
C A N D I D A T E 
R E V I E W S

VOLUME 4 | 2012 | 120 VANDERBILT REVIEWS NEUROSCIENCE

KeywordsAbstract

#e glucocorticoid stress response
 !e stress response. Stress re%ects physiological or 
psychological displacement from homeostasis 1,2. Encoun-
tering a “stressor” (either physical or psychological) can re-
sult in adaptive physiological changes known as the stress 
response. In mammals the stress response activates the hypo-
thalamic-pituitary-adrenal (HPA) axis. !e purpose of HPA 
axis activation is to maximize the energy resources needed 
to drive the response to the stressor. Neurons in the hypo-
thalamus secrete corticotrophin releasing hormone (CRH) 
onto the anterior pituitary gland. CRH then binds to its re-
ceptor resulting in the release of adrenocorticotropin releas-
ing hormone (ACTH) from the pituitary gland. In response 
to ACTH the adrenal cortex releases membrane permeable 
glucocorticoids (GCs) into the bloodstream. Once released 
from the adrenal gland GCs bind to either mineralocorticoid 
receptors (MRs) or glucocorticoid receptors (GRs) through-
out the brain. Both MR and GR are transcription factors 
that normally reside in the cytosol. MRs have a high binding 
a$nity for GCs and they are normally bound by the basal 
plasma GC levels making them less available for activation 
via stress induced rises in GC. However, GRs have a lower 
a$nity for the ligand, and thus remain relatively unbound 
at basal GC levels. Since the MR’s are already bound when 
GC levels rise, the stress response is believed to be primarily 
mediated by GRs3,4. GR is ubiquitously expressed; however, 
brain regions such as the PFC (see Fig. 1) contain a higher 
density of GR. Denser expression may be an indicator of the 

receptors importance in the PFC, particularly in the stress 
response. 

#e role of prefrontal cortex in the stress response
 Prefrontal cortex function, anatomy, and homol-
ogy. A large body of evidence implicates the PFC in the 
stress response. !e PFC regulates cognitive and emotional 
processes by integrating past information from long term 
storage with current information before deciding on and 
initiating the optimal response via top-down regulationa. 
!e ability to process past and present information has been 
coined “working memory”6. While the PFC is not the only 
brain region where cognitive functions are processed, a ma-
jority of human imaging studies indicate the PFC as the 
main site of working memory processing and decision mak-
ing7. 
 !ere is consensus that although the homologous 
regions in lower level primates are not as developed as those 
of humans, the type of information being processed is simi-
lar. For example, macaque monkeys trained to perform a 
modi"ed version of the Wisconsin Card Sorting Taskb 
(WCST) display PFC activation similar to that exhibited 

a. Top-down regulation��&RQWURO�RI�ORZHU�RUGHU�SURFHVV�E\�KLJKHU�
order regions.

b. Wisconson Card Sorting Task��D�FODVVLF�UXOH�EDVHG�WHVW�RI�DW-
WHQWLRQ�LQ�ZKLFK�FKDQJHV�WR�WKH�´UXOHVµ�PXVW�EH�UHFRJQL]HG�E\�WKH�
participant. The participants score is determined by how long it takes 
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 Stress re%ects physiological or psychological displacement from homeostasis. In mammals, 
stressors activate the hypothalamic-pituitary-adrenal axis (HPA axis). HPA axis activation provides the 
nervous system with the required signals to respond to the stressor. In the brain, the response to HPA-axis 
activation is largely mediated by the glucocorticoid receptor (GR). GR orchestrates the transcriptional 
changes required for long term adaptation to the stressor in addition to ending the stress response via a 
negative-feedback circuit. !is adaptation and feedback includes modulation of brain regions implicated 
in cognition and emotion. One of these brain regions is the prefrontal cortex (PFC). Acute and chronic 
stress are both known to a#ect PFC regulation of cognitive processes. Elucidating how the GR in%uences 
processing in the PFC is important for understanding the stress response; however, the mechanisms re-
main incompletely de"ned. !is review presents current knowledge on the PFC and GRs as well as areas 
for future investigation into the PFC-GR interaction in regulation of cognition and emotion.
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Glucocorticoid Receptor Mediated Stress Signaling in the 
Prefrontal Cortex
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in human controls8. For rodents however, the concept of 
a homologous PFC region has only recently begun to be 
accepted. By comparing the anatomical connectivity of the 
rodent and primate PFC areas, researchers have determined 
subdivisions in rodents that exhibit similar projection pat-
terns9. Speci"cally, the granular medial portion of the ro-
dent PFC has three distinct subregions which have the same 
connectivity as the primate PFC. !e anterior cingulate cor-
tex (ACC) is in the dorsal subdivision of the region and its 
projections are known to result in occulomotor movements. 
!e ventral subdivision contains the prelimbic (PL) and 
infralimbic (IL) cortices which are implicated in cognitive 
and emotional regulation based on their connectivity with 
the amygdala, mediodorsal thalamusc, reunions nucleid, 
and other limbic systeme related structures9,10. While the 
ACC is considered part of the homologous PFC structure, 
this review will focus on the role of PL and IL in the stress 
response (each of which di#erentially regulate neuronal pro-
c. Mediodorsal thalamus��1XFOHXV�ZKLFK�SOD\V�D�PDMRU�UROH�LQ�
relaying information from limbic regions to association cortices.

