




4h at 4 °C followed by incubationwith 50�l of proteinA/Gplus
agarose (Santa Cruz Biotechnology) for 2 h at 4 °C. Immuno-
precipitates were washed three times with lysis buffer and then
boiled in 2� SDS loading buffer for 5min and separated on 12%
SDS-polyacrylamide gels. Western blotting experiments were
performed with anti-Rab4 (1:1000, Santa Cruz Biotechnology).
Expression and Purification of GST Fusion Proteins—Wild-

type GDI and its mutants S45A, S121A, and S213A were
subcloned to pGEX-4T1 vector from T/A vector and trans-
formed to BL21 Escherichia coli (Stratagene). Expression of
GST fusion proteins was induced by treatment with 1 mM

isopropyl �-D-1-thiogalactopyranoside for 3.5 h at 25 °C.
Cells were collected and lysed in BugBuster protein extrac-
tion reagent (Novagen). The resulting lysate was centrifuged,
and GST fusion proteins were purified with GSTrapTM HP
columns (GE Healthcare).
Phosphorylation Analysis—HEK293 cells were grown in

6-cm dishes in 10% fetal bovine serum DMEMmedium.When
cells were 90% confluent, themediumwas changed to 0.5% fetal
bovine serum DMEM to limit serum-induced up-regulation of
SGK. For in vivo phosphorylation analysis, the following
approach was used. HA-tagged wild-type GDI or its mutants
were transfected to HEK293 cells using the calcium phosphate
method. One day after transfection, HEK293 cells were treated
without or with 100 nM corticosterone for 30 min. Cell were
then washed three times with phosphate-free DMEMmedium
(Invitrogen). After washing, phosphate-free DMEM medium
containing 0.5% fetal bovine serum, 0.2 mCi/ml of
[32P]orthophosphate (PerkinElmer Life Sciences), 100 nM caly-
culin, and 1 �M okadaic acid were added to cell dishes and

incubated at 37 °C for 1.5 h. After
incubation, the medium was aspi-
rated, and cells were washed twice
with ice-cold phosphate-free
DMEM medium. Then cells were
lysed on ice with 0.5% Nonidet P-40
lysis buffer. Cell lysates were centri-
fuged at 16,000 � g at 4 °C for 20
min, and supernatants were im-
munoprecipitated with anti-HA
(1:1000, Roche Applied Science).
After washing, SDS-PAGE was car-
ried in a 7.5% gel, and transferred
membrane was subjected to autora-
diography for visualizing radiola-
beled proteins.
For in vitrophosphorylation anal-

ysis, the following approach was
used.HEK293 cells were transfected
with or without SGK1 small inter-
fering RNA. One day after transfec-
tion, cells were treated without or
with 100 nM corticosterone for 30
min, washed, and maintained in
0.5% fetal bovine serum DMEM for
1.5 h. Then cells were lysed in the
CytoBuster protein extraction rea-
gent (Novagen) containing protease

inhibitors. Cell lysates were centrifuged at 16,000� g at 4 °C for
20 min. The supernatants (40 �l, �50 �g of total protein) were
incubatedwith 1�g of purifiedGST fusion protein of wild-type
GDI or its mutants for 30min at 30 °C in the reaction buffer (30
mM HEPES, pH 7.5, 10 mM MgCl2, 30 �M ATP, 1 �Ci of
[�-32P]ATP, 100 nM calyculin, 1 �M okadaic acid). SDS-PAGE
was carried out, and phosphorylated GDI was visualized with
autoradiography.

RESULTS

Corticosterone Treatment Increases Synaptic AMPAR Activ-
ity via Rab4-mediated Membrane Trafficking of AMPARs—
First, we examined whether corticosterone influences
AMPAR-mediated synaptic currents in cultured PFC pyrami-
dal neurons. Cells were exposed to a short treatment of corti-
costerone (100 nM, 30min) and recorded at 1.5–4 h after treat-
ment. mEPSC, which represents the postsynaptic response to
release of individual vesicles of glutamate, was measured. As
shown in Fig. 1A, corticosterone caused a significant enhance-
ment of mEPSC amplitude, as indicated by a rightward shift in
the distribution (control, 26.1 � 1.0 pA, n � 21; CORT, 32.8 �
0.83 pA, n � 23, p � 0.01, ANOVA, Fig. 1E). The frequency of
mEPSC was not changed by corticosterone treatment (Fig. 1F).
Corticosterone did not significantly change the mEPSC decay
kinetics (control, 3.47 � 0.18 ms, n � 18; CORT, 3.63 � 0.22
ms, n � 17, p � 0.05, ANOVA).

