
Intracellular non-genomic effects of glucocorticoids in the brain and 
other tissues 
 
16 July 2010 
 

A.M. Smink
#
, R. Fornari

^
 and B. Roozendaal

^
        

# 
University of Groningen, student bachelor Biomedical sciences 

^ 
Department of Neuroscience, Section Anatomy, University Medical Center Groningen, University of    

Groningen 

 
Abstract 
 
Evidence obtained from many different types of experiments indicates that during emotionally 
arousing experiences the adrenal stress hormone corticosterone play a critical role in memory 
consolidation. Classically, glucocorticoids (GCs), as corticosterone, act through genomic 
receptors. Nevertheless, there is increasing evidence that GCs also use several other, non-
genomic pathways to induce an effect. Several effects of GCs cannot be regulated by a genomic 
pathway, for example some physiological and behavioral effects that occur as a result of GCs 
release appear too fast to be mediated through a genomic action. The non-genomic mechanisms 
of GCs during memory consolidation are poorly understood. This review is about non-genomic 
mechanisms of GCs in the brain and other tissues, in order to understand the glucocorticoid 
mechanisms on cellular level during emotional memory consolidation. In order to obtain insight in 
possible non-genomic mechanisms of GCs in the brain, non-genomic effects of glucocorticoids on 
the calcium content in different peripheral cell types will be reviewed. Calcium transport is of vital 
important for almost all the cells in an organism and in a large number of cells GCs influence this 
transport mechanism non-genomically. These non-genomic mechanisms observed in peripheral 
cell types are similar to some mechanisms that are observed in the brain during memory 
consolidation. These studies indicate that GCs may act also through non-genomic mechanisms in 
the brain, like in the periphery, to interfere with synaptic transmission and therefore, with memory 
consolidation. 
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Introduction 
 
Emotionally arousing experiences tend to leave significant impressions. From our own 
experiences and from research data it is known that either positive or negative emotional 
experiences, like car accidents, graduation, weddings or a first boyfriend, may produce long 
lasting memories. Evidence obtained from many different types of experiments indicates that  
adrenal stress hormones, released during these emotionally arousing experiences, play a critical 
role in memory consolidation 

24
.  

 
Stress responses provoke an activated state of our body in order to restore homeostasis and to 
facilitate the adaption 

1,2
. In this process the body is being prepared for a classic ‘fight or flight’ 

response 
2,3

. This response is based on the activation of the sympatho-adrenomedullary and the 
hypothalamic-pituitary-adrenal (HPA) systems. Essential to the stress response are neurons in 
the paraventricular nucleus (PVN) of the hypothalamus, which contains neuroendocrine neurons 
for synthesis and secretion of different types of hormones, including corticotropin-releasing-
hormone (CRH) 

25
. CRH influence the HPA axis by stimulating the adrenocorticotropic hormone 

(ACTH) secretion by the anterior lobe of the pituitary gland in the general circulation. ACTH 
persuade the adrenal cortex to produce glucocorticoids (GC; corticosterone in de rat; cortisol in 
humans). These glucocorticoids are produced in a circadian rhythm and are known to influence 
different tissues in the periphery during stress to prepare the body for the ‘fight or flight’ reaction 
and maintain homeostasis 

4
. Corticosteroids are lipophilic, so dissolve easily in lipid membranes 

and readily cross the blood-brain barrier. Thus, corticosteroids not only affect the periphery but 



also induce a number of effects in the brain through different specific mechanisms and pathways. 
Corticosteroids are also part of the negative feedback loop of the HPA axis, they have an 
inhibitory effect on CRH release when binding to specific receptors in the hypothalamus. 
However, in other brain areas like the basolateral amygdala (BLA) corticosteroids do not have 
this inhibitory effect, but stimulate neuronal activity 

25
. The activated hypothalamus also induces 

the enhanced activity of the sympathic nervous system during stress. The sympathic nervous 
system stimulates the adrenal medulla to release epinephrine, which also influences different 
tissues 

25
.      