d. Reunions nuclei��7KDODPLF�QXFOHXV�WKDW�UHOD\V�VLJQDOV�IURP�WKHP�
3)&�DQG�WKH�KLSSRFDPSXV

e. Limbic system��1HWZRUN�RI�EUDLQ�UHJLRQV�WKDW�SURFHVV�DQG�UHJXODWH�
FRJQLWLRQ��PHPRU\�DQG�HPRWLRQ��UHODWHG�VWLPXOL

cesses through their unique connectivity).
 Early studies examined the functions of PL and IL 
by selectively lesioning one of the regions and examining 
the e#ects in stress-related behavioral assays. Lesions to PL 
diminish performance in tasks that involve delays (thus re-
quiring functioning working memory) increase anxiety-like 
behaviors11. PL lesions do not however, a#ect performance 
on non-delayed tasks. Lesions to IL have the opposite ef-
fect on anxiety-related behaviors. Further distinctions be-
tween the two regions have been found using fear condi-
tioningf and extinctiong paradigms. Researchers found that 
inactivation of PL resulted in an inability for rats to express 
fear to stimuli that were previously paired with a shock12. 
However, PL inactivation did not diminish the response to 
innately feared stimuli. Further investigation revealed that 
IL inactivation impairs the ability to undergo extinction 
acquisition and develop an extinction memory13. IL has 
also been found to be important in the development of the 
stress resiliency that arises from environmental enrichment 
(EE)14. Lesions to IL prior to EE (although not after) pre-
vented rats from developing the superior positive behavioral 
responses to chronic stress that were developed in control 
(but EE exposed) rats. Further di#erences between PL and 
IL have been demonstrated for autonomic responses. Under 
basal conditions, inactivation of neither PL nor IL produces 
cardiovascular changes15. However, when rats are adminis-
tered restraint stress, rats with PL inactivation exhibit an 
elevated heart rate, while rats with IL inactivation exhibit 
a diminished response (compared to controls). It is possible 
that these PL- and IL- mediated stress-induced changes in 
behavior and physiology are regulated by GR activation. 

#e role of GR in the stress response
Activation of GR. When GC binds to GR the receptor un-
dergoes a conformational change which results in its translo-
cation to the nucleus. Once translocated, GR can a#ect the 
intracellular environment either as a dimer or a monomer. As 
a dimer it can bind the glucocorticoid response elementh 
located on the promoter region of target genes leading to 

f. Fear conditioning��/HDUQLQJ�SDUDGLJP�LQ�ZKLFK�D�QHXWUDO�VWLPXOXV�
LV�SDLUHG�ZLWK�D�IHDUHG�VWLPXOXV��$FTXLVLWLRQ�RFFXUV�ZKHQ�WKH�QHXWUDO�
VWLPXOXV�EHFRPHV�IHDUHG�

g. Fear extinction: Learning paradigm in which the response a 

FRQGLWLRQHG�IHDUHG�VWLPXOXV�LV�OHDUQHG�WR�QR�ORQJHU�EH�SUHGLFWLYH�RI�D�
QR[LRXV�VWLPXOXV�

h. Glucocorticoid response element: region of a gene that activates 

LWV�WUDQVFULSWLRQ�ZKHQ�LW�LV�ERXQG�E\�*5�

Figure 1. Regions of dense GR expression. Acc-nucleus 
accumbens; APit-anterior pituitary gland, BLA- basolateral 
nucleus of the amygdala; BnST- bed nucleus of the stria terminalis; 
CA1, CA2, CA3- hippocampal areas CA to CA3; InfC- inferior 
colliculus; LC- locus coeruleus; CeA- central nucleus of the 
amygdala; Cerb-cerebellum; Cing Ctx- cingulate cortex; DG- 
dentate gyrus; Fr Ctx- frontal cortex; PAG- periaqueductal gray; 
Par Ctx- parietal cortex; PVN- parventricular hypothalamic 
nucleus; Red- Red nucleus; Rn- raphe nuclei; Sep- septum; 
SupC- superior colliculus; SN- substantia nigra; Stri- striatum; 
$al- thalamus. (Reproduced with permission5) 
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transactivationi or transrepressionj16,17. As a monomer it 
can downregulate transcription via transrepression18,19. At 
numerous sites throughout the brain, binding of GCs to 
GRs facilitates adaptive changes to the stressor and restores 
the stress response to baseline5 through negative-feedback 
on the HPA axis. Global and region speci"c manipulations 
of GR have been used to experimentally dissect the role of 
GR in the stress response.

Targeting GR in animal models. GR is encoded in the Nr3c1 
gene. Of Nr3c1’s  9 exons, exon 2 is the main transcriptional 
activation domain, and exons 3 and 4 are responsible for ho-
modimerization  and DNA binding20.  Nr3c1 is ubiquitous-
ly expressed throughout the central and peripheral nervous 
system and early investigations revealed that prenatal global 
deletion of GR resulted in perinatal death as a result of GRs 
role in the periphery21. !e "rst non-lethal deletion meth-
ods were developed in 199822. One involved a point muta-
tion in the DNA binding domain, and the other utilized 
the cre-lox systemk and %anked Exon 3 with LoxP sites. In 
2003, another method for non-lethal deletion of Nr3c1 was 
demonstrated23.  In this model exon 2 of Nr3c1 was %anked 
with LoxP sites (Fig. 2). !e cre-inducible methods allowed 
for local deletions dependent on where the cre enzyme was 
expressed. !ese cre-inducible methods of generating GR 
knockouts (GRKOs) along with several other methods have 
allowed for investigations into the function of the receptor.

Initial Studies on physiological e!ects GR activation. !e ini-
tial animal models used to study the role of GR in the stress 
response involved gross expression of antisensel GR mRNA, 
gross expression of GR protein that lacked the DNA binding 
domain, or conditional knockouts (KO) using a region-spe-
ci"c promoter. Studies involving the antisense GR mRNA 
expression revealed depression-related cognitive de"cits24. 
Mice with point mutations to Nr3c1 that prevented the 
formation of GR homodimers and DNA binding display 
diminished spatial memory capacity25. Using the cre induc-
ible model (see Fig. 2), a forebrain GRKO mouse model was 

i. Transactivation��ELRORJLFDO�SURFHVV�WKDW�UHVXOWV�LQ�LQFUHDVHG�UDWH�
the target genes expression

M��Transprepression��ELRORJLFDO�SURFHVV�WKDW�UHVXOWV�LQ�WKH�GHFUHDVHG�
rate the target genes expression.

k. Cre-lox system��$�PROHFXODU�WRRO�XVHG�WR�UHJXODWH�JHQH�WUDQVFULS-

tion. In the presence of cre recombinase, DNA located between 

inserted lox P sites is excised.

l. Antisense��P51$�WKDW�FRQWDLQV�WKH�FRPSOHPHQWDU\�VHTXHQFH��7KH�
DQWLVHQVH�P51$�ELQGV�WKH�HQGRJHQRXV�51$��EORFNLQJ�WUDQVODWLRQ�

developed. Investigation of this model revealed a depression 
and despair phenotype26, 27. However, across most of these 
studies con%icting results concerning the interpretation 
of the anxiety-phenotype were reported with many of the 
mice exhibiting reduced anxiety-phenotypes in some behav-
ior paradigms and heightened anxiety responses in others3. 
!e confusion around the exact e#ect may result from the 
recently discovered fact that GR activation has di#erent ef-
fects based on which region of the brain it is activated in 
and the conditions underlying the activation. Recent studies 
have begun to target GR in speci"c brain regions to eluci-
date its many roles.

