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Mechanisms for acute stress-induced enhancement of
glutamatergic transmission and working memory
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Corticosteroid stress hormones have a strong impact on the function of prefrontal cortex
(PFC), a central region controlling cognition and emotion, though the underlying mechanisms
are elusive. We found that behavioral stressor or short-term corticosterone treatment in vitro
induces a delayed and sustained potentiation of the synaptic response and surface expression
of N-methyl-D-aspartic acid receptors (NMDARs) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) in PFC pyramidal neurons through a mechanism
depending on the induction of serum- and glucocorticoid-inducible kinase (SGK) and the
activation of Rab4, which mediates receptor recycling between early endosomes and the
plasma membrane. Working memory, a key function relying on glutamatergic transmission in
PFC, is enhanced in acutely stressed animals through an SGK-dependent mechanism. These
results suggest that acute stress, by activating glucocorticoid receptors, increases the
trafficking and function of NMDARs and AMPARs through SGK/Rab4 signaling, which leads to
the potentiated synaptic transmission, thereby facilitating cognitive processes mediated by
the PFC.
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Introduction
It has long been recognized that stress hormones have
both protective and damaging effects on the body.1
Acute stress is important for adaptation and maintenance of homeostasis, whereas chronic stress can
produce maladaptive changes that lead to cognitive
and emotional disturbances.2,3 Adrenal corticosterone, the major stress hormone, operates through
mineralocorticoid receptors (MRs) and glucocorticoid
receptors (GRs),4 which are coexpressed abundantly
in limbic regions.5 The high-affinity rapidly activated
MRs are implicated in the onset of stress responses,
whereas the low-affinity progressively activated GRs
are involved in the termination of stress reactions.
MRs and GRs can regulate the transcription of genes
that are involved in controlling G-protein-coupled
receptors, ion channels and transporters, leading to
changes in membrane properties.6
The brain regions that are primary targets of stress
hormones include hippocampus (mediating certain
types of learning and memory), amygdala (mediating
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fear responses) and prefrontal cortex (PFC, mediating
working memory, executive function and extinction
of learning). Morphological and physiological studies
have found that stress induces neuroplasticity in
these regions at different levels, including structural
plasticity, such as plastic changes in spine and
dendrite structures, and functional plasticity, such
as changes in synaptic efficacy and neuronal excitability.3,6,7 Prefrontal cortex (PFC) undergoes significant development during adolescence, and there is
evidence suggesting that the juvenile brain is more
sensitive to stressors than the adult brain.8 Most of
previous studies have focused on the structural
remodeling and behavioral deficits in mature PFC
by chronic stress.9,10 The action of acute stress
and stress hormones on PFC synaptic function,
particularly during the adolescent period, is largely
unknown.
The PFC network is composed of two major cellular
constituents, the glutamatergic pyramidal principal
neurons and the GABAergic interneurons. Glutamatergic transmission that controls recurrent excitation
within PFC networks is crucial for working memory,11
suggesting that N-methyl-D-aspartic acid receptors
(NMDARs) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPARs) are potential key
targets of stress hormones involved in PFC-mediated
cognitive processes. In agreement with this, we have
found that acute behavioral stressors, through GR
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activation, induce a prolonged potentiation of
NMDAR- and AMPAR-mediated synaptic currents
in PFC pyramidal neurons and facilitate working
memory performance in young rats.12
The question that remains to be answered is how
acute stress and glucocorticoids can have the enhancing effects on PFC synaptic function and PFCmediated behaviors. Increased membrane trafficking
of NMDARs and AMPARs seems to be responsible
for the acute stress-induced plasticity in PFC.12 To
determine how acute stress regulates glutamate
receptor trafficking, we focused on the role of serumand glucocorticoid-inducible kinase (SGK), a family
of immediate early genes transcriptionally stimulated
by stress hormones,13 and the Rab family small
GTPases, which are involved in all stages of membrane
traffic.14 Results gained from this study have revealed
a potential molecular mechanism underlying the
positive actions of acute stress in the PFC.

Materials and methods
Animals and drugs
See Supplementary Materials and Methods for details.
Electrophysiological recording in slices
The whole-cell voltage-clamp recording technique
was used to measure evoked synaptic currents in rat
layer V medial PFC pyramidal neurons as previously
described.12 Recordings were performed from agematched animals with or without stress exposure.
Some of the initial experiments were performed
without knowledge of the treatment that the animals
had received. There were no differences in the results
from masked and unmasked experiments and therefore results were combined (see Supplementary
Materials and Methods for details).
Whole-cell recordings in acutely dissociated and
cultured neurons
The medial PFC neurons acutely dissociated from
prepubertal (25–28 days old) male Sprague–Dawley
rats or PFC cultures from E18 embryos were prepared
as previously described.15 Cultures were maintained
in Neurobasal with B27 supplement (Invitrogen,
Carlsbad, CA, USA), which gave rise to a low level
(B0.5 nM) of corticosterone in the medium. Wholecell recordings of ligand-gated ion channel currents
used standard voltage-clamp techniques15 (see Supplementary Materials and Methods for details).
Western blot and co-immunoprecipitation
See Supplementary Materials and Methods for details.
Transfection and small-interfering RNA
Small interfering RNA (siRNA) was used to suppress
the expression of various proteins. Cultured PFC
neurons were transfected with siRNA (20 nM)
targeting Rab4, Rab5, Rab11, SGK1, SGK2 or SGK3
(all from Santa Cruz Biotech, Santa Cruz, CA, USA),
together with enhanced green fluorescent protein

(EGFP, 0.2 ng ml1), using the Lipofectamine 2000
method (Invitrogen). Constitutively active SGK1
(S422D), SGK3 (S419D) and siRNA-resistant silent
mutations of SGK1, SGK3 and Rab4 were constructed
using the QuikChange Multi Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). The sequences of silent mutants are: CTTTTATGCGGCCGAA
ATA (SGK1), GCAAAGTCCTCCTCGCAAA (SGK3) and
CTATAACGCACTCACTAAT (Rab4). Mutated nucleotides are underlined. All constructs were verified by
DNA sequencing. At 2 to 3 days after transfection,
electrophysiological analysis was conducted in
GFP-positive neurons.
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Immunocytochemical staining
Cultured neurons were fixed in 4% paraformaldehyde
in phosphate-buffered saline for 30 min and permeabilized with 0.2% Triton X-100 for 5 min. After 1 h of
incubation with 5% bovine serum albumin to block
nonspecific staining, cultures were incubated with
the primary antibody at 4 1C overnight. Antibodies
used include anti-SGK1, anti-SGK2, anti-SGK3 (all
1:200; Abcam, Cambridge, MA, USA), anti-Rab4, antiRab5 and anti-Rab11 (all 1:500; Santa Cruz). Glutamate receptors on the cell surface were detected as
described before (see Supplementary Materials and
Methods for details).15
Behavioral tests
To test working memory, we used the T-maze delayed
alternation task12 (see Supplementary Materials and
Methods for details).
Statistics
Statistical significance between groups subjected to
different treatments was assessed using unpaired
Student’s t-tests or analysis of variance (ANOVA) with
post hoc Tukey’s tests. Working memory tasks were
tested with repeated-measures ANOVA (RM ANOVA).