The corticosterone-induced increase in glutamatergic trans-
mission could be due to increased exocytosis/recycling of
AMPARs. Thus, we investigated the potential involvement of
Rab4, a member of the Rab family controlling early sorting and

FIGURE 2. Rab4 is involved in corticosterone regulation of AMPAR surface expression. A–C, immunocyto-
chemical images of surface GluR1 staining in untreated (control) or corticosterone (100 nM, 30 min)-treated
cortical neurons cultures (DIV 20) transfected with GFP alone (A), GFP plus DN-Rab4 (B), or GFP plus CA-Rab4 (C).
Enlarged versions of the boxed regions of dendrites are shown beneath each of the images. D–F, cumulative
data (mean � S.E.) showing the cluster density (D), cluster size (E), and fluorescence intensity (Fluo. intensity) (F)
of surface GluR1 in control versus corticosterone-treated neurons transfected with different constructs. *, p �
0.01, ANOVA.
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recycling of proteins to the cell surface from early endosomes
(14, 23, 24). Two Rab4mutants, dominant-negative Rab4 (DN-
Rab4, Rab4-S27N) or constitutively active Rab4 (CA-Rab4,
Rab4-Q72L) (25), were transfected to PFC cultures. As shown
in Fig. 1B, when compared with control neurons, transfecting
DN-Rab4 caused a significant decrease of mEPSC amplitudes,
whereas CA-Rab4 led to a significant enhancement of mEPSC
amplitudes. The mEPSC frequency was not changed by DN-
Rab4 or CA-Rab4 (Fig. 1F). Moreover, corticosterone failed to
increase mEPSC amplitude in neurons transfected with DN-
Rab4 (Fig. 1C, DN-Rab4, 20.6 � 0.95 pA, n � 13;
DN-Rab4�CORT, 21.3� 0.75 pA, n� 15, Fig. 1E) or CA-Rab4
(Fig. 1D, CA-Rab4, 32.0 � 0.9 pA, n � 17; CA-Rab4�CORT,
33.1 � 0.97 pA, n � 15, Fig. 1E). Taken together, these data
suggest that Rab4 is involved in AMPAR recycling and that
corticosterone increases synaptic AMPAR currents via a Rab4-
dependent mechanism.
We further examined the impact of corticosterone on sur-

face expression of AMPARs using immunocytochemical
approaches (20–22). Surface AMPARs were measured with an
antibody against the extracellular domain of GluR1 in non-per-
meabilized neuronal cultures. After transfection, cells were
exposed to a short treatment of corticosterone (100 nM, 30min)
and stained at 2 h after treatment. As shown in Fig. 2A, corti-
costerone profoundly increased surface GluR1 cluster density

(number of clusters/50 �m of den-
drite) (control, 15.7 � 1.4, n � 20;
CORT, 40.2 � 2.2, n � 24, p � 0.01,
ANOVA, Fig. 2D), cluster size
(�m2) (control, 0.18 � 0.02, n � 20;
CORT, 0.41 � 0.04, n � 24, p �
0.01, ANOVA, Fig. 2E), and cluster
fluorescence intensity (control,
130.3 � 8.8, n � 20; CORT, 178.0 �
16.0, n� 24, p� 0.01, ANOVA, Fig.
2F). Transfecting DN-Rab4 signifi-
cantly reduced surface GluR1 clus-
ter density, size, and intensity,
whereas CA-Rab4 significantly
increased them (Fig. 2, D–F). Fur-
thermore, application of corticos-
terone failed to alter surface GluR1
clusters in neurons transfected with
DN-Rab4 (Fig. 2B, DN-Rab4, 11.4�
1.1 (density), 0.1 � 0.01 (size),
104.5 � 7.8 (intensity), n � 16;
DN-Rab4�CORT, 13.0 � 1.4 (den-
sity), 0.14 � 0.03 (size), 96.3 � 6.6
(intensity), n � 15, p � 0.01,
ANOVA, Fig. 2, D and F) or
CA-Rab4 (Fig. 2C, CA-Rab4, 38.8 �
2.9 (density), 0.35 � 0.04 (size),
165.8 � 16.4 (intensity), n � 19;
CA-Rab4�CORT, 39.1 � 2.6 (den-
sity), 0.36� 0.06 (size), 148.8� 11.9
(intensity), n � 19, p � 0.01,
ANOVA, Fig. 2,D–F). These results
suggest that Rab4 is involved in

AMPAR membrane trafficking and that corticosterone
increases AMPAR surface expression via a Rab4-dependent
mechanism.
Corticosterone Treatment Increases GDI-Rab4 Complex—

