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Abstract

Glucocorticoids exert pleiotropic effects either by a relatively slow mechanism involving binding
to cytosolic/nuclear receptors and regulation of gene expression or by rapid activation of a putative
membrane receptor and membrane signal transduction. Rapid glucocorticoid actions are initiated
at the membrane and recruit intracellular signaling pathways that engage multiple downstream
cellular targets, including lipid and gas intercellular messengers, membrane neurotransmitter
receptor trafficking, nuclear glucocorticoid receptor activation and trafficking, and more. Thus,
membrane glucocorticoid signaling diverges into a multiplexed array of signaling pathways to
simultaneously regulate highly diverse cellular functions, giving these steroid hormones a broad
range of rapid regulatory capabilities. In this review, we provide a brief overview of the growing
body of knowledge of the cell signaling mechanisms of rapid glucocorticoid actions in the brain.

Corticosteroid hormones are secreted into the bloodstream under circadian regulation

and during exposure to stressful environmental conditions. As lipophilic molecules,
corticosteroids gain access to receptors throughout the organism, including by crossing

the blood-brain barrier to reach the brain. Corticosteroids exert actions in multiple areas

of the brain, in both cortical and subcortical brain structures, that vary in the temporal
domain, from rapid to delayed and transient to prolonged, based on interactions with
different classes of receptors. Two nuclear receptors, the mineralocorticoid receptor (MR)
and the glucocorticoid receptor (GR) [1], are responsible for most (but not all) of the
genomic actions of corticosteroids and have different ligand binding affinities and spatial
distributions throughout the brain. The MR and GR are resident in the cytosol in the
unliganded state and translocate to the nucleus upon corticosteroid binding, where they
regulate gene transcription [2] . In addition to their delayed genomic actions mediated by
nuclear receptors, glucocorticoids also stimulate multiple rapid, non-genomic actions that
are initiated by one or more receptors located at the membrane. These rapid steroid actions
have variable G protein and protein kinase dependencies and sensitivities to GR and MR
agonists and antagonists, depending on the target cell type. This suggests that membrane-
associated corticosteroid receptors recruit a complex, multi-pronged array of downstream
cellular signaling mechanisms. Here, we focus mainly on the current state of knowledge of
the multiple divergent cell signaling actions of the membrane-associated GR (mGR) in the
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central nervous system. The reader is referred to a recent review for more information on the
rapid modulatory actions of the membrane-associated MR [3] .

Rapid Glucocorticoid-Induced Endocannabinoid Signaling

Glucocorticoids have been shown to rapidly stimulate endocannabinoid production and
elicit CB1 cannabinoid receptor-mediated actions at synapses in multiple areas of the brain
[4,5], including in the hypothalamus [6,7], hippocampus [8], amygdala [9,10], prefrontal
cortex [11], dorsal striatum [12], nucleus accumbens [13], and medulla [14]. The two

main endocannabinoids are arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol
(2-AG), which are synthesized and immediately released, and usually act at synapses as
retrograde inter-cellular messengers. Glucocorticoid-induced endocannabinoid signaling can
occur at either excitatory or inhibitory synapses to rapidly suppress glutamate or GABA
release, respectively, via presynaptic CB1 receptor activation, although the glucocorticoid-
induced endocannabinoid actions are restricted to specific excitatory and inhibitory synapses
and not ubiquitously expressed. The rapid glucocorticoid actions have been localized to

the postsynaptic side of the synapse, where they induce endocannabinoid synthesis and
release from the soma/dendrites of the postsynaptic neuron [6]. The endocannabinoids
signal retrogradely across the synapse to activate CB1 receptors on the presynaptic side,
which in turn suppresses orthograde neurotransmitter release at the synapse. The effect

of glucocorticoid-induced retrograde endocannabinoid signaling can be either inhibitory

or excitatory based on whether it suppresses glutamate release at excitatory synapses or
GABA release at inhibitory synapses. Rapid presynaptic MR-dependent, endocannabinoid-
independent corticosteroid actions that enhance glutamate release have also been reported
(see below and [3]).

