control the HPA axis. It is worth noting
that vasopressin secretion from the magnocellular neuroendocrine cells, like that from the
parvocellular neuroendocrine cells, facilitates ACTH release at the anterior pituitary (56).

The rapid effects of glucocorticoids in the hippocampus are also consistent with inhibition of
the HPA axis, although, paradoxically, these represent primarily excitatory effects on the
principal cells of the hippocampus. Thus, glucocorticoids cause a rapid, transcription-
independent increase in the probability of glutamate release onto CA1 pyramidal neurons,
resulting in an increase in excitatory synaptic inputs to these cells (57). Interestingly,
although independent of transcriptional mechanisms, this glucocorticoid effect is
nevertheless sensitive to blocking, or knocking out, the intracellular type | corticosteroid
(mineralocorticoid) receptor, suggesting a role for this receptor in the rapid glucocorticoid
signaling. Glucocorticoids have also been shown to enhance the functional expression of
long-term potentiation in the CA1 pyramidal cell layer, a rapid effect that is independent of
the activation of both the classical glucocorticoid and mineralocorticoid receptors (31).
Thus, glucocorticoids exert rapid modulatory effects on excitatory synaptic transmission in
the hippocampal CA1 subfield that lead to an increase in the excitability of the CA1
pyramidal neurons, principal output neurons of the hippocampus. Despite the predominantly
excitatory glutamatergic projection from the hippocampus/subiculum to the PVN, the
hippocampal regulation of the HPA axis is primarily inhibitory (58). The transformation of
an excitatory hippocampal output to an inhibitory hypothalamic input is thought to be
mediated by the hippocampal projections relaying through GABAergic inhibitory neurons
located in the perifornical region surrounding the PVN (59-61). Therefore, a rapid increase
in the hippocampal excitatory output to the hypothalamus by glucocorticoids would result in
an increased inhibition of hypothalamic neuroendocrine cells, including presumably the
CRH neurons, and could contribute to the fast glucocorticoid feedback inhibition of the
HPA axis.

Membrane Glucocorticoid Receptor Signaling via Intracellular Second
Messengers

There is a growing body of evidence that at least some of the rapid glucocorticoid actions
are mediated by G protein-coupled receptors (GPCRs) and intracellular signaling cascades
downstream from GPCRs. For example, the binding of radiolabeled glucocorticoids to the
membrane fraction of newt brain stem tissue is suppressed by GTP-y-S and enhanced by
magnesium, suggesting that the steroids bind to one or more GPCRs (15, 62).
Glucocorticoids have been found to rapidly inhibit high-voltage-activated calcium currents
in several different cell types, including in dissociated hippocampal neurons, dorsal root
ganglion neurons, and PC12 cells, and this is blocked by suppressing G protein activity (63—
65). Additionally, the transcription-independent glucocorticoid inhibition of ACTH release
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from AtT20 pituitary tumor-derived cells is blocked by pertussis toxin, suggesting it is
mediated by activation of a receptor coupled to an inhibitory G protein (G;) (66).
Interestingly, although the G; dependence suggests that the rapid glucocorticoid effect is
mediated by the negative regulation of cAMP activity, the rapid effect of glucocorticoids
upstream in the PN is dependent on activation of a stimulatory G protein (Gg), implying a
positive regulation of cAMP production by glucocorticoids (21). Thus, recent findings from
our lab suggest that the rapid glucocorticoid-induced synthesis and release of
endocannabinoids from neuroendocrine cells in the PVN is mediated by the activation of a
Gs-coupled membrane receptor (Fig. 2) (19, 21).

Downstream from the putative membrane glucocorticoid receptors, various signaling
pathways have been implicated in the rapid regulation by glucocorticoids of cell signaling in
different cell types/systems. Chen and colleagues (64, 67—70) have reported on the rapid
glucocorticoid inhibition of voltage-gated and transmitter-evoked calcium transients in PC12
cells and different neuroblastoma-derived cell lines via either protein kinase C (PKC)- or
PKA-dependent mechanisms, depending on the cell type. Similarly, the inhibitory effect of
glucocorticoids on high-voltage-activated calcium currents in dissociated hippocampal
neurons and dorsal root ganglion neurons was attenuated with PKC inhibitors (63, 65).