 
Although epinephrine and corticosterone activate other specific mechanisms and pathways in the 
brain, they converge in regulating memory consolidation by influencing central noradrenergic 
mechanisms 

24
. McGaugh and coworkers have shown that norepinephrine (NE) regulates 

memory consolidation during stressful and emotional situations 
5, 27

. Extensive evidence indicates 
that corticosterone also modulates synaptic response during memory consolidation, so 
glucocorticoids and NE could act synergistically in regulating memory formation 

2
. Several animal 

and human studies obtained evidence for a role of glucocorticoids in the formation of long lasting 
memories of emotional events. These studies showed that glucocorticoids strengthen the 
consolidation of memories of emotionally arousing experiences. In contrast, no strengthen 
consolidation appears after less arousing or neutral experiences 

6
. These data indicate that 

activation of the noradrenergic system during arousing experiences is essential in enabling 
glucocorticoid modulation of memory consolidation. Additional data indicates that the amygdala, 
specifically the BLA, is a critical site of the interaction between norepinephrine and 
glucocorticoids for this effect.  
 
Classically, glucocorticoids act through intracellular receptors. The classic genomic model for 
steroids (including glucocorticoids) implies that steroids regulate biological functions by 
mechanisms that involve gene transcription, mRNA and protein synthesis 

14
.  According to this 

model, glucocorticoids diffuses through the cell membrane, enter the cytoplasm, and bind to the 
intracellular steroid receptor. This activated receptor translocate into the nucleus, where it bind to 
DNA and regulate gene transcription and protein synthesis 

1,2
. There are two intracellular 

receptors for glucocorticoids: the mineralocorticoid receptor (MR) and the glucocorticoid receptor 
(GR). These receptors are colocalised in the cytoplasm, were they play a critical role in 
behavioral adaptation, learning and memory processes 

1
. Corticosterone binds to cytosolic GRs 

or MRs, forming a complex that bind heat shock proteins, and the activated GRs or MRs 
homodimerize. The heat shock proteins dissociate and the homodimer of GRs or MRs translocate 
to the nucleus, where it binds to glucocorticoid response elements which are part of the DNA. The 
glucocorticoid response element recruit cofactors and histone-modifying elements in order to start 
transcription and protein synthesis 

2
.   

MR binds corticosterone with high affinity and therefore the receptors are saturated at basal 
corticosterone levels 

11
. This receptor appears to be involved in the behavior towards novel 

objects and in the reactivity to this information 
12

. MRs are secreted to maintain hydromineral 
homeostasis by acting on the nervous system and on renal and vascular tissues 

1,16
. The affinity 

of GR towards corticosterone is ten times less than the affinity of MRs 
10, 13

. Therefore, this 
receptor is only activated after stressful situations and at the circadian peak when the 
glucocorticoid concentration is high 

11
. This means that in order to activate GRs a higher 

concentration glucocorticoids have to be induced by stress 
2
. GR activation in the hippocampus 

promotes behavioral adaptation 
7
. Although activation of MR provides maintenance of 

hydromineral homeostasis, GR activation provides rehabilitation of disturbed homeostasis after 
stress.  
 
To examine whether the strengthen of memory consolidation induced by glucocorticoids depend 
on the activation of GRs or MRs, several experiments with mice, rats and chicks were done. A 
GR-knockout mice showed an impaired memory function 

8
. The same impairment was observed 

in rats and chicks treated with an antagonist for the GR. The MR antagonist did not produced any 
impairment, so that suggest that MR is not involved in regulation of the glucocorticoid effects on 
memory consolidation. The glucocorticoid receptors can influence gene transcription both trough 



DNA binding-dependent and DNA binding-independent mechanisms. Experiments with mice 
which have a mutation in the GR that impair DNA binding showed that the enhanced effect of 
glucocorticoids on memory is depended on the DNA binding capacity of the GR 

9
.   

 
Nevertheless, there is increasing evidence that glucocorticoids also use several other, non-
genomic pathways to induce an effect. Several effects cannot be explained by the genomic 
pathway, for example some physiological and behavioral effects that occur as a result of 
glucocorticoids release appear too fast to be mediated through a genomic action. This review is 
about the non-genomic pathway of glucocorticoids. These non-genomic, rapid effects of 
glucocorticoids are caused by activation of several downstream signaling cascades and several 
neurotransmitters (e.g. norepinephrine and endocannabinoids) which eventual enhance memory 
consolidation and reduce memory retrieval and working memory. Nevertheless, the non-genomic 
mechanisms of glucocorticoids during memory consolidation are poorly understood. This review 
is about non-genomic mechanisms of glucocorticoids in the brain and other tissues, in order to 
understand the glucocorticoid mechanisms on cellular level during emotional memory 
consolidation.  
 