It was in the hypothalamus where glucocorticoid-induced endocannabinoid synthesis was
first demonstrated [6]. Rapid glucocorticoid-induced release of the endocannabinoid 2-AG
[15] suppresses glutamate release at excitatory synapses on magnocellular neuroendocrine
neurons in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) [6] and

on PVN parvocellular neuroendocrine neurons [6,16,17] and preautonomic neurons [7]

(Fig. 1(1)). The acute suppression of excitatory synaptic input to corticotropin-releasing
hormone (CRH) neurons in the PVN contributes to the fast glucocorticoid negative-feedback
regulation of the hypothalamic-pituitary-adrenal (HPA) axis by inhibiting the excitatory
drive to these neurons [6,18]. Evidence from ex vivo electrophysiological studies suggests
that rapid glucocorticoid signaling is dependent on the nuclear GR, since it is lost with GR
knockdown [17]; however, detailed pharmacological interrogation of intracellular signaling
reveals a prominent G-protein and protein kinase signaling dependence [15], suggesting a

G protein-coupled receptor-dependent mechanism. Interestingly, CB1 receptors at inhibitory
synapses on hypothalamic neuroendocrine neurons are tonically activated by constitutive
AEA release, but can also be activated by the glucocorticoid-induced 2-AG at excitatory
synapses that spills over when astrocytic uptake mechanisms are disrupted [19,20].

The endocannabinoid-mediated effects of glucocorticoids occur on a rapid time scale
that precludes a nuclear GR-mediated genomic mechanism, and several lines of evidence
implicate a membrane-associated receptor. Perhaps the most compelling of these is
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that glucocorticoids (corticosterone, dexamethasone) conjugated to bovine serum albumin
(BSA), which prevents the steroids from crossing the cell membrane to gain access to the
nuclear GR [21], maintain their ability to elicit endocannabinoid signaling at hypothalamic
synapses [6,17,18]. Also, direct intracellular application of glucocorticoids does not elicit
the endocannabinoid signaling, and the GR antagonist RU 486 does not block the rapid
glucocorticoid actions at hypothalamic synapses [6] (although it does at synapses in some
other brain areas [8,12]).

While the receptor responsible for triggering membrane signaling by glucocorticoids

has not yet been identified, a model of cell signaling downstream from the mGR

is nevertheless emerging. Initial studies implicated Ga.s-CAMP signaling in the rapid
glucocorticoid-induced endocannabinoid effect [6,17,22], and further investigation indicated
a signaling hierarchy in which PKA lies upstream of a complex, multi-branched pathway
that includes Src kinase, phospholipase C (but not Gaqg), PKC, ERK-MAPK, and IP3
receptor-mediated intracellular calcium signaling [15]. The involvement of multiple kinases
and signaling molecules suggests that there is not a linear path from mGR activation to
endocannabinoid synthesis, but likely either 1) an interaction with cell signaling mediated
by other extracellular signals (i.e., transactivation) or 2) alternative signaling via p-arrestin
activation (e.g., [3]). Indeed, the Src kinase and ERK/MAPK dependence supports the
possibility of a p-arrestin signaling mechanism [23,24]. Rapid glucocorticoid signaling via
a Src kinase-dependent mechanism that does not result in endocannabinoid release has been
described in the rat anterior pituitary, where it is thought to contribute to the glucocorticoid
ultradian feedback control of pituitary corticotroph secretion by activation of a membrane
GR [25] or MR [26].

The basolateral amygdala (BLA) is vital for emotional processing, and an interplay between
glucocorticoids and endocannabinoids in the BLA plays a key role in HPA axis activation,
anxiety, and emotional memory formation. Behaviorally, stress exposure and glucocorticoid
administration in the BLA suppress fear memory retrieval and facilitate fear memory
consolidation via endocannabinoid-dependent mechanisms [10,27,28]. Corticosteroids have
rapid, membrane receptor-mediated modulatory effects on both excitatory and inhibitory
synapses in the BLA, often involving mobilization of the endocannabinoid 2-AG [9].
Glutamatergic and GABAergic synapses in the BLA express presynaptic CB1 receptors,
with cholecystokinin-expressing basket cells being the predominant CB1-expressing GABA
interneurons [29].

Stress-induced glucocorticoid rapidly modulates inhibitory synapses in the BLA via
endocannabinoid-dependent signaling. Activation of a postsynaptic mMGR causes a non-
reversible suppression of GABA release onto BLA principal neurons that is mediated by the
retrograde release of the endocannabinoid 2-AG and activation of presynaptic CB1 receptors
[9] (Fig. 1(1)). This mechanism is identical to that seen in the hypothalamus [6], but occurs
at inhibitory synapses rather than at excitatory synapses.

Glutamate release at excitatory synapses in the BLA is also rapidly regulated by
corticosterone, albeit via presynaptic activation of a putative membrane MR that directly
facilitates glutamate release independent of a retrograde signal [30] (Fig. 2(1)). However,
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this effect is reversed by subsequent corticosteroid exposure, suppressing glutamate release
by activation of a postsynaptic mGR, endocannabinoid release and retrograde CB1 receptor
activation [30], a mechanism like that observed in the hypothalamus [6].