We recently reported that the rapid glucocorticoid inhibition of excitatory synaptic inputs to
neuroendocrine cells of the hypothalamic PVN is dependent on the activation of a cAMP
signaling cascade. Thus, the synthesis and retrograde release of endocannabinoids
responsible for the glucocorticoid-induced suppression of glutamate release onto PVN
neurons was blocked with agents that prevent cAMP formation and PKA activation (21).
The membrane-associated glucocorticoid receptor in PVN neuroendocrine neurons,
therefore, signals via a mechanism that is dependent on the activation of a G&-CAMP-PKA
cascade (Fig. 2). It should be noted, however, that this does not necessarily mean that the
putative membrane glucocorticoid receptor is coupled directly to the Gg-cCAMP-PKA
pathway, because in vitro blockade of PKA activity before glucocorticoid application caused
a reduction in PVN 2-arachidonoylglycerol levels, suggesting the existence of a PKA-
mediated, glucocorticoid-independent basal release of endocannabinoid in PVN slices (21).
Therefore, it is still not clear whether the rapid glucocorticoid-induced stimulation of
endocannabinoid release is mediated by a direct activation of adenylyl cyclase, by an
indirect mechanism leading to increased cCAMP levels, or, less likely, by a mechanism that
depends on basal cCAMP synthesis. Indeed, it would appear that the signaling mechanism
responsible for the rapid synthesis and release of endocannabinoids in PVN neuroendocrine
cells by glucocorticoids is more complex than a simple activation of the G-CAMP-PKA
signaling pathway, because the rapid glucocorticoid effect on synaptic glutamate release is
also blocked by a PKC inhibitor (19), although this does not involve activation of the G
subtype of G protein because inactivating G did not block the rapid glucocorticoid effect
(21). Additionally, endocannabinoid synthesis in hypothalamic neuroendocrine cells is also
stimulated by electrical activation (55, 71), suggesting a convergence on endocannabinoid
synthetic pathways of glucocorticoid signaling and activity-dependent mechanisms.

Rapid glucocorticoid signaling via intracellular corticosteroid receptors

It is also possible that rapid, nongenomic effects of glucocorticoids are mediated by the
classical intracellular corticosteroid receptors associating with the membrane. For example,
there is evidence that the nuclear estrogen receptors (ERs), ERa and ER, are capable of
localizing to both the intracellular and membrane compartments (72) and that the
intracellular receptors can associate with the membrane of nonneuronal cells via tethering to
membrane calveolae (73). In ERa-expressing pituitary tumor cells (GH3 cells), ERa is
located in the plasma membrane and mediates the estrogen-induced rapid release of
prolactin, because it is blocked or stimulated directly by antibodies directed to different
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amino acid sequences of ERa (74). The involvement of the classical nuclear ERs in the rapid
membrane response is not consistent, however, with the dependence of rapid estrogen
effects on G proteins and PKC and PKA signaling in hypothalamic neurons and with a
selective agonist that targets the membrane receptor and not the nuclear receptors (75, 76).
Indeed, a recent report suggests that the membrane ER may actually be a separate G protein-
coupled receptor that, unexpectedly, is localized to the intracellular endoplasmic reticulum
membrane (77). Nevertheless, the issue of whether the rapid estrogen effects are mediated
by a separate G protein-coupled receptor or by the intracellular receptors associating with
the membrane is controversial (78), with recent evidence suggesting that the rapid estrogen
effects may be mediated by an intermediate between the two, membrane association of
intracellular ERs via linkage with other neuronal membrane G protein-coupled receptors
(i.e. metabotropic glutamate receptors) (79, 80).

The classical corticosteroid receptors, or isoforms thereof, have also been found localized to
the membrane of neuronal and nonneuronal cells with antibodies directed against the
intracellular glucocorticoid receptor (81, 82), suggesting the possibility that rapid effects of
glucocorticoids may be mediated by the classical intracellular receptors associated with the
membrane. Consistent with this possibility, the rapid glucocorticoid-induced increase in
glutamate excitatory postsynaptic currents in hippocampal CA1 pyramidal neurons is
blocked with an antagonist to the intracellular mineralocorticoid receptor and is not seen in
mice in which mineralocorticoid receptors have been knocked out (57). Although the
different affinities of the putative membrane receptor and the intracellular receptor to
corticosteroid agonists (83, 84), the frequent lack of sensitivity of the membrane receptor
actions to the intracellular receptor antagonist mifepristone (85), and the G protein
dependence of the membrane receptor-mediated effects argue against the identity of the
intracellular receptor and the membrane receptor, this cannot be ruled out because the same
protein may assume different properties in the two different subcellular environments.