Non-genomic effects of glucocorticoids 
 
Glucocorticoids can initiate responses at or near the cell surface, they can change signaling 
pathways used by membrane receptors and there have been found membrane receptors for 
these steroids. Roozendaal and coworkers did some tests with corticosterone and BSA (Bovine 
Serum Albumin), a membrane-impermeable protein, which prevent corticosterone diffusion 
through the membrane into the cytoplasm. They showed that even when corticosterone can not 
enter the cell it has an influence on memory consolidation, so it must have membrane bound 
receptors which can induce the memory enhancing effects. Moreover, when gene transcription 
and protein synthesis are blocked or not present, glucocorticoids can cause responses 
independently of the genomic pathway 

14
. Aldosterone has in vitro effect on the sodium exchange 

in dog erythrocytes, these cells lack a nucleus and thus a genomic response cannot appear. The 
effects of aldosterone in these cells must depend on non-genomic pathways 

15
.  

 
The non-genomic effects of glucocorticoids can be classified in three groups, based on the variety 
of the concerned receptors: effects not mediated by a receptor, effects mediated by cytosolic 
receptors, and effects mediated by membrane-bound receptors 

16
. Glucocorticoids signaling not 

mediated by a receptor frequently have direct effects on cell membranes. Physicochemical 
properties of the plasma membrane could be modified by glucocorticoids in order to alter the 
membrane permeability to ions 

16
. Non-genomic actions of glucocorticoids mediated through the 

classical, cytosolic GR are suggested by the association of kinases with the GR 
complex in the cytoplasm of the cell. Binding of GCs to the cytosolic GR cause dissociation of the 
kinase from the GR complex to phosphorylate its targets and induce a signaling cascade. Most of 
the time non-genomic effects are caused by GC binding to a membrane-bound receptor. The 
class of membrane-bound receptor effects could be subdivide in three categories: effects 
mediated by membrane-bound GR, effects mediated by a membrane-bound non-GR 
glucocorticoid receptor, and effects mediated by proteins that are not primarily receptors 

16
. A 

great amount of evidence supporting a modified form of the classical GR as a membrane-bound 
receptor which mediates some of the rapid effect of GCs, for instance, in immune cells. However, 
current evidence of non-genomic effects of GCs in the central nervous system suggests that 
receptors other than GR may also be involve, because some of the non-genomic effects could 
not be eliminated by a specific GR antagonist. The effects mediated by proteins that are not 
primarily receptors include, for example, the effects of GCs directly on proteins in the cell 
membrane like ion channels 

16
.  

 
Most organs and physiological systems are sensitive to glucocorticoids. This review will point out 
the non-genomic effects of GCs on the calcium content in different cell types in order to obtain 
insight in possible non-genomic mechanisms of glucocorticoids in the brain. 
 



Non-genomic effects of glucocorticoids on intracellular calcium content 
 

Calcium transport is of vital importance for almost all the cells in an organism and in a large 
number of cells GCs influence this transport mechanism non-genomically 

26
. Glucocorticoids 

induce opposite effects on the intracellular calcium concentration ([Ca
2+

]i). In cortical collecting 
ducts 

19
 and vascular smooth muscle cells 

20
 the [Ca

2+
]i increase through GC treatment, whereas 

the [Ca
2+

]i in rat thymocytes 
21

, human leukocytes, airway smooth muscle cells 
22

, human 
lymphoblast’s 

23
 and bronchial epithelial cells 

18 
decreases after GC treatment.      

 
Glucocorticoid effect on intracellular calcium in bronchial epithelium 
Urbach and coworkers 

18
 showed that the synthetic glucocorticoid dexamethasone decrease the 

[Ca
2+

]i in bronchial epithelial cells. Their data suggest that the [Ca
2+

]i is modulated via non-
genomic signaling since blocking the classical GR or MR and the transcription pathway do not 
affect the effect of dexamethasone. Treatment with the cyclic- AMP (cAMP) or the cAMP-
dependent protein kinase (PKA) inhibitors block the effect of dexamethasone, and therefore, it is 
assumed that cAMP and PKA play an important role in the GC pathway in bronchial epithelium. 
Inhibition of the dexamethasone effect by Ca