Results
Acute behavioral stressor or in vitro corticosterone
treatment produces a delayed and sustained
potentiation of glutamatergic transmission in PFC
pyramidal neurons through GR activation
To study the impact of acute stress on synaptic
transmission, we examined synaptic strength by
measuring input/output curves of evoked synaptic
responses, such as NMDAR-EPSC, AMPAR-EPSC and
GABAAR-IPSC, in PFC pyramidal neurons from
animals exposed to stressful events. In the present
studies, a 20-min forced-swim paradigm12 was
used as one of the stress procedures. As shown in
Figures 1a and b, NMDAR- or AMPAR-mediated
excitatory synaptic responses induced by a series of
stimulus intensities were markedly potentiated in
neurons from stressed animals (NMDA: P < 0.001,
ANOVA; AMPA: P < 0.001, ANOVA). Post hoc analysis revealed a significant increase at 1–4 or 24 h
post stress, compared to nonstressed control groups
Molecular Psychiatry
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Figure 1 Acute stress or in vitro corticosterone treatment enhances the synaptic response and surface expression of
NMDARs and AMPARs in PFC pyramidal neurons through activation of GRs. (a–c) Summarized input–output curves of
NMDAR-EPSC (a), AMPAR-EPSC (b) or GABAAR-IPSC (c) evoked by a series of stimulus intensities in PFC pyramidal
neurons taken from control or animals exposed to forced-swim stress (examined at 1–4, 24 h and 5 days post-stress). Inset:
representative synaptic current traces. Scale bars: 100 pA, 100 ms (a); 50 pA, 20 ms (b); 50 pA, 40 ms (c). *P < 0.001. (d) Dot
plot showing the amplitude of NMDAR-EPSC in PFC neurons treated without or with corticosterone (cort, 100 nM, 20 min),
RU486 (20 mM, 20 min), RU486 þ cort, vehicle (dimethyl sulfoxide, 20 min), dexamethasone (DEX, 100 nM, 20 min),
aldosterone (Aldo, 10 nM, 20 min) or corticotrophin-releasing factor (CRF, 200 nM, 20 min). Recordings were obtained
1–4 h after the treatment. (e, f) Plots of NMDAR-EPSC and AMPAR-EPSC amplitude recorded in PFC slices (e) or NMDAR
and AMPAR current density recorded in PFC cultures (f) at various time points post-corticosterone treatment (100 nM,
20 min). (g) Immunocytochemical images of surface GFP-NR2A (a), GFP-NR2B (b) and GluR1 (c) in PFC cultures treated
without (control) or with corticosterone (100 nM, 20 min). Enlarged versions of the boxed regions of dendrites are shown
beneath each of the images. (h) Quantitative analysis of surface NR2A, NR2B and GluR1 clusters (cluster density, cluster
size and cluster intensity) along dendrites in control vs corticosterone-treated PFC cultures. #P < 0.05, *P < 0.001.
(i) Immunocytochemical images (upper panel) and quantitative analysis (lower panel) of synaptic GluR1 (PSD-95
colocalized, yellow puncta), total GluR1 clusters (red puncta) and PSD-95 clusters (green puncta) along dendrites in control
vs corticosterone (100 nM, 20 min)-treated PFC cultures. Enlarged versions of the boxed regions of dendrites are also shown.
*P < 0.001.
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(NMDA: 1–4 h post-stress: 0.7- to 1.2-fold increase,
24 h post-stress: 1.0- to 1.2-fold increase, n = 20;
AMPA: 1–4 h post-stress: 0.6- to 1.0-fold increase,
24 h post-stress: 0.5- to 1.1-fold increase, n = 18;
P < 0.001). Neurons from stressed animals examined
at 5 days after stress showed no significant difference
from those of control animals (NMDA: < 0.05-fold
increase, n = 12; AMPA: < 0.05-fold increase, n = 7;
P > 0.05). In contrast, GABAAR-mediated inhibitory
synaptic responses were unchanged by acute stress at
all time points (1–4, 24 h, 5 days) examined (Figure 1c).
Recordings of AMPAR- and NMDAR-mediated excitatory postsynaptic currents (EPSCs) in the same
cells were also performed. As shown in Supplementary Figure 1, acute stress significantly increased both
NMDAR-EPSC and AMPAR-EPSC to a similar extent
in PFC pyramidal neurons. By contrast, acute stress
only enhanced AMPAR-EPSC, but not NMDAR-EPSC,
in hippocampal CA1 pyramidal neurons, suggesting
that stress hormones have region-specific actions.
Whole-cell ionic current recordings (Supplementary
Figure 2) in acutely isolated PFC pyramidal neurons
(pure postsynaptic preparations) show that animals
exposed to forced-swim stress had a significantly
increased NMDAR and AMPAR current density,
which was abolished by injection (i.p.) of the GR
antagonist RU486 (10 mg kg1). This suggests that the
stress-induced enhancement of glutamatergic transmission likely occurs through GR-induced modification of postsynaptic NMDA and AMPA receptors in
PFC pyramidal neurons.
Next, we examined whether in vitro treatment with
stress hormones mimics the effect of behavioral stress
on glutamatergic signaling. PFC slices were exposed
to different stress hormones or receptor agonists for a
short period of time, and examined 1–4 h after
treatment. To activate both low-affinity GRs and
high-affinity MRs fully, we used the high concentration of 100 nM corticosterone, as used in other in vitro
studies of the corticosteroid stress hormone effects.16,17 A significant main effect was found with
compound applications (Figure 1d, F7,96 = 32.4,
P < 0.001, ANOVA). Post hoc analysis indicated that
corticosterone treatment (100 nM, 20 min) significantly increased the amplitude of NMDAR-EPSC
(control: 210±15.8 pA, n = 11; cort: 427±23 pA,
n = 12; P < 0.001), which was blocked by pretreatment
(30 min) with the GR antagonist RU486 (20 mM,
201.9±20.4 pA, n = 15, P > 0.05), whereas RU486
itself did not affect the basal NMDAR-EPSC
(186.2±17.5 pA, n = 14, P > 0.05). The vehicle (dimethyl sulfoxide) had no effect (180.8±17.1 pA,
n = 16, P > 0.05), but a significant enhancing effect
was found with the specific GR agonist dexamethasone (100 nM, 20 min, 400±23.8 pA, n = 16; P < 0.001).
No enhancement was found with the MR agonist
aldosterone (10 nM, 20 min, 139.1±21.3 pA, n = 9,
P > 0.05). In vitro treatment with corticotrophinreleasing factor (CRF, 200 nM, 20 min) in PFC slices,
which lack the hypothalamic–pituitary–adrenocortical axis to produce corticosterone, failed to enhance

NMDAR-EPSC (179±12.3 pA, n = 12, P > 0.05), suggesting that the effect of acute stress in vivo is not
mediated by CRF receptors.