the nucleus via the membrane glucocorticoid receptor

Glucocorticoids also have been reported to cause the rapid activation of several MAPKSs in
both immortalized cell lines and in hippocampal neurons. Thus, glucocorticoids
phosphorylate the MAPKSs p38, c-Jun NH»-terminal kinase (JNK), and ERK1 and -2 in
cultured hippocampal neurons (86, 87) and in PC12 cells (88) via a PKC-dependent
signaling mechanism. Activation of these downstream messengers that signal to the nucleus
suggest that the membrane glucocorticoid receptor signaling cascade may provide an
alternative mechanism of transcriptional regulation that runs in parallel to the intracellular
corticosteroid receptor regulation of gene transcription (85). A rise in phosphorylated ERK
MAPKSs was seen in AtT20 cells only between 1 and 3 h after corticosterone treatment,
which is not consistent with a rapid glucocorticoid effect (89). In this same study, mice
subjected to restraint stress showed an activation of ERK in hippocampal extracts only after
60-120 min from the onset of the stress, whereas circulating corticosterone levels peaked
within 30 min, and ERK activation was abolished in mice with a knockout of the
intracellular glucocorticoid receptor. Together, these findings point to ERK activation via
the intracellular glucocorticoid receptor and not the membrane receptor. However, signals
upstream of ERK (e.g. Raf-1) showed peak activation within 30 min of the stress onset,
providing a possible rapid substrate for the activation of other MAPKSs. Regardless, the
activation and nuclear translocation of MAPKSs by either, or both, transcriptional and
nontranscriptional mechanisms provide the potential for epigenetic regulation of gene
expression, because MAPKSs can cause histone phosphorylation that can lead to modification
of chromatin structure (90, 91). It will be interesting in the future to see how these
potentially distinct mechanisms of accessing the genome might interact, either positively or
negatively, to formulate the resulting net regulation of gene expression by glucocorticoids.
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Conclusion

Thus, rapid glucocorticoid actions point to membrane-associated mechanisms of
glucocorticoid signaling that are distinct from the transcriptional actions of glucocorticoids
mediated by activation of the classical intracellular receptors. These rapid actions can occur
within minutes of exposure of the target cells to the glucocorticoids, which suggests a rate of
cellular regulation that approaches that of neurotransmitters acting at metabotropic
receptors. Although the identity of the membrane-associated glucocorticoid receptor(s) has
not yet been discovered, there is a growing body of data that suggest that the receptors signal
via G protein-dependent mechanisms and downstream kinases. Evidence for membrane
progestin and estrogen receptors coupled to G protein signaling pathways has recently been
reported (77, 92, 93), which suggests that analogous receptors for glucocorticoids exist. It
remains to be determined whether the rapid actions of glucocorticoids are mediated by one
or more membrane-associated receptors and whether these receptors are separate G protein-
coupled receptors or the intracellular receptors that associate with the membrane. It is also
possible that the rapid effects of glucocorticoids are mediated by allosteric actions at known
or unknown receptors of another transmitter or hormone, as has been reported for the
neurosteroids and GABA receptors (94) and for progesterone and oxytocin receptors (95).
Although relatively little is known currently about the putative membrane glucocorticoid
receptor(s) (16, 83), the recent advances in molecular biological techniques and sequencing
of the mouse genome hold promise for the future identification of the receptor(s) responsible
for the widespread rapid actions of glucocorticoids.

Abbreviations

ER Estrogen receptor

GPCR G protein-coupled receptor
HPA hypothalamic-pituitary-adrenal
PKC protein kinase C

PVN paraventricular nucleus
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FIG. 1.

Rapid glucocorticoid feedback inhibition of the HPA axis. Glucocorticoids (CORT) are
secreted into the blood from the adrenal glands in response to stress activation of the HPA
axis, and the circulating glucocorticoids feed back to the anterior lobe of the pituitary gland,
the hypothalamic PVN, and the hippocampus (not shown). Glucocorticoids inhibit CRH
neuron activity via endocannabinoid release in the PVN and curtail HPA hormone release
within minutes of reaching the PVN.
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FIG. 2.

Model of rapid glucocorticoid signaling in PVN parvocellular neuroendocrine cells. A,
Glucocorticoids (CORT) bind to a membrane-associated receptor (mbGR) and activate a G
protein-dependent intracellular signaling pathway that leads to endocannabinoid (CB)
synthesis and retrograde release. Endocannabinoids bind to presynaptic CB1 cannabinoid
receptors and suppress glutamate release from glutamate synapses onto the PVVN neuron. B,
Proposed membrane glucocorticoid receptor signaling pathway. In this model, the
membrane glucocorticoid receptor (mbGR) is a stimulatory G protein-coupled receptor (Gs)
that, upon binding corticosterone (CORT), triggers the activation of adenylyl cyclase and the
production of cAMP, resulting in increased PKA activity, which leads downstream to
endocannabinoid synthesis from membrane lipid precursors followed by release.
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