2+
 ATPase pump inhibitor, suggest that 

dexamethasone stimulates Ca
2+

 ATPases of intracellular stores in order to release calcium. 
Dexamethasone also reduced the calcium dependent Cl

-
 secretion, induced by apical exposure to 

ATP, by 30%. Urbach and coworkers where the first who approved that dexamethasone impair 
the effect of apical ATP, leading to inhibition of the Cl

-
 secretion in human bronchial epithelial 

cells 
18

. The rapid inhibition of Cl
-
 secretion induced by dexamethasone is associated with a rapid 

decrease in the [Ca
2+

]i via a non-genomic pathway which not include the classical glucocorticoid 
receptor.  
 
Dexamethasone has a rapid non-genomic inhibitory effect on the intracellular Ca

2+
 signaling in 

human airway epithelium. Aldosterone, known as a mineralocorticoid 
19

, induced a similar effect  
on airway epithelial cells 

52
, and therefore, it may involve the same intracellular signaling pathway. 

Aldosterone can not stimulate a further response, when dexamethasone have been added first 
and had induced a rapid response. This indicates that aldosterone and dexamethasone interact 
through the same receptor in order to induce a rapid response on the intracellular calcium 
concentration 

18
. As aldosterone is a MR agonist 

19
, both, aldosterone and dexamethasone 

probably interfere with the MR. However, the effect of aldosterone was also not blocked by the 
MR antagonist, which suggest a non-genomic mechanism for the intracellular calcium content in 
airway epithelium, that is not mediated by the classical mineralocorticoid receptor. 
 
Other glucocorticoids like triamcylone acetonide and budesonide do not produce a decrease in 
the calcium concentration in airway epithelium. The difference in producing the non-genomic 
effect between these glucocorticoids could be explained by the relative lipophilicity. 
Dexamethasone has a lower relative lipophilicity compared with triamcylone acetonide and 
budesonide. This suggest that because of the lower lipophilicity, dexamethasone can interact 
directly with the membrane in order to induce the non-genomic effect 

18
.  

Other steroids, like cortisol, progesterone, estradiol and estrogen, also decrease [Ca
2+

]i through 
activation of Ca

2+
 ATPases which affect the membrane fluidity 

28, 29
.  

 
Verrière and coworkers 

34
 indicate that dexamethasone also stimulate rapidly the Na

+
/H

+ 

exchange in bronchial epithelial cells via a non-genomic mechanism. This response is not 
mediated through the glucocorticoid or mineralocorticoid nuclear receptor (showed with receptor 
antagonists), but acts via PKA and the mitogenactivated protein kinase (ERK 1/2 MAP kinase) 
signaling pathway. Regulation of the intracellular pH in airway epithelium is dependent on several 
acid extruders such as the Na

+
/H

+ 
exchanger and H

+
/ATPase pump. The Na

+
/H

+
 exchanger 

inhibitor EIPA showed that the effect of dexamethasone is dependent on the Na
+
/H

+
 exchange 

and when this exchange is blocked the basal pHi rapidly decreases. This indicate that the 
regulation of the intracellular pH of bronchial epithelial cells is dependent of the Na

+
/H

+
 exchange. 

The activation of Na
+
/H

+ 
exchange occur through protein phosphorylation. Experiments with PKA 

and ERK 1/2 MAP kinase inhibitors showed that the effect of dexamethasone on the pHi is 



dependent on these kinases. Dexamethasone activates the Na
+
/H

+ 
exchange through up-

regulation of PKA and ERK 1/2 MAP kinase 
34

.  
 
In brief, in the bronchial epithelium, GCs with a low lipophilicity directly interact with the cell 
membrane in order to interfere with the Ca

2+
 ATPase pump. Dexamethasone seems to block the 

effect of ATP, and decrease the intracellular calcium concentration which rapidly inhibits the Cl
-
 

secretion. It is assumed that cAMP and PKA play an important role in this pathway. 
Dexamethasone also influence the Na

+
/H

+ 
exchange in bronchial epithelial cells via up-regulation 

of PKA and ERK 1/2 MAP kinase in order to regulate the pHi. In this way, GCs can recover the 
intracellular pH after an acid load.   
  