We further examined the onset kinetics of the effect
of corticosterone treatment. As shown in Figure 1e,
after corticosterone treatment (100 nM, 20 min) of PFC
slices, a significant main effect was found on
NMDAR-EPSC (F7,54 = 33.7, P < 0.001, ANOVA) and
AMPAR-EPSC (F7,58 = 13.2, P < 0.001, ANOVA). Post
hoc analysis indicated that no immediate effect was
detected within 30 min, and the significant potentiation was only observed B1 h after corticosterone
treatment (NMDA: control: 115.9±6.2 pA, n = 12; 1 h:
236.5±19.9 pA, n = 8; 3 h: 313.1±26.4 pA, n = 7;
P < 0.001; AMPA: control: 64.7±16.6 pA, n = 12; 1 h:
113.9±11.7 pA, n = 8; 3 h: 166.7±27.9 pA, n = 7;
P < 0.001). A more prolonged time course was examined in cultured PFC neurons. Whole-cell NMDAR or
AMPAR current density was significantly potentiated
at 4 and 24 h after corticosterone (100 nM, 20 min)
treatment (Figure 1f). Moreover, the amplitude of
miniature EPSC (mEPSC), a response from quantal
release of single glutamate vesicles, was significantly
increased in PFC cultures at 4 or 24 h after
corticosterone treatment, whereas the mEPSC frequency was not altered by corticosterone treatment
(Supplementary Figure 2). These results suggest that
similar to acute stress, corticosterone treatment of
PFC, through the activation of GRs, causes a delayed
but long-lasting enhancement of NMDA and AMPA
responses.
To determine whether the corticosterone-induced
change of NMDA and AMPA responses is due to
altered trafficking of NMDARs and AMPARs, we
carried out a quantitative surface immunostaining
assay to examine surface NMDAR and AMPAR
clusters in PFC cultures.15 Cultured neurons were
treated with corticosterone (100 nM) for 20 min. At
20 h after washing off corticosterone, immunostaining
was performed in nonpermeabilized conditions. Surface NMDARs were detected with an antibody against
GFP in neurons transfected with N-terminally EGFPtagged NR2A and NR2B, because of the lack of good
antibodies against the N-terminal region of NR2A or
NR2B. Endogenous surface AMPARs were detected
with an antibody against NT-GluR1. As shown in
Figure 1g, in corticosterone-treated cultures, the
fluorescent GFP-NR2A, GFP-NR2B and GluR1 surface
clusters on dendrites were markedly increased.
Quantitative analyses (Figure 1h) show that corticosterone treatment caused a significant increase (2- to 3fold of control) in the cluster density (no. of clusters
per 50 mm dendrite) of NR2A (control: 16.5±1.7,
n = 12, cort: 31.9±5.4, n = 12; P < 0.05, t-test), NR2B
(control: 9.0±1.2, n = 12, cort: 26.7±4.2, n = 12;
P < 0.05, t-test) and GluR1 (control: 15.2±2.5, n = 12,
cort: 46.4±4.4, n = 12; P < 0.001, t-test). The
cluster size was also significantly upregulated by
corticosterone treatment (NR2A: 1.8±0.32-fold of
control; P < 0.05, t-test; NR2B: 2.2±0.52-fold of control; P < 0.05, t-test; GluR1: 2.8±0.39-fold of control;
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P < 0.001, t-test). Fluorescence intensity of NR2A
was unchanged (1.3±0.04-fold of control; P > 0.05,
t-test), but significantly increased with NR2B
(1.5±0.12-fold of control; P < 0.05, t-test) or GluR1
(1.56±0.2-fold of control; P < 0.05, t-test). These
results suggest that corticosterone treatment of PFC
increases NMDAR and AMPAR clusters on the
plasma membrane.
It is known that the trafficking of GluR1, GluR2/3
and GluR4 are regulated by different molecules in
different states.18 Our previous surface biotinylation
experiments show that the surface expression levels
of both GluR1 and GluR2 are increased in PFC from
acutely stressed animals,12 suggesting that corticosterone increases the number of GluR1/2 heteromeric
channels at PFC neuronal membrane. Because the
majority of surface GluR1 receptors are extrasynaptic,19 we also examined whether corticosterone
alters AMPARs at synapses. Synaptic AMPAR clusters
were measured by detecting GluR1 colocalized
with the synaptic marker PSD-95. As shown in
Figure 1i, corticosterone treatment (100 nM, 20 min)
induced a significant increase of synaptic GluR1
(colocalized with PSD-95) cluster density (no. of
clusters per 50 mm dendrite) in cultured PFC
pyramidal neurons (control: 12.7±1.4, n = 11; cort:
24.1±1.9, n = 13; P < 0.001, t-test). The total GluR1 or
PSD-95 cluster intensity was not changed by corticosterone. These results suggest that corticosterone
treatment of PFC increases AMPARs on the synaptic
membrane.
Effect of acute stress on glutamatergic transmission
depends on the activation of serum- and
glucocorticoid-inducible kinase
Next, we examined potential mechanisms underlying
the effect of acute stress or corticosterone treatment
on glutamatergic transmission in PFC. Because GR is
a ligand-inducible nuclear transcription factor,4 we
speculate that the effect of GR is dependent on gene
transcription and protein synthesis. Consistently,
pretreatment with the transcription inhibitor (actinomycin D or puromycin) or translation inhibitor
(anisomycin D) abolished the enhancing effect of
corticosterone treatment on NMDAR-EPSC in PFC
slices (Supplementary Figure 3).
The onset kinetics of the corticosterone effect
( > 1 h) suggests that it might require the activation
of immediate early genes downstream of GR. One of
the most likely candidates is the SGK,13 which is
composed of three isoforms, SGK1, SGK2 and SGK3.
To assess the potential involvement of SGK, we
first examined whether the expression level of SGK
is upregulated in stressed animals. As shown in
Figures 2a and b, a significant main effect was found
on SGK1 (F3,16 = 11.8, P < 0.001, ANOVA) and SGK3
(F3,17 = 13.1, P < 0.001, ANOVA). Post hoc analysis
indicated that the level of SGK1 and SGK3, but not
SGK2, was progressively elevated in PFC slices
examined at 1–2 h after stress (SGK1: 1 h: 2.9±0.2fold of control, 2 h: 3.2±0.1-fold of control; P < 0.01;
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SGK3: 1 h: 2.3±0.2-fold of control, 2 h: 3.3±0.1-fold
of control; P < 0.01). Note that the time course for the
stress-induced upregulation of SGK1/3 and the
potentiation of glutamatergic signaling is consistent.
Moreover, the increase in SGK1/3 was blocked by
i.p. injection with the GR antagonist RU486 (Figure
2c, 0.97- to 1.27-fold of control, n = 4). RU486
itself did not affect SGK levels (0.92- to 0.97-fold
of control, n = 4).