Region speci#c GR studies. A majority of the region specif-
ic GR research has been performed in the hippocampus. 
Electrophysiological experiments have revealed that GR 
activation enhances miniature excitatory postsynaptic 
currentsm (mEPSCs) in CA1 pyramidal neurons28 for 2-4 
hours post-administration. Increased amplitude of mEPSCs 
at the postsynaptic terminal of GR activated cells results 
in enhanced signaling, a correlate of long term potenta-
tionn (LTP). However GR also plays a role in decreasing the 
responsiveness of a cell. Long term depressiono (LTD) in 
CA1 was found to be dependent on GR activation29. Under 
conditions of low synaptic input post-stress GR works to 
diminish the cell’s responsiveness to incoming signals, as op-
posed to placing the synapse in a ready to receive state. How 
can GR accomplish both of these seemingly contradictory 
actions in CA1? AMPA receptorsp (AMPARs) are mediators 
of both LTD and LTP. GR activation results in increased 
tra$cking of AMPARs to the postsynaptic terminal30. If the 
synapse is receiving basal levels of input then this increase in 
AMPARs allows for increased synaptic e$cacy. In addition 
to increasing surface AMPARs, GR activation decreases the 
threshold by which NMDA receptorsq (NMDARs) initiate 
NMDAR dependent AMPAR endocytosis31. !e decrease 

m. Miniature excitatory postsynaptic currents: positively charged 

ÁRZ�RI�LRQV�LQ�WKH�DEVHQFH�RI�SUHV\QDSWLF�GHSRODUL]DWLRQ�

n. Long term potentiation: Prolonged enhancement in signal trans-

PLVVLRQ�UHVXOWLQJ�IRU�VLPXOWDQHRXV�VWLPXODWLRQ�RI�FRQQHFWHG�QHXURQV

o. Long term depression��3URORQJHG�UHGXFWLRQ�LQ�VLJQDO�WUDQVPLV-
VLRQ��,W�FDQ�EH�LQGXFHG�E\�QXPHURXV�VLJQDO�VWUHQJWKV�GHSHQGHQW�RQ�
WKH�EUDLQ�UHJLRQ�WKH�QHXURQV�DUH�ORFDWHG�LQ�

p. AMPA receptors��LRQRWURSLF�JOXWDPDWH�UHFHSWRU�WKDW�DOORZV�FDWLRQ�
LQWUDFHOOXODU�LQÁX[��,W�LV�UHVSRQVLEOH�IRU�IDVW�VLJQDOLQJ�DW�WKH�V\QDSVH�

q. NMDA receptors��LRQRWURSLF�JOXWDPDWH�UHFHSWRU�WKDW�DOORZV�FDWLRQ�
LQWUDFHOOXODU�LQÁX[��,WV�RSHQLQJ�LV�DOVR�YROWDJH�GHSHQGHQW�WKXV�RQO\�
signals above a threshold will activate the receptor.
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in surface AMPARs is concomitant with LTD as the ter-
minal is less responsive to incoming signals. !us GR is 
able to generate a synaptic environment that optimizes ei-
ther LTD or LTP depending on the nature of the incoming 
pre-synaptic signals. It is known that GC signaling leads to 
decreased viability of CA1 neurons32. With GR mediating 
both of these processes what would occur following a stress-
or if GR was not regulating the environment? Twenty-four 
hours following a traumatic brain injury, rats administered 
a GR antagonist show no loss of CA1 pyramidal neurons 
while control mice showed losses of ~30%33. !erefore GR 
is likely responsible for cell death in CA1 neurons following 
chronic stress. !us, in the absence of synaptic input, GR 
activation bypasses LTD instead functioning to assist in the 
elimination of the inactive neuron.
 GR research done in other limbic brain regions 
revealed that responses to GCs vary for each region34. Re-
search into the e#ects of stress on dentate gyrusr (DG) 
pyramidal neurons revealed no change in calcium currents 
in response to 20 min GC exposure, while CA1 pyramidal 
neurons exhibited increased currents in response to the same 
stimulus35. GRs are present in high density in both the DG 
and CA1 indicating that it was not a di#erence in GR ex-
pression levels that caused the di#erent responses in the DG 
and CA1. Rather, it was a di#erence in the stimulus induced 
expression of protein that resulted in the e#ect. While GR 
activation in CA1 neurons results in increased calcium chan-
nel Cav1.2 expression, in the DG GR does not upregulate 
transcription of that channel. In the basolateral amygdala 
(BLA), GR was found to enhance neuronal excitability over 
several hours, unlike the short term enhancement demon-
strated in CA136. In addition, under conditions of chronic 
stress, BLA GRs have the opposite e#ect on neuronal excit-
ability. !ese physiologic responses to GR activation likely 
underlie behavioral responses. Kolber and colleagues found 
that deletion of CeA GRs results in decreased cFos expres-
sion and diminished fear conditioning37. !e "ndings of 
GRs e#ects in these regions have important implications for 
its possible role in the PFC.
 Known Role of GR in the PFC. Early investiga-
tions to elucidate the role of GR in the PFC revealed it to 
be a negative-feedback site. Dioro and colleagues found that 
lesions to the PFC result in elevated plasma GC levels in rats 
exposed to a 20 minute restraint stress38. Compared to the 
control group, the PFC lesioned rats exhibited a diminished 
ability to reduce the stress-induced rise in GC. A later study 
examined the e#ects of chronic stress on GR expression in 
the PFC.  Rats were exposed to 4 weeks of chronic stress re-