Glucocorticoid effect on intracellular calcium in cortical collecting duct epithelium 
In the distal nephron, particularly the cortical collecting duct (CCD), the glucocorticoid aldosterone 
promotes electrogenic salt reabsorption by several mechanisms in the epithelium 

19
. These 

mechanisms influence eventually apical Na
+
 channels, K

+
 channels and the basolateral Na

+
/K

+
 

pump and are activated by aldosterone binding to the mineralocorticoid receptor. The activated 
receptor complex diffuse into the nucleus, where it activates transcription and translation of new 
proteins which can alter the membrane permeability. The effect onset latency is one till two hours, 
so these effects are classified as the genomic response of aldosterone in CCD cells. The onset 
latency of the non-genomic response is much faster, namely seconds till minutes. The non-
genomic response has been found in epithelia of the distal colon 

30
 and sweat gland 

31
. However, 

the aldosterone signal transduction pathway is not yet fully understood, multiple intracellular 
signaling pathways are found in smooth muscle cells 

32
, endothelial cells and leukocytes 

33
. Also 

the receptors and transport targets are multiple. These pathways involve Ca
2+

 exchange, inositol 
triphosphate (IP3), Na

+
/H

+
 exchange and protein kinase C (PKC).   

 
 
Figure 1: Cortical 
Collecting Duct (CCD) cell 
model for the non-genomic 
pathway of corticosteroids 
19

. The corticosteroid 
Aldosterone binds to 
cytosolic or membrane-
bound unidentified ‘receptor’, 
which activates protein 
kinase C (PKC) in order to 
increase the intracellular 
calcium concentration.  The 
Ca

2+
/PKC complex regulate 

the basolateral Na
+
/H

+
 

exchange, and the resultant 
intracellular alkalinization 
activates basolateral K

+
 

channels. The decrease of 
K

+
 prepares the cell for the 

later genomic up-regulation 
of sodium absorption. 

 
 

Harvey and Higgins described a non-classical pathway for aldosterone in mouse CCD cells, 
these cells do not express the classic mineralocorticoid receptor 

19
. In contrast to the results in 

airway epithelium, aldosterone increases the intracellular calcium levels in these CCD cells. This 
effect is independent of protein synthesis and thus non-genomic, because addition of the 
transcription inhibitor actinomycin D do not affect the aldosterone effect. This also applies for 
addition of the MR antagonist spironolactone, which is logical because the CCD cells do not 
express the classical mineralocorticoid receptor. This suggest a role for an unidentified receptor 
molecule. The increase in calcium through aldosterone is blocked by a protein kinase C inhibitor 



chelerythrine chloride. So PKC plays a central role in calcium modulation, in turn affecting 
basolateral Na

+
/H

+ 
exchange. These data are processed in a non-genomic model for CCD cells 

(Fig. 1). The decrease of K
+
 prepares the cell for the later genomic up-regulation of sodium 

absorption 
19

. The calcium increase is possible because these cells have the capacity to mobilize 
calcium from IP3-sensitive intracellular pools. However, the study of Harvey and Higgins also 
show that basolateral sodium is needed to induce the [Ca

2+
]i increase. Addition of the sodium 

transport inhibitor amiloride had opposite effects: addition to the basolateral side of the cell 
caused an increased [Ca

2+
]i ; in contrast, addition to the apical side of the cell caused a 

decreased [Ca
2+

]i.   
 

There is also seen an increase in [Ca
2+

]i by the steroids progesterone and estradiol in mouse 
CCD cells, whereas the glucocorticoid hydrocortisone had no effect 

19
. In the renal epithelium, the 

glucocorticoid dexamethasone also has an enhancing effect on the intracellular calcium 
concentration, in contrast to the effect of dexamethasone on airway epithelium as seen above.  
 
In summary, aldosterone activates epithelium absorptive transport via a non-genomic response, 
which includes PKC activation, basolateral Na

+
/H

+
 exchange and an increase in intracellular 

calcium. This response is not mediated via activation of the classical MR, but aldosterone binds 
to cytosolic or membrane-bound unidentified receptor in order to induce the effect.  
 