Next, we sought to determine the mechanism underlying cor-
ticosterone enhancement of Rab4-mediated AMPAR synaptic
delivery. It is known that GDI retrieves GDP-bound Rab pro-
teins frommembranes to cytosol and thus plays a key role in the
recycling of Rab proteins (26, 27). Previous studies have found
that GDI can be phosphorylated in cytosol, and Rab proteins
predominantly interact with phosphorylated GDI (28). Thus,
we tested whether corticosterone induces GDI phosphoryla-
tion, leading to increased formation of the GDI-Rab4 complex.
GDI contains 26 Ser residues, and 3 residues have been pre-

dicted to face the outer surface of the molecule based on its
three-dimensional structure (19, 29), Ser-45, Ser-121, and Ser-
213. Thus, we transfected HEK293 cells with FLAG-tagged
wild-type GDI or non-phosphorylatable GDI mutants, S45A,
S121A, and S213A. After transfection, cells were treated with
corticosterone (100 nM) for 30min. After washing for 1.5 h, cell
lysates were subjected to co-immunoprecipitation assay to
detect the GDI-Rab4 complex. As shown in Fig. 3, A and B,
corticosterone treatment significantly increased the amount of
Rab4 that binds toWT-GDI, S45A-GDI, or S121A-GDI but not
S213A-GDI. The level of total Rab4 was not altered. These data

FIGURE 3. Corticosterone treatment increases the formation of GDI-Rab4 complex, which is blocked by
mutating Ser-213. A, co-immunoprecipitation (IP) blots showing the level of Rab4 that binds to GDI in HEK293
cells transfected with FLAG-tagged wild-type GDI or its three mutants, S45A, S121A, S213A. After transfection,
cells were treated without or with corticosterone (100 nM) for 30 min. A control for the amount of FLAG-GDI
effectively immunoprecipitated is also shown. WB, Western blot; HC, heavy chain. B, quantification showing the
normalized level of GDI-bound Rab4 in control versus corticosterone-treated HEK293 cells transfected with
different GDI constructs. *, p � 0.01, ANOVA. Data are mean � S.E.
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indicate that corticosterone increases the formation of GDI-
Rab4 complex, which requires an intact Ser-213 phosphoryla-
tion site.
Corticosterone Treatment Induces GDI Phosphorylation at

Ser-213 through SGK—The corticosteroid stress hormone
exerts its function by activating mineralocorticoid receptors
and glucocorticoid receptors, both of which are nuclear tran-
scription factors that induce or repress the expression of target
genes (9). Serum- and glucocorticoid-inducible kinase (SGK) is
one of the downstream targets of corticosteroid signaling (11).
SGK phosphorylates serine and threonine residues in the motif
RXRXX(S/T), but the �3 site arginine is not quite critical for

SGK (30). To examine whether GDI
is a potential substrate of SGK, we
analyzed the flank sequences of Ser-
45, Ser-121, and Ser-213 on GDI.
We found that only the flank
sequence RIKLYS of Ser-213
matched the substrate motif of SGK
(Fig. 4A).
Next, we performed an in vivo

phosphorylation assay to detect the
potential GDI phosphorylation by
corticosterone and the putative
phosphorylation site on GDI. HA-
tagged wild-type GDI and three
mutants of GDI, S45A, S121A, and
S213A, were transfected to HEK293
cells. After transfection, cells were
treated with corticosterone (100
nM) for 30 min. After corticos-
terone was washed off, cells were
incubated with [32P]orthophos-
phate-containing medium for 1.5 h.
As shown in Fig. 4, B and C, 32P-
labeled GDI was increased remark-
ably by corticosterone treatment in
cells transfected with WT-GDI,
S45A-GDI, and S121A-GDI but not
in cells transfected with S213A-
GDI. These data suggest that corti-
costerone induces GDI phosphory-
lation and that Ser-213 is likely to be
the phosphorylation site.
We further examined whether

SGK is involved in the corticoster-
one-induced GDI phosphorylation.
There are three SGK isoforms,
SGK1, SGK2, and SGK3, and they
share the same substrate motif (12,
31). ThemRNAs of SGK1 and SGK3
are widely and highly expressed in
all tissues, whereas SGK2 is
expressed at a lower level in the
brain. Furthermore, SGK1mRNA is
strongly enhanced by stimulation of
glucocorticoids (31). To detect the
role of SGK1 in GDI phosphoryla-

tion, we transfected SGK1 small interfering RNA in HEK293
cells to knock down its expression. After transfection and cor-
ticosterone treatment (30 min), an in vitro phosphorylation
assay was performed by adding cell lysates to tubes containing
[�-32P]ATP and one of the purified recombinant GST fusion
proteins, GST-WTGDI, GST-S45AGDI, GST-S121AGDI, or GST-
S213AGDI. As shown in Fig. 4D, the lysates from corticosterone-
treated cells induced the phosphorylation of GST-WTGDI,
GST-S45AGDI, andGST-S121AGDI, but notGST-S213AGDI, and
this effect was blocked in cells transfected with SGK1 small
interfering RNA. These data suggest that corticosterone
induces GDI phosphorylation via SGK1.