r. Dentate gyrus: Part of the hippocampal formation

sulting in signi"cant reductions in total GR mRNA expres-
sion compared to non-stressed controls39. Although overall 
mRNA was reduced, the researchers reported signi"cant in-
creases in nuclear GR and reductions in cytosolic GR. 
 Within the last decade, researchers have begun to 
examine the e#ects of GR activation on PFC structure, tran-
scription, and function. Rats exposed to repeated restraint 
stress exhibit reduction in apical dendritic spine density, as 
well as apical dendritic length in PFC neurons40,41. Con-
sistent with this "nding, previous research has shown that 
chronic activation of GR (via dexamethasones) results in 
behavioral dysfunction in working memory as well as atro-
phy and neuron loss in layer II/IIIt of PFC42. PFC neuronal 
expression of CRH mRNA has been shown to negatively 
correlate with chronic PFC GR activation43. Meng and col-
leagues were able to demonstrate a direct recruitment of the 
CRH promoter by GR and propose it as the mechanism by 
which activated GR reduces CRH mRNA expression. Simi-
lar to its actions in CA1, acute GR activation enhances the 
amplitude of NMDAR and AMPAR excitatory postsyn-
aptic currentsu in response to glutamate44. GR potentiation 
of those responses is responsible for the working memory 
enhancement associated with acute stress. However, chronic 
stress has the opposite e#ect on working memory. !e work-
ing memory de"cit in chronically stressed rats is correlated 
with diminished plasticity in hippocampal-PFC synapses, 
possibly through a similar NMDAR-AMPAR-GR regulated 
molecular signaling pathway45.

Summary and future directions
 !e role of GR in the stress response has been heav-
ily investigated. !ese studies have revealed that the long-
lasting behavioral and cellular changes that result from GR 
activation are region speci"c34. It is possible that region spe-
ci"c GR mechanisms are responsible for proper regulation 
of each limbic system nucleus13. GR-mediated molecular 
pathways are currently being investigated and results dem-
onstrate the involvement of a multitude of proteins includ-
ing ERK1/2, MSK46, and EGR147, which are which are not 
only regulated by classic genomicv GR activity, but also by 
rapid non-genomic GR mechanisms. For example, GR-

s. Dexamethasone��D�SRWHQW�V\QWKHWLF�JOXFRFRUWLFRLG�UHFHSWRU�DJRQLVW

t. Layer II/III: largely responsible for intercortical signaling

X��Excitatory postsynaptic currents��LQÁX[�RI�FDWLRQV�UHVXOWLQJ�IURP�
presynaptic depolarization.

v. Genomic��FODVVLFDO�UHJXODWLRQ�WKURXJK�JHQH�WUDQVFULSWLRQ��LH�*5�
binding to GRE)
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dependent epigeneticw modi"cations are being uncovered 
providing a mechanism by which GR can a#ect the cellular 
environment in a matter of minutes46,48. Ongoing research 
will determine how GR activation in the PFC can result in 
enhanced functioning, as well as how dysregulation of GR 
signaling leads to impairments in working memory such as 
those exhibited in many psychiatric illnesses associated with 
PFC dysfunction49, 50.
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