Glucocorticoid effect on intracellular calcium in colon epithelial cells 
Studies with human distal colon cells showed, just like in the cortical collecting duct, that the 
intracellular calcium concentration rapidly increases after stimulation with aldosterone 

30, 47
. The 

calcium influx is regulated in some way by PKC, because inhibition of PKC activity by 
chelerythrine chloride abolished the effect of aldosterone on the calcium influx 

47
. However, 

glucocorticoids like hydrocortisone and dexamethasone do not show any effect on [Ca
2+

]i. These 
results are also found in isolated rat distal colonic crypts 

48
, and in a PKC dependent verapamil-

sensitive Ca
2+

 channel in the human colonic epithelial cell line T84 
49

. 
 
Researchers examined the role of aldosterone on ion transport control in the distal colon, 
interested in the influence of aldosterone in the absorption and secretion mechanisms. Their 
results suggest that these mechanisms are regulated by K

+
 recycling 

30
. Basolateral K

+
 recycling 

via KATP channels seems important for maintenance of cellular electrochemical homeostasis 
during Na

+
 absorption, meanwhile KCa channels are necessary for Cl

-
 secretion. Changes in the 

intracellular calcium concentration by aldosterone have opposite effects on the KATP and KCa 
channels. Increasing the [Ca

2+
]i activates the KCa channels and histamine release for Cl

-
 

secretion. Inhibition of this channel blocked the Cl
- 
secretion, showing that the KCa channels are 

needed for this effect. Inhibition of the KATP channel makes no difference in Cl
-
 secretion after 

aldosterone stimulation. On the other hand, inhibition of the KATP channel block Na
+
 absorption 

and inhibition of the KCa channel have no effect on Na
+
 absorption. So the KATP channel is needed 

for regulation of Na
+
 absorption.   

 
Moreover, it was shown that the rapid effect of aldosterone on K

+
 channels depends on PKC 

activation and arachidonic acid metabolism 
30

. Aldosterone can bind directly to PKC for activation 
of the non-genomic cascade, but the involvement of arachidonic acid would imply that there is 
unidentified membrane-associated receptor. Also an important role in this cascade is for Na

+
/H

+ 

exchange, because inhibition of this exchange abolish the aldosterone effect.  
 
Briefly, not all the glucocorticoids have an effect on the [Ca

2+
]i in colon epithelial cells. However, 

aldosterone induce a rapid increase in the [Ca
2+

]i which involve PKC signaling. Ion transport in 
the distal colon, including secretion and absorption mechanisms, is regulated by the K

+
 channels. 

It has been shown that the rapid effect of aldosterone on K
+
 channels depends on PKC activity 

and arachidonic acid metabolism.  
 
 
 



Glucocorticoid effect on intracellular calcium on adrenocortical cells 
Corticosterone enhances the calcium signaling and pregnenolone synthesis in adrenocortical 
cells after stimulation with ACTH 

35
. This effect on calcium appears within seconds after 

stimulation and blockade of the protein synthesis do not affect this effect, thus this suggest a non-
genomic pathway. ACTH-induced steroidogenesis was suppressed by inhibition of Ca

2+
 channels, 

this indicate that calcium is very important for the steroidogenesis by ACTH in adrenocortical cells. 
These data suggest that calcium may be a second messenger for ACTH. Other evidences 
showed that also ATP 

36
 and Angiotensin II 

37, 38, 39
 require an increased calcium level to induce 

steroidogenenis. It is thought that calcium is important for these processes because it increases 
the availability of cholesterol to cytochrome P450scc, which is the rate-limiting step in genesis 

35
. 

Calcium elevation also can stimulate enzymes involved in the synthesis of NADPH, which also 
improve steroidogenesis. Additionally, corticosterone can stimulate cAMP and arachidonic acid 
metabolites which might also contribute to the enhancing effect on steroidogenesis just like 
calcium. Experiments with classic glucocorticoid receptor antagonists revealed that the effect of 
corticosterone on adrenocortical cells is not mediated via the classical receptors, because the 
effect was not affected by the antagonists. However, corticosterone-BSA also increase calcium 
levels in adrenocortical cells, which suggest that glucocorticoids probably bind to an unidentified 
receptor on the cell membrane. In fact, it was demonstrated that corticosterone binds to a specific 
class of proteins with a binding constant of 77 nm 

35
.  

 
The main conclusion of the research after the corticosterone effect on adrenocortical cells is that 
corticosterone almost certainly activates ACTH-induced calcium signalling and steroidogenesis 

35
. 

The effect is achieved by corticosterone binding to an unidentified receptor on the cell membrane 
of the adrenocortical cells.  
 