Glucocorticoid feedback effects in the BLA, therefore, cause a rapid facilitation of synaptic
excitation and a suppression of synaptic inhibition, resulting in an excitatory shift in

the excitation/inhibition balance. This facilitates anxiety-like behavior [9] and HPA axis
activation [5].

The hippocampus is another stress-responsive brain region in which glucocorticoid-induced
endocannabinoid modulation of synapses has been reported. Stress and glucocorticoid
stimulate endocannabinoid synthesis in the hippocampus [8,31,32], and glucocorticoid-2-
AG interactions have been found to mediate the stress impairment of retrieval of contextual
fear memory in rats [32]. 2-AG synthesized via a depolarization-dependent mechanism
suppresses synaptic neurotransmitter release [33,34]; stress and glucocorticoids enhance the
depolarization-induced endocannabinoid suppression of GABA release in CA1 pyramidal
cells [8]. Interestingly, this glucocorticoid-endocannabinoid effect in CAL neurons is
activity-dependent and occurs at inhibitory synapses after an incubation period, whereas
other studies have found the opposite rapid effect of glucocorticoid at inhibitory synapses,
an increase in GABA release mediated by a nitric oxide (NO)-dependent mechanism
[35,36], which is described in more detail later in the review. The stress-induced impairment
of contextual fear memory recall occurs only under conditions of emotional activation,

and is blocked by a.1- and B-adrenergic receptor inhibition following memory acquisition,
suggesting that norepinephrine signaling by emotional arousal is also necessary for the
facilitatory effect of stress on fear memory consolidation [32].

The medial prefrontal cortex (mPFC) has been identified as a critical top-down regulator

of the stress response and fear memory [37,38]. The prelimbic nucleus of the mPFC
provides an inhibitory brake on HPA axis activation via an inhibitory relay in the

anterior bed nucleus of the stria terminalis (BNST) [39] and contributes to HPA negative
feedback regulation [40]. The prelimbic mPFC also promotes fear memory expression via
projections to the BLA, while the infralimbic nucleus (IL) of the mPFC is required for

fear memory extinction [41]. Glucocorticoid signaling in the mPFC provides a substrate for
the descending mPFC regulation of the HPA axis by stress activation. Thus, glucocorticoid-
induced endocannabinoid release suppresses GABA release and disinhibits layer V mPFC
output neurons [11], which then activate the inhibitory relay from the BNST to PVN

CRH neurons to inhibit HPA activation. Similarly, the IL projection to the BLA is

thought to activate BLA inhibitory interneurons, which inhibit BLA principal neurons to
facilitate fear memory extinction [42], although whether this is triggered by glucocorticoid-
endocannabinoid interactions in IL is not known. However, glucocorticoids have been shown
to induce 2-AG release and suppression of inhibitory input to mPFC layer V pyramidal
neurons to promote the reinstatement of cocaine use [43].

Glucocorticoid-induced endocannabinoid synthesis and release, therefore, present a common
mechanism of fast feedback regulation of stress circuits in stress-sensitive limbic structures
throughout the brain. The glucocorticoid-endocannabinoid interactions suppress activity at
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excitatory and/or inhibitory synapses, which in the hypothalamus, hippocampus and mPFC
contributes to the feedback inhibition of the HPA response and in the amygdala acts to
promote the stress response and stress-sensitive affective behavior.

Rapid Glucocorticoid-Induced Nitric Oxide Signaling

Rapid glucocorticoid signaling from a putative membrane receptor has also been reported

to trigger NO release and retrograde modulation of synapses in some of the same brain

areas as glucocorticoid-induced endocannabinoid modulation, albeit with opposing effects.
Thus, in the hypothalamus, glucocorticoids induce an increase in GABA release at inhibitory
synapses onto magnocellular neuroendocrine cells via the NO activation of presynaptic
guanylyl cyclase [44] (Fig. 1(2)). Glucocorticoid-induced endocannabinoid suppression of
these GABA synapses is not seen under basal conditions, but emerges only when glial
endocannabinoid uptake is suppressed, resulting in spillover of 2-AG from excitatory to
inhibitory synapses [20], which should oppose the glucocorticoid-NO facilitatory effect on
synaptic inhibition under these conditions.

Glucocorticoids can also rapidly facilitate GABA release from inhibitory synapses in the
hippocampus via a membrane receptor-mediated stimulation of NO release [35]. Like at
synapses in the hypothalamus [44], glucocorticoid induces NO synthesis and release from
postsynaptic neurons (pyramidal cells), which elicits an increase in GABAergic synaptic
input from presynaptic interneurons. However, unlike in the hypothalamus, this facilitation
of GABA release requires spiking in the upstream inhibitory interneurons, which suggests
that the NO diffuses far enough to reach the presynaptic GABA neuron somata and/or
dendrites [35] (Fig. 1(2)).