Serum- and glucocorticoid-inducible kinase phosphorylates serine and threonine residues in the motif
R-X-R-X-X-(S/T).20,21 To further examine the role of
SGK in corticosterone regulation of NMDARs and
AMPARs, we pretreated PFC neurons with an SGK
substrate peptide (RPRAATF), which should competitively block the interaction of all SGK isoforms with
their endogenous substrates. This peptide was
coupled to the protein transduction domain of the
human immunodeficiency virus (HIV) TAT protein
(YGRKKRRQRRR), which rendered it cell permeant.22
As shown in Figure 2d, application of TAT-SGK
peptide (1 mM) abolished the enhancing effect of
corticosterone treatment (100 nM, 20 min) on
NMDAR-EPSC (SGK peptide: 206.5±13.8 pA, n = 9;
SGK peptide þ cort: 186.4±16.6 pA, n = 10; P > 0.05,
t-test), whereas a TAT-scrambled peptide (1 mM) was
ineffective (sc peptide: 191.6±10.5 pA, n = 10; sc
peptide þ cort: 373.2±18.8 pA, n = 13; P < 0.001,
t-test). AMPAR-EPSC was also blocked by TAT-SGK
peptide (Figure 2e, SGK peptide: 58.0±3.8 pA, n = 11;
SGK peptide þ cort: 83.5±4.6 pA, n = 15; P > 0.05,
t-test), but not the TAT-scrambled peptide (Figure
2e, sc peptide: 77.2±6.6 pA, n = 13; sc peptide þ cort:
166.3±13.8 pA, n = 13; P < 0.001, t-test).
Protein kinase B (PKB, also referred as Akt) is
another kinase that has the similar substrate motif as
SGK, R-X-R-X-X-(S/T).21 To examine the potential
involvement of PKB/Akt in corticosterone regulation
of glutamatergic responses, we treated PFC slices with
the specific Akt inhibitor, triciribine (also known as
Akt inhibitor V), a cell-permeable tricyclic nucleoside
that selectively inhibits the cellular phosphorylation/
activation of Akt1/2/3 with little effect toward
cellular signaling pathways mediated by SGK.23 As
shown in Figures 2d and e, pretreatment with Akt
inhibitor V (20 mM, 30 min) failed to block the
enhancing effect of corticosterone (100 nM, 20 min)
on NMDAR-EPSC (Akt inhibitor V: 150.5±16.4 pA,
n = 8; Akt inhibitor V þ cort: 357.0±31.5 pA, n = 11;
P < 0.001, t-test) and on AMPAR-EPSC (Akt inhibitor V:
57.6±4.6 pA, n = 7; Akt inhibitor V þ cort: 126.6±
7.4 pA, n = 7; P < 0.001, t-test). Moreover, no significant difference was found in the expression or
activity of Akt (indicated by Ser473phosphorylatedAkt) in control vs swim-stressed rats (data not
shown). In addition to Akt, p42/44 MAPK has been
shown to be involved in AMPAR trafficking during
synaptic plasticity.24,25 However, pretreatment with
the MAPK kinase inhibitor PD98059 (40 mM, 30 min)
did not block the enhancing effect of corticosterone
(100 nM, 20 min) on AMPAR-EPSC (Figure 2e,
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Figure 2 SGK is upregulated in PFC by acute stress through GR and is necessary for acute stress-induced potentiation of
glutamatergic transmission. (a, b) Western blots (a) and quantification (b) of SGKs in lysates of PFC slices taken from control
or stressed animals at various post-stress time points (0, 30 min, 1 and 2 h). *P < 0.001. (c) Western blots and quantification of
SGKs in lysates of PFC slices taken from control or stressed animals without or with i.p. injection of RU486 (10 mg kg1,
administered 30 min before stress). Western blotting was performed 1 h after stress. *P < 0.001. (d, e) Dot plots of NMDAREPSC (d) or AMPAR-EPSC (e) recorded in PFC slices treated with or without corticosterone (100 nM, 20 min) in the presence
of TAT-SGK peptide (1 mM), scrambled peptide (TAT-sc, 1 mM), Akt inhibitor V (20 mM) or p42/44 MAPK kinase inhibitor
PD98059 (40 mM). Peptides or compounds were added 30 min before corticosterone. Recordings were performed at 1–4 h after
corticosterone treatment. (f) Dot plots of NMDAR-EPSC recorded in PFC slices from control vs stressed animals i.v. injected
with TAT-SGK peptide (0.6 pmol g1) or a scrambled control peptide (TAT-sc, 0.6 pmol g1). Peptides were administered
30 min before stress, and recordings were performed at 1–4 h after stress. Inset (d–f): representative NMDAR-EPSC or
AMPAR-EPSC traces. Scale bars: 100 pA, 100 ms (NMDA); 50 pA, 20 ms (AMPA). (g, h) Representative mEPSC traces (g) and
bar graphs of mEPSC amplitude (mean±s.e.m., h) in PFC slices from control vs stressed animals i.v. injected with different
peptides. Scale bars (g): 10 pA, 1 s. *P < 0.001.

PD98059: 66.8±6.4 pA, n = 8; PD98059 þ cort: 128.9±
9.8 pA, n = 7; P < 0.001, t-test). These results rule out
the involvement of PKB/Akt or p42/44 MAPK in the
effect of corticosteroid stress hormones.

We also compared the acute stress-induced changes
in glutamatergic transmission in PFC slices from
animals with in vivo administration of TAT-SGK
peptide. Previous studies have shown that intravenous
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(i.v.) injection can reliably deliver TAT peptides into
central nervous system neurons,26,27 so we i.v.
injected animals with TAT-SGK peptide at 30 min
before the stress procedure. As shown in Figure 2f,
forced-swim stress significantly increased the amplitude of NMDAR-EPSC in animals injected with the
scrambled TAT-sc peptide (0.6 pmol g1, control:
174.1±11.8 pA, n = 16; stressed: 383.0±25.2 pA,
n = 15; P < 0.001, t-test), but this effect was lost
in animals injected with the TAT-SGK peptide
(0.6 pmol g1, control: 174.6±13.9 pA, n = 15; stressed:
156.4±13.5 pA, n = 19; P > 0.05, t-test). Moreover, in
animals injected with the scrambled TAT-sc peptide,
forced-swim stress robustly increased mEPSC amplitude (Figure 2g, control: 12.7±0.7 pA, n = 7; stressed:
19.6±1.7 pA, n = 11; P < 0.001, t-test, Figure 2h), but
not mEPSC frequency (control: 1.9±0.2 Hz, n = 6;
stressed: 2.2±0.4 Hz, n = 8; P > 0.05, t-test). However,
the effect of acute stress on mEPSC amplitude was
lost in animals injected with TAT-SGK peptide
(control: 12.6±0.3 pA, n = 8; stressed: 12.7±0.7 pA,
n = 8; P > 0.05, t-test). It suggests that the i.v. injected
TAT-SGK peptide can indeed be delivered to PFC
neurons and affect the action of behavioral stressor.