Glucocorticoids effects in the brain 
 
Just like in the peripheral tissues as described above, at neuronal membranes glucocorticoids 
may act through membrane receptors, and signal transduction through these receptors may allow 
for rapid modulation of synaptic transmission as well as modulation of membrane ion currents 

2
. 

 
Regarding glucocorticoids effects on memory, it has been demonstrated that in the BLA, 
glucocorticoids facilitate a downstream cascade, including cAMP and protein kinases to 
eventually enhance memory consolidation. As mention in the introduction, the enhancing effects 
of glucocorticoids are dependent of the noradrenergic system. NE stimulates the β-adrenergic 
receptor, which activates the cAMP/PKA pathway in order to increase the levels of 
phosphorylated c-AMP response-element binding protein (pCREB) 

40, 41
. There is thought that 

glucocorticoids affect the norepinephrine and pCREB signaling in order to enhance memory 
consolidation via chromatin modification 

6
. Nevertheless, blocking GR activity or PKA do not 

result in memory consolidation. This indicates that the activation of GR and PKA is necessary for 
long-term memory formation. 
 
Glucocorticoids also interact with another additional downstream mechanism which includes 
cAMP and PKA, namely the endocannabinoid system. Cannabinoid (CB) receptors are highly 
expressed in the BLA, Campolongo and coworkers suggest that these receptors are also involved 
in the regulation of memory consolidation 

42
. Their findings showed an enhanced or impaired 

emotional memory consolidation after intra-BLA infusion of a CB1 receptor agonist or antagonist, 
respectively. The CB1 receptor antagonist also blocked the memory enhancing effect of 
corticosterone. Administration of corticosterone increases the endocannabinoids levels in the 
amygdala 

43
. These data have led to a endocannabinoids model named the Tasker model (Fig. 2) 

44
. Postsynaptic activation of membrane-bound GRs activates the cAMP/PKA cascade which 

eventually induces the synthesis of endocannabinoids. Endocannabinoids bind to presynaptic 
CB1 receptors on GABAergic neurons, where they inhibit the inhibition of NE neurons 

44, 45, 46
. 

The NE neuron is no longer suppressed, and therefore NE release is enhanced. As previously 
said, NE can increase memory consolidation.  



Figure 2: the Tasker model 
44

. Corticosterone (CORT) 
binds to membrane bound 
glucocorticoid receptors 
(mbGR) which activate the 
cAMP/PKA pathway to 
induce the synthesis of 
endocannabinoids (eCB). 
The endocannabinoids bind 
to the presynaptic 
cannabinoid receptor one 
(CB1) of GABAergic neurons 
to inhibit the GABA release. 
Noradrenergic neurons are 
no longer suppressed by 
GABA so there would be 
more NE release, 
representing an increased 
memory consolidation.   

 
The BLA interacts with the medial prefrontal cortex (mPFC) during memory consolidation. The 
mPFC is a brain region which is involved in higher-order cognitive and affective processing as 
well as executive function 

50, 51
. Recently is found that memory enhancement by a GR agonist 

requires a rapid increase in the phosphorylation of extracellular signal-regulated kinase 1/2 
(pERK 1/2) in the BLA and the mPFC 

52
. These intracelullar mechanism of glucocorticoids is 

similar to the one observed in bronchial epithelial cells, where dexamethasone cause an 
upregulation of PKA and ERK 1/2 MAP kinase to influence the Na

+
/H

+ 
exchange in order to 

regulate the pHi. 
 
Discussion 
 

The non-genomic mechanisms of glucocorticoids affect the function of several cell types in 
diverse tissues and systems. Glucocorticoids activate intracellular signaling pathways in 
epithelium such as those involving calcium and protein kinases to modulate at the end the 
basolateral membrane ion transporters, particularly Na

+
/H

+
 exchange and K

+
 channels. In this 

way, the epithelial cells shift to an absorptive transport mode.  
Glucocorticoids furthermore affect the membrane transport of other ions, like K

+
, Na

+
, H

+
 and Cl

-
. 

Discrepancies between the different tissues can be caused by different interactions between Ca
2+

 
and other ion transport. Also the varying protein kinase responses observed in the different cell 
types may be explained by tissue and transport pathway specificity. Diverse effects are induced 
by the different glucocorticoids, so the mechanism not only depends on the target but also on the 
structure and the lipophilicity of the glucocorticoid.  
 