Rapid Glucocorticoid Regulation of Membrane Receptor Trafficking

Acute stress exposure induces rapid changes in the efficacy of synaptic and hormonal
signaling that is mediated by the modulation of neurotransmitter release and receptor
trafficking. Increasing evidence suggests that rapid glucocorticoid signaling from the
membrane controls the cellular trafficking of multiple receptors, including AMPA receptors,
noradrenergic receptors, and nuclear glucocorticoid receptors. Both membrane-associated
GR and MR have been implicated in this regulation of target receptor trafficking.

Physiological stressors activate the HPA axis through an ascending noradrenergic projection
from the nucleus of the solitary tract [45,46]. Norepinephrine (NE) binds to a1
adrenoreceptors in PVN CRH neurons, which activates a local glial-neuronal circuit that
excites the CRH neurons and activates the HPA axis [47]. Prior stress exposure rapidly
desensitizes the CRH neurons to NE via a nongenomic glucocorticoid-induced regulation of
al adrenoreceptor trafficking [48,49]. This desensitization is mediated by a mGR-mediated
diversion of a1 adrenoreceptor trafficking from the recycling pathway responsible for
maintaining stable receptor levels in the membrane [49](Fig. 1(3)).

Recent studies have also revealed rapid glucocorticoid signaling from the membrane to the
nuclear GR. Thus, activation of the mGR signals to the unliganded nuclear GR to stimulate
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its trafficking to the nucleus (Fig. 1(4)), where it regulates gene transcription, including a
subset of genes that are distinct from those regulated by the liganded nuclear GR [21,50].

Acute stress and corticosteroid exposure can facilitate or inhibit emotional and spatial
memory formation depending on the intensity and time frame of exposure. A potential
mechanism of memory modulation is via the rapid increase in excitatory synaptic signaling
in output neurons of the hippocampus and amygdala. Electrophysiological studies and live
cell imaging in hippocampal and amygdalar neurons have implicated the rapid corticosteroid
facilitation of presynaptic glutamate release and postsynaptic AMPA receptor trafficking

in this phenomenon [3,51] (Fig. 2(2)). Interestingly, these rapid membrane corticosteroid
actions are MR-dependent and not GR-dependent, and facilitate the induction of long-term
potentiation (LTP) [30,52,53,54]. Acute stress also facilitates LTP induction in layer V
PFC pyramidal neurons via corticosteroid-dependent trafficking of AMPA and NMDA
receptors [55,56], although this is a delayed and genomic effect requiring MR-mediated
transcriptional regulation [57].

Prolonged corticosteroid exposure [58] or repeated corticosteroid administration in rats

that mimics ultradian corticosterone pulses [59] inhibits the corticosterone regulation of
AMPA receptor trafficking and LTP induction [53], which could stabilize excitatory synaptic
signaling in the face of hourly ultradian corticosteroid fluctuations [60]. The capacity of
corticosteroids to rapidly regulate AMPA receptor mobility also facilitates the NMDA
receptor-dependent internalization of AMPA receptors that occurs with long-term synaptic
depression [61]. Thus, rapid corticosteroid regulation of AMPA receptor trafficking and
glutamate release define excitatory synaptic efficacy in the hippocampus.

Conclusions

Thus, glucocorticoid signaling at the neuronal membrane activates multiple pathways
simultaneously to regulate a highly diverse array of cellular functions. This multiplexed
signaling of the mGR and mMR endows glucocorticoids with a wide range of rapid
regulatory capabilities that add to the pleiotropic genomic activities of the nuclear GR and
MR.
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Figurel.
Glucocorticoids activate a membrane-associated receptor (MGR) to stimulate multiple

signaling pathways. (1) Endocannabinoid (2-AG) synthesis and retrograde release activates
presynaptic CB1 receptors to suppress glutamate release at excitatory synapses in the
hypothalamus [6] and inhibitory synapses in the BLA [9]. (2) Nitric oxide (NO) synthesis
and retrograde transmission stimulates GABA release via actions at presynaptic axon
terminals [44] or somata/dendrites [35]. (3) Desensitization of a1l adrenergic receptors

by preventing recycling of internalized receptors to the membrane [49]. (4) Signaling

to the nuclear GR (nGR) from the membrane triggers nGR nuclear translocation and
transcriptional regulation [50].
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Figure 2.
Rapid signaling via a membrane MR (mMR). (1) Corticosteroids rapidly increase glutamate

release via activation of a presynaptic mMR [3]. (2) Corticosteroid activation of a
postsynaptic MR-dependent mechanism increases glutamate receptor (AMPAR) mobility
and trafficking to excitatory synapses [51].
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