To identify which SGK is involved, we knocked
down SGK isoforms in PFC cultures with siRNA
transfection. As illustrated in Figure 3a, SGK1, SGK2
or SGK3 siRNA caused a specific and effective
suppression of the expression of these kinases in
GFP-positive neurons (see Supplementary Figure 4A
for quantification). As shown in Figures 3b and c,
corticosterone treatment (100 nM, 20 min) significantly increased NMDAR and AMPAR current density (pA/pF) in neurons transfected with a scrambled
siRNA (NMDA: control: 20.4±1.2, n = 10; cort:
47.5±1.7, n = 15; P < 0.001, t-test; AMPA: control:
14.8±1.1, n = 12; cort: 32.7±1.6, n = 11; P < 0.001,
t-test). This enhancing effect of corticosterone was
lost in neurons transfected with SGK1 siRNA (NMDA:
control: 18.8±2.5, n = 10, cort: 19.9±2.1, n = 11;
AMPA: control: 15.5±1.1, n = 10, cort: 16.2±2.0,
n = 10; P > 0.05, t-test) or SGK3 siRNA (NMDA:
control: 22.7±0.84, n = 10, cort: 17.2±1.3, n = 15;
AMPA: control: 16.8±1.2, n = 9, cort: 15.4±1.2,
n = 12; P > 0.05, t-test), but was unaltered in neurons
transfected with SGK2 siRNA (NMDA: control:
22.4±1.6, n = 11, cort: 53.9±4.6, n = 15; AMPA:
control: 14.2±1.1, n = 12, cort: 33.4±2.4, n = 14;
P < 0.001, t-test). Co-transfecting with the siRNAresistant silent mutant of SGK1 (RSGK1) or SGK3
(RSGK3; Supplementary Figure 4C) rescued the
enhancing effect of corticosterone (NMDA: RSGK1:
control: 17.0±1.0, n = 10; cort: 35.1±1.9, n = 12;
R
SGK3: control: 14.7±1.0, n = 8; cort: 30.9±2.7,
n = 7; P < 0.001, t-test; AMPA: RSGK1: control:
16.8±1.1, n = 8; cort: 32.5±1.9, n = 9; RSGK3: control:
16.3±1.6, n = 9; cort: 29.6±2.2, n = 8; P < 0.001,
t-test), suggesting the specificity of these SGK siRNAs.
To confirm the role of SGK in corticosteroneinduced changes in synaptic AMPAR responses, we
measured mEPSC in SGK-knockdown neurons at 24 h
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after corticosterone treatment (100 nM, 20 min). As
shown in Figures 3d and e, in neurons transfected
with SGK1 siRNA, corticosterone lost the capability
to increase mEPSC amplitude (control: 23.5±1.5 pA,
n = 11; cort: 24.6±1.2 pA, n = 9; P > 0.05, t-test). However, the enhancing effect was intact in SGK2 siRNAtransfected neurons (control: 23.2±1.5 pA, n = 8; cort:
41.1±2.5 pA, n = 12; P < 0.01, t-test). To determine an
imperative or permissive role of SGK, we further
examined whether constitutively activating SGK (CASGK) occludes the corticosterone effect on mEPSC. As
shown in Figures 3f and g, in neurons transfected
with CA-SGK3, the basal mEPSC amplitude was
significantly increased (GFP alone: 25.3±1.3 pA,
n = 7; CA-SGK3: 35.5±2.4 pA, n = 8; P < 0.01, t-test),
and corticosterone treatment had no further effect
(33.2±1.5 pA, n = 9). The mEPSC frequency was not
changed. Similar results were obtained from CASGK1 (data not shown). Taken together, these data
suggest that the regulation of glutamatergic signaling
by stress hormones requires the activation of SGK1/3
downstream of GRs.
Increase in Rab4-mediated receptor recycling underlies
the enhancing effect of acute stress on glutamatergic
signaling
The corticosterone-induced potentiation of NMDA
and AMPA responses is accompanied by increased
surface NMDAR and AMPAR clusters, suggesting that
GR activation might influence the membrane trafficking of glutamate receptors. It is known that the Rab
family of small GTPases functions as specific regulators of vesicle transport between organelles, and
different Rab members control vesicular fusion at
different stages in the exocytic/endocytic cycle.14
Among them, the most likely candidates are Rab5,
which controls the transport from plasma membrane
to early endosomes,28 Rab4, which controls a rapid
direct recycling route from early endosomes to cell
surface29,30 and Rab11, which mediates recycling from
recycling endosomes to plasma membrane.31
To test the potential involvement of Rab proteins,
we examined the effect of corticosterone treatment on
NMDAR and AMPAR currents in PFC cultures
transfected with siRNA against Rab4, Rab5 or Rab11.
Immunostaining shown in Figure 4a verified the
specific suppression of Rab4, Rab5 and Rab11
expression by these siRNAs in GFP-positive neurons
(see Supplementary Figure 4B for quantification). As
shown in Figures 4b and c, knockdown of Rab4
blocked the increase of NMDAR or AMPAR current
density (pA/pF) by corticosterone treatment (100 nM,
20 min) (NMDA: control: 19.9±2.4, n = 10, cort:
16.4±1.4, n = 11; AMPA: control: 17.3±0.75, n = 9,
cort: 16.3±1.5, n = 10; P > 0.05, t-test). Co-transfecting
with the siRNA-resistant silent mutant of Rab4
(Supplementary Figure 4D) rescued the enhancing
effect of corticosterone (NMDA: control: 14.1±0.8,
n = 7, cort: 27.8±1.9, n = 8; AMPA: control: 17.4±0.9,
n = 9, cort: 28.9±2.6, n = 8; P < 0.001, t-test), suggesting the specificity of Rab4 siRNA. In contrast, the
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Figure 3 SGK1 and SGK3 are involved in corticosterone enhancement of NMDAR and AMPAR currents. (a)
Immunocytochemical staining of SGK1, SGK2 or SGK3 in cultured PFC neurons transfected with siRNA against each
SGK isoform. GFP was co-transfected to illuminate positive neurons. (b, c) Dot plots showing the effect of corticosterone
treatment (100 nM, 20 min) on NMDAR (b) or AMPAR (c) current density in PFC cultures transfected with a scrambled siRNA
or siRNA against each SGK isoform. The siRNA-resistant silent mutant of SGK1 (RSGK1) or SGK3 (RSGK3) was co-transfected
in the rescue experiments. Recordings were obtained 1–4 h after the treatment. Inset: representative current traces. Scale bars:
200 pA, 1 s. (d, f) Cumulative distribution of mEPSC amplitude in PFC cultures (DIV21) transfected with SGK1 siRNA or
SGK2 siRNA (d), or constitutively activating SGK3 (CA-SGK3, f). At 2 or 3 days after transfection, neurons were treated with
or without corticosterone (100 nM) for 20 min, and recorded 24 h later. Inset: representative mEPSC traces. Scale bar: 50 pA,
1 s. (e, g) Bar graphs (mean±s.e.m.) showing the mEPSC amplitude and frequency with corticosterone treatment in neurons
transfected with different siRNAs (e) or constructs (g). *P < 0.01.
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Figure 4 Corticosterone increases NMDAR and AMPAR currents through an Rab4-dependent mechanism. (a)
Immunocytochemical staining of Rab4, Rab5 or Rab11 in cultured PFC neurons transfected with siRNA against each Rab
member. GFP was co-transfected to illuminate positive neurons. (b, c) Dot plots showing the effect of corticosterone treatment
(100 nM, 20 min) on NMDAR (b) or AMPAR (c) current density in PFC cultures transfected with a scrambled siRNA or
siRNA against Rab4, Rab5 or Rab11. The siRNA-resistant silent mutant of Rab4 (RRab4) was co-transfected in the
rescue experiments. Recordings were obtained 1–4 h after the treatment. Inset: representative current traces. Scale bars:
200 pA, 1 s. (d) Cumulative distribution of mEPSC amplitude in PFC cultures (DIV21) transfected with a scrambled siRNA,
Rab4 siRNA or Rab5 siRNA. At 2 or 3 days after transfection, neurons were treated with or without corticosterone (100 nM) for
20 min, and recorded 24 h later. Inset: representative mEPSC traces. Scale bar: 50 pA, 1 s. (e) Bar graphs (mean±s.e.m.)
showing the mEPSC amplitude and frequency with corticosterone treatment in neurons transfected with different siRNAs.