It is important to look very critically to the classification of a non-genomic effect, because it could 
differ between articles. Makara and Haller developed a set of three criteria to separate genomic 
and non-genomic effects 

17,16
. These criteria include rapidity of onset, independence of the 

genome and independence from classical nuclear steroid receptors. These criteria are developed 
on the basis of the following arguments. A certain time is needed for the effects of the genomic 
pathway to occur, if the rapidity of onset is elevated there must be concluded that the effect is 
caused independent of the genomic pathway. If the effects persist either in the presence of 
inhibitors of translation or transcription, or occur in cells where the genome is lacking, it may be 
conclude that the effect is independent of the genomic pathway. According to these authors, MR 
and GR are nuclear receptors, who in general act via genomic signaling like gene translation or 
transcription. Effects which occur without activating these receptors are most likely independent 
of the genomic pathway 

17,16
. 

However, these criteria are not always faultless in making a distinction between genomic en non-
genomic effects. The genomic effects are characterized by a latency of onset lasting several 
hours, but some genomic gene transcription could occur very rapid in a few minutes, so there is 



an overlap between genomic and non-genomic onset rapidity. There are examples of systems 
that appear to be free of genome, but still have some form of translation and effects mediated by 
mitochondrial genes may be even faster than those mediated by the nuclear DNA. The third 
criteria is very debatable, nowadays there is growing amount of evidence which indicates that the 
classical GR also play a role in non-genomic signaling, and is expressed on the cell membrane 

17
. 

In general, effects which are not affected by inhibition of both receptors suggest a non-genomic 
mechanism. However, some studies only block one of the classical receptors and then conclude 
if the effect is genomic or not. This is not sufficient, because the effect can also appear via the 
other classical receptor. The effects produced by glucocorticoids conjugated with BSA are also 
considered to be non-genomic. But this may provide false positive evidence, because this BSA 
conjugated GCs can activate the receptors on the cell membrane. Taken together, the systems 
are actually too complicated to make such a simple distinction between genomic and non-
genomic.     
 
Another discussion point is the dose of glucocorticoids in the different studies. If the doses of 
glucocorticoids are within physiological range, the effects are comparable with the normal 
situations in an organism. However, some studies have used much higher doses, which is only 
interesting for the pharmacology. Most of the researchers did not measured the glucocorticoid 
levels after administration. So in the majority of the studies it can not be determined if the effects 
are physiological or pharmacological, and unfortunately, no comparison can be made.      
 
As seen above there are multiple interactions between glucocorticoid-sensitive proteins, so it is 
difficult to determine the primary site of action. The binding of GCs to a membrane protein 
appears to be non-genomic and there seems to be a relation between the non-genomic and 
genomic mechanisms. There is a hypothesis which says that the non-genomic effects are 
induced in order to prepare the cell to the forthcoming genomic effects, and another hypothesis 
also argue that the non-genomic mechanisms fill the temporal gab between the immediate need 
for change and the slow expression of genomic effects 

26
.  

 
This review obtained some insight into the non-genomic mechanisms of glucocorticoids. It seems 
that GCs have a broad spectrum of effects on cellular level. In peripheral tissues changes in the 
intracellular calcium content activate different mechanisms, protein kinases such as PKA, PKC 
and ERK 1/2 MAP play an important role in these mechanisms. These pathways are also rapidly 
activated by GCs when the classic receptors GR or MR are blocked, which strongly suggest an 
unidentified receptor which is involved in the non-genomic effect. In neuronal membranes and 
synapses GCs also act through membrane receptors in order to activate a signal transduction 
cascade which includes the same protein kinases. This transduction cascade allows rapid 
modulation of synaptic transmission and membrane ion transport. During memory consolidation 
the protein kinases, which are mentioned above, are also activated by GCs in some parts of the 
brain. Concluding, the non-genomic mechanisms of GCs observed in peripheral cell types are 
similar to some mechanisms that are observed in the brain during memory consolidation. Taken 
together, all these studies indicate that GCs may act also through non-genomic mechanisms in 
the brain, like in the periphery, to interfere with synaptic transmission and therefore, with memory 
consolidation. Much more work has to be done to explore all the details of the non-genomic 
pathway.   
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