*P < 0.001.
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enhancing effect of corticosterone was not altered by
Rab5 siRNA (NMDA: control: 14.9±1.0, n = 8, cort:
36±3.2, n = 8; AMPA: control: 15.9±1.6, n = 9; cort:
29.9±2.1, n = 11; P < 0.001, t-test). Rab11 siRNA also
failed to affect corticosterone-induced increase in
NMDAR or AMPAR current density (NMDA: control:
12.6±1.0, n = 10, cort: 28.6±2.7, n = 9; AMPA: control: 13.2±0.8, n = 10, cort: 26.8±2.0, n = 9; P < 0.001,
t-test).
To confirm the role of Rab4 in corticosteroneinduced AMPAR synaptic delivery, we measured
mEPSC in Rab4-deficient neurons at 24 h after
corticosterone treatment (100 nM, 20 min). As shown
in Figures 4d and e, in neurons transfected with a
scrambled siRNA, corticosterone significantly increased mEPSC amplitude (control: 27.1±1.5 pA,
n = 8, cort: 43.4±2.1 pA, n = 10; P < 0.001, t-test). In
Rab4 siRNA-transfected neurons, the effect of corticosterone on mEPSC amplitude was lost (control:
27.0±1.1 pA, n = 8; cort: 27.8±1.6 pA, n = 7;
P > 0.05, t-test). In contrast, Rab5 siRNA-transfected
neurons had an intact enhancing effect with corticosterone treatment on mEPSC amplitude (control:
24.9±1.3 pA, n = 11; cort: 38.5±2.7 pA, n = 9;
P < 0.001, t-test). These results suggest that the
corticosterone-induced increase in functional glutamate receptors is through a mechanism depending on
Rab4-mediated receptor recycling.
To further test the involvement of Rab4, we
examined whether acute stress could increase the
activity of this small GTPase. Because Rabaptin-5, a
molecule originally identified as a Rab5-interacting
protein, binds to only the GTP-bound, active form of
Rab4 and Rab5 at its N terminus and C terminus,
respectively,32 we measured Rabaptin-5-bound Rab4
and Rab5 by co-immunoprecipitation experiments to
indicate their activity levels. As shown in Figure 5a,
corticosterone treatment (100 nM, 20 min) of PFC
slices induced a significant increase of Rab4 activity,
as indicated by the elevated level of Rabaptin-5bound Rab4 (2.1±0.16-fold of control, n = 4; P < 0.001,
t-test), whereas it did not alter the Rabaptin-5-bound,
active form of Rab5 (1.05±0.11-fold of control, n = 4;
P > 0.05, t-test). Pretreatment of PFC slices with TATSGK peptide (50 mM, 30 min) blocked corticosteroneinduced elevation of Rab4 activity (1.25±0.23-fold of
control, n = 4; P > 0.05, t-test), suggesting the SGK
dependence of this effect.
To determine whether acute behavioral stress also
activates Rab4, we examined PFC slices from stressed
animals. As shown in Figure 5b, the level of Rabaptin5-bound, active Rab4 was significantly increased by
acute stress (F4,18 = 10.7, P < 0.001, ANOVA), which
was observed at 0.5–2 h after stress (1.55±0.2-fold of
control, n = 5; P < 0.01, Tukey’s test). In contrast, no
difference was observed in the level of Rabaptin-5bound, active Rab5 (1.02±0.18-fold of control, n = 4;
P > 0.05). Taken together, these data suggest that acute
stress selectively increases Rab4 activity in PFC
through SGK signaling, which may facilitate the
recycling of glutamate receptors to plasma membrane.

Next, we performed immunocytochemical studies
to test the role of SGK in glutamate receptor trafficking directly. First, we measured the density of
synaptic GluR1 clusters (colocalized with the synaptic marker PSD-95) in PFC cultures treated with TATSGK peptide. As shown in Figures 5c and d, about 1 h
after corticosterone treatment (100 nM, 20 min), a
significantly potentiated synaptic delivery of AMPARs was observed in neurons pretreated with the
scrambled TAT-sc peptide (synaptic GluR1 clusters
per 50 mm dendrite: control: 13.7±1.4, n = 12, cort:
27.6±2.4, n = 11; P < 0.001, t-test), but not the TATSGK peptide (control: 13.3±1.6, n = 12, cort:
16.0±2.1, n = 12; P > 0.05, t-test). These results suggest that corticosterone-induced delivery of glutamate
receptors to the synaptic membrane requires SGK.
To test the role of Rab4 in AMPAR trafficking
directly, we co-stained GluR1 and Rab4. As shown in
Supplementary Figure 5, AMPA receptors could be
seen in Rab4-positive internal vesicles. We also
measured the impact of Rab4 knockdown on corticosterone-induced insertion of AMPARs. As shown in
Figures 5e and f, in scrambled siRNA-transfected
neurons, corticosterone treatment (100 nM, 20 min)
significantly increased the surface GluR1 cluster
density (no. of clusters per 50 mm dendrite) (control:
15.7±1.4, n = 22; cort: 38.9±2.2, n = 26; P < 0.001,
t-test), cluster size (mm2) (control: 0.19±0.02; cort:
0.34±0.04; P < 0.001, t-test) and fluorescence intensity (control: 132.5±9.4; cort: 183±16.9; P < 0.05,
t-test). However, in Rab4 siRNA-transfected neurons,
the enhancing effect of corticosterone was blocked
(cluster density: control: 12.9±0.9, n = 26; cort:
16.9±1.7, n = 22; cluster size: control: 0.14±0.02;
cort: 0.16±0.02, intensity: 125.6±12.3; cort:
138.4±12.9; P > 0.05, t-test). These results suggest
that Rab4 is required for corticosterone-induced
potentiation of AMPAR membrane trafficking.
Our study results suggest that acute stress simultaneously enhances the synaptic trafficking of NMDARs
and AMPARs in PFC. It is possible that the
potentiated AMPAR response is secondary to the
potentiated NMDAR response, alternatively, the potentiated NMDAR response is secondary to the
potentiated AMPAR response. To test this, we blocked
the activation of one receptor and tested the effect of
corticosterone on the other. As shown in Supplementary Figure 6, pretreatment with the NMDAR antagonist APV could not prevent corticosterone-induced
increase in AMPAR-EPSC, and pretreatment with the
AMPAR antagonist NBQX could not prevent corticosterone-induced increase in NMDAR-EPSC. It suggests that NMDARs and AMPARs are independently
delivered to synapses by acute stress.
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Acute stress-induced enhancement of working memory
is linked to GR/SGK signaling
Because AMPAR- and NMDAR-mediated synaptic
transmission at recurrent synapses in PFC networks
is crucial for working memory,11,33 the acute stressinduced enhancement of glutamatergic responses
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Figure 5 Corticosterone activates Rab4 through an SGK-dependent mechanism, and SGK inhibition or Rab4 knockdown
blocks the enhancing effect of corticosterone on glutamate receptor trafficking. (a, b) Top panel: co-immuoprecipitation
blots showing the level of active (Rabaptin-5-bound) Rab4 or Rab5 in PFC slices without or with corticosterone treatment
(100 nM, 20 min, collected 1 h after treatment) in the absence or presence of TAT-SGK peptide (50 mM, 30 min before
corticosterone, a), or in PFC slices from control vs swim-stressed animals examined at various post-stress time points (b). Lower
panel: quantification showing the normalized level of Rabaptin-5-bound (active) Rab4 or Rab5 in PFC slices without vs with
corticosterone treatment (a) or from control vs stressed animals (b). *P < 0.001. (c, d) Immunocytochemical images (c) and
quantitative analysis (d) of synaptic GluR1 clusters (PSD-95 colocalized, yellow puncta), total GluR1 clusters (red puncta) and
PSD-95 clusters (green puncta) in control vs corticosterone (100 nM, 20 min)-treated PFC pyramidal neurons from cultures
pretreated with TAT-SGK peptide (50 mM) or the scrambled control peptide (TAT-sc). Enlarged versions of the boxed dendritic
regions are also shown. *P < 0.001. (e) Immunocytochemical images of surface GluR1 in cultured PFC neurons (DIV21–23)
transfected with a scrambled siRNA or Rab4 siRNA. At 2 or 3 days after transfection, neurons were treated with or without
corticosterone (100 nM) for 20 min, and stained 24 h later. (f) Quantitative analysis of surface GluR1 clusters along dendrites in
control vs corticosterone-treated PFC cultures with different transfections. #P < 0.05, *P < 0.001.
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could be linked to improved working memory in
animals exposed to acute stress. Thus, we performed
behavioral tests using the delayed alteration task in
the T maze, a well-established protocol for PFCmediated working memory.34 To provide a ‘causal
link’ between stress-induced changes in glutamatergic transmission and working memory, we tested
whether TAT-SGK peptide, which blocked the effect
of acute stress on glutamatergic transmission in vitro,
could influence the effect of acute stress on working
memory.
First, animals were i.v. injected with TAT-SGK
peptide (0.6 pmol g1) or a scrambled control peptide
(TAT-sc, 0.6 pmol g1) at 30 min before the stress
procedure, and the behavioral performance was
examined at 4 and 24 h after stress procedure. As
shown in Figure 6a, forced-swim stress significantly
increased working memory performance at both time
points (F1,16 = 32.2, P < 0.001, RM ANOVA), and this

Figure 6 Acute behavioral stress enhances working
memory through an SGK-dependent mechanism. (a, b)
Cumulative data (mean±s.e.m.) showing the percentage
correctness in T-maze tests before and after forced-swim
stress (a) or elevated platform stress (b) in rats i.v. injected
with TAT-SGK peptide vs scrambled TAT-sc peptide
(0.6 pmol g1). *P < 0.01. (c) Cumulative data (mean±s.e.m.)
showing the percentage correctness in T-maze tests
before and after elevated platform stress in rats locally
injected to PFC with TAT-SGK peptide vs scrambled TAT-sc
peptide (high dose: 40 pmol g1; low dose: 0.12 pmol g1).
Inset: a photograph showing the slice with a local injection
of ink to PFC prelimbic regions to confirm the appropriate
location of the cannula. *P < 0.01.

enhancing effect was only observed in rats with the
scrambled TAT-sc peptide administration (pretest:
64.0±2.4% correct, 4 h post-stress: 75.0±3.2% correct, 1-day post-stress: 83.0±2.7% correct, n = 5;
P < 0.01), but not those with TAT-SGK peptide injection (pretest: 63.0±3.2% correct, 4 h post-stress:
58.0±2.5% correct, 1-day post-stress: 60.0±2.6%
correct, n = 5; P > 0.05). Similarly, after exposure to
elevated platform stress (Figure 6b), an improvement
in working memory was detected (F1,20 = 35.4,
P < 0.001, RM ANOVA), only in rats injected with
the scrambled TAT-sc peptide (pretest: 62.3±1.8%
correct, 4 h post-stress: 85.0±2.2% correct, 1-day
post-stress: 80.0±3.0% correct, n = 6; P < 0.01), but
not those injected with TAT-SGK peptide (pretest:
63.0±3.0% correct, 4 h post-stress: 63.3±4.2% correct, 1-day post-stress: 60.0±3.0% correct, n = 6;
P > 0.05). These results suggest that blocking SGK
function abolished the enhancing effect of acute stress
on working memory.
To test the specificity of TAT-SGK peptide on PFC,
we performed stereotaxic injection of the peptide to
PFC prelimbic regions bilaterally through an implanted guide cannula. The scrambled TAT-sc peptide
was locally injected as a control. A two-way RM
ANOVA (Figure 6c) revealed significant effects of the
peptide (F3,32 = 46.34, P < 0.001), the time of pre-/poststress (F2,32 = 18.83, P < 0.001), and a peptide by time
interaction (F6,32 = 10.38, P < 0.001). Post hoc analysis
revealed that the enhancing effect of elevated platform stress on working memory was unaffected by the
scrambled TAT-sc peptide (40 pmol g1, pretest:
62.0±2.0% correct, 4 h post-stress: 78.0±2.0% correct, 1-day post-stress: 84.0±2.5% correct, n = 5;
P < 0.01). However, TAT-SGK peptide (40 pmol g1)
blocked the stress facilitation effect completely
(pretest: 62.2±2.1% correct, 4 h post-stress:
64.0±2.4% correct, 1-day post-stress: 60.0±1.0%
correct, n = 6; P > 0.05). Injection of a much lower
dose of TAT-SGK peptide (0.12 pmol g1) to PFC
produced a similar blockade (pretest: 61.0±1.0%
correct, 4 h post-stress: 60.0±2.0% correct, 1-day
post-stress: 58.5±2.4% correct, n = 5; P > 0.05),
whereas the same concentration of scrambled TATsc peptide failed to do so (pretest: 60.0±1.0% correct,
4 h post-stress: 78.0±3.7% correct, 1-day post-stress:
80.0±3.2% correct, n = 5; P < 0.01). These data suggest that the acute stress-induced enhancement of
working memory is causally linked to the GR/SGKmediated enhancement of glutamatergic transmission
within PFC.
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Discussion
Prefrontal cortex is a key target region of stress,3,9,10
however the action of corticosteroid stress hormones
on PFC synapses and the underlying mechanisms is
largely unknown. In this study, we show that acute
stress induces a long-lasting potentiation of glutamatergic transmission in PFC pyramidal neurons
from young rodents, which is likely caused by the
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GR/SGK/Rab4-induced increase in the delivery of
NMDARs and AMPARs to the synaptic membrane.
Given the dependence of working memory on
AMPAR- and NMDAR-mediated synaptic transmission in PFC recurrent synapses,11,33 the acute
stress-induced enhancement of PFC glutamatergic
transmission could directly impact on the activity
of PFC circuits and therefore working memory
performance.
Mounting evidence has indicates that corticosteroid hormones exert concentration- and time-dependent influence on hippocampal excitatory synaptic
transmission and synaptic plasticity.6,35 An invertedU relationship between the level of corticosterone and
the magnitude of hippocampal long-term potentiation
(LTP) was discovered in earlier studies.36 Acute stress
has also been found to facilitate long-term depression
and inhibit LTP37 in hippocampus by a mechanism
depending on GRs and protein/RNA synthesis.38
Recent studies further revealed a rapid membrane
MR-mediated increase of mEPSC frequency,39 AMPAR surface diffusion17 and facilitation of synaptic
potentiation,40 as well as a slow intracellular GRmediated increase of EPSC amplitude,16 AMPAR
surface mobility and synaptic content,17 and impairment of synaptic potentiation,41 in hippocampal
neurons. Compared with these findings, our study
results have shown several differences regarding the
effect of acute stress and corticosterone in PFC. First,
only the delayed, long-lasting GR-mediated postsynaptic effect was observed, which was probably due
to the low abundance of MR expression in frontal
cortex;6 Second, GR activation enhanced both AMPAR and NMDAR trafficking and function; Third, the
GR-induced potentiation of glutamatergic transmission in PFC might serve as a form of LTP induced by
natural stimuli (for example, stress), as PFC usually
does not show electrical stimulation-induced LTP.42,43
We found that pretreatment with the NMDAR
antagonist APV could not prevent corticosteroneinduced increase in AMPAR-EPSC, suggesting that
the stress hormone-induced long-lasting potentiation
of glutamatergic transmission in PFC is different from
the activity-dependent, NMDAR-dependent LTP in
hippocampus.
The delayed action of corticosteroid stress hormones on PFC glutamatergic transmission suggests a
gene-mediated mechanism. GR is a ligand-inducible
transcription factor. Activated GR can modify gene
transcription through transactivation and transrepression.44 In search of the downstream intracellular
molecules of GRs that are potentially involved, we
have found that the expression of SGK1/3 is upregulated in PFC from stressed animals, and the corticosterone-induced potentiation of NMDAR and AMPAR
currents requires SGK1/3. SGK1 was originally found
as an immediate early gene transcriptionally stimulated by serum and glucocorticoids.13 Activation of
SGK1 after exposure to serum triggers entry of SGK1
into the nucleus, whereas activation of SGK1 by
glucocorticoids enhances cytosolic localization of the
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kinase.45 The two closely related isoforms, SGK2 and
SGK3, share 80% identity in their catalytic domain
with SGK1.20 SGKs are widely expressed in almost all
tissues, and participate in a wide variety of physiological functions, including the regulation of transport,
metabolism, hormone release, cell excitability, cell
proliferation and apoptosis.46 However, the cellular
targets and functional significance of SGKs in central
nervous system are far from being understood.
Studies in Xenopus oocytes have found that SGK is
important in activating certain ion channels and
transporters.46 One major mechanism underlying the
action of SGK is to increase protein abundance in the
plasma membrane of Xenopus oocytes, including
epithelial sodium channels, epithelial Ca2 þ channel
TRPV5, GluR1 subunit and KCNQ1/KCNE1 potassium channels.47–50 However, heterologous systems
often lack the neuron-specific channel subunit composition and channel anchoring/targeting protein
expression. Our study results have revealed the role
of SGK in stress-induced regulation of NMDAR and
AMPAR trafficking in native neurons.
Emerging evidence suggests that the trafficking of
AMPARs and NMDARs has a key role in controlling
excitatory synaptic efficacy.18,51 A key regulator for all
stages of membrane traffic is Rab proteins, the largest
family of monomeric small GTPases.52 These molecules are highly compartmentalized in organelle
membranes, coordinating intracellular transport steps
in exocytic and endocytic pathways, such as vesicle
formation and motility, tethering/docking of vesicles
to their target compartment, and interaction of
vesicles with cytoskeletal elements.14 Several groups
including ours have found that different Rab members
are involved in the internalization, recycling or spine
delivery of NMDARs and AMPARs.53–55 The stressinduced increase in glutamatergic transmission could
be due to increased exocytosis/recycling or decreased
endocytosis of NMDARs and AMPARs that are
controlled by different Rab members.
Cellular knockdown experiments show that the
corticosterone-induced potentiation of NMDAR and
AMPAR currents requires Rab4, a small GTPase that
controls a direct recycling route from the early
endosomes to the cell surface.29 It has been shown
that Rab4 is enriched on early endosomes and at least
partially depleted from recycling endosomes.30 Overexpression of wild-type Rab4 in cell lines decreases
endocytosis and alters transferrin receptor recycling
by causing its redistribution from endosomes to the
plasma membrane.29 Our study results have revealed
the role of Rab4 in stress-induced regulation of
NMDAR and AMPAR trafficking in native neurons.
In agreement with this, biochemical assays illustrate
that Rab4 activity is selectively increased by acute
stress through an SGK-dependent mechanism.
It is known that stress exerts complex influence on
learning and memory processes, which is usually
dependent on the action of stress hormones in
combination with neuronal activities within the
key target areas.56 The PFC is an essential component

Mechanisms in acute stress-induced effects in PFC
EY Yuen et al

of a neural circuit for working memory,11 the process
by which information is coded into memory, actively
maintained and subsequently retrieved for guiding
behavior. Delineating mechanisms by which stress
affects working memory are critical for understanding
the role of stress in influencing higher cognitive
processes including reasoning, planning and problem
solving. Acute stressful experience has been found to
enhance associative learning57,58 in a glucocorticoiddependent manner.59 Conversely, severe or chronic
stress has been shown to impair working memory and
prefrontal function.60 Thus, the ‘inverted U’ relationship of stress to cognitive function has been proposed,
in which a moderate level of glucocorticoids has
procognitive effects, while too low or too high
glucocorticoid levels are detrimental to cognitive
processing.7,36
Working memory is subject to the regulation by
several molecules, including catecholamines and
PKA.61,62 Alterations of these signaling molecules
have been suggested to underlie prefrontal cortical
impairments induced by chronic stress in mental
illness.63 We show that acute stress facilitates working
memory in young rodents, which is correlated with
the increased PFC glutamatergic transmission by
acute stress.12 Inhibiting SGK, which blocks stressinduced enhancement of glutamatergic transmission,
also blocks stress-induced facilitation of working
memory, suggesting that the GR/SGK-induced glutamate receptor trafficking in PFC may underlie the
working memory improvement by acute stress.
Taken together, our study results have discovered
the molecular and cellular mechanisms underlying a
form of LTP induced by acute stress (Supplementary
Figure 7). These findings should provide valuable
targets for designing novel therapies that modify the
neuronal stress response.64
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de Kloet ER, Joëls M, Holsboer F. Stress and the brain: from
adaptation to disease. Nat Rev Neurosci 2005; 6: 463–475.
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