FIGURE 4. Corticosterone treatment increases GDI phosphorylation by SGK1, which is blocked by mutat-
ing Ser-213. A, diagram of rat GDI-1 protein showing the three serine sites that face the outer surface and the
substrate motif of SGK1. Only Ser-213 matches the motif. B, representative autoradiography of GDI in vivo
phosphorylation assay in HEK293 cells transfected with HA-tagged wild-type GDI or its three mutants. After
corticosterone treatment (100 nM, 30 min), [32P]orthophosphate was incorporated into the cells. Cell lysates
were immunoprecipitated (IP) with the HA antibody, and 32P-labeled proteins were subjected to SDS-PAGE
and visualized with autoradiography (upper panel). A loading control was shown in the HA blots (lower panel).
WB, Western blot; HC, heavy chain. C, quantification showing the normalized radioactive intensity of 32P-
labeled GDI in control versus corticosterone-treated HEK293 cells transfected with different GDI constructs. *,
p � 0.01, ANOVA. Data are mean � S.E. D, representative autoradiography of GDI in vitro phosphorylation assay
in HEK293 transfected without or with SGK1 small interfering RNA (siRNA). After corticosterone treatment (100
nM, 30 min), cell lysates were added to reaction tubes including 1 �Ci of [�-32P]ATP and 1 �g of purified GST
fusion protein of wild-type GDI or its three mutants. Phosphorylated GDI proteins were subjected to SDS-PAGE
and visualized with autoradiography.
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GDI Phosphorylation at Ser-213 Is Required for Corticoster-
one Regulation of AMPAR Synaptic Activity and Surface
Expression—Given that corticosterone increases GDI phos-
phorylation and the formation of GDI-Rab4 complex, we fur-
ther investigated whether GDI phosphorylation could influ-
ence synaptic AMPAR activity and its regulation by
corticosterone. Because Ser-213 on GDI is likely to be the SGK
phosphorylation site, two constructs with mutated Ser-213
were generated. Ser-213 was mutated to alanine to represent
the non-phosphorylatable form (S213A), and Ser-213 was
mutated to aspartic acid to represent the phosphomimetic form
(S213D). As shown in Fig. 5A, when compared with neurons
transfectedwithGFP alone, transfecting S213AGDI caused a sig-
nificant decrease of mEPSC amplitude, whereas transfecting
S213DGDI led to a significant enhancement of mEPSC ampli-
tude (Fig. 5D), suggesting that GDI phosphorylation at Ser-213
facilitates synaptic AMPAR activity. Furthermore, the enhanc-
ing effect of corticosterone on mEPSC amplitude was blocked
by the non-phosphorylatable S213AGDI (Fig. 5B, S213AGDI,
21.3 � 0.84 pA, n � 17; S213AGDI�CORT, 21.8 � 0.79, n � 15,
p � 0.01, ANOVA, Fig. 5D) and occluded by the phosphomi-
metic S213DGDI (Fig. 5C, S213DGDI, 31.7 � 1.2 pA, n � 15;
S213DGDI�CORT, 32.5 � 1.5, n � 18, p � 0.01, ANOVA, Fig.
5D). The mEPSC frequency was not altered by these GDI
mutants (Fig. 5E). These data suggest that corticosterone
increases synaptic AMPAR currents by inducing GDI phos-
phorylation at Ser-213.
To confirm the role of GDI phosphorylation in corticoste-

rone-induced AMPAR membrane delivery, we performed
immunocytochemical experiments to measure AMPAR sur-
face expression in neurons transfected with non-phosphorylat-

able or phosphomimetic GDI
mutants. As shown in Fig. 6A, in
GFP-transfected neurons, cortico-
sterone treatment (100 nM, 30 min)
significantly increased surface
GluR1 cluster density (number of
clusters/50 �m of dendrite) (con-
trol, 17.5 � 2.2, n � 18; CORT,
33.6 � 3.1, n � 17, p � 0.01,
ANOVA, Fig. 6D). Transfecting
S213AGDI caused a significant
decrease of surface GluR1 cluster
density and blocked the enhancing
effect of corticosterone (Fig. 6B,
S213AGDI, 10.3 � 1.8, n � 15;
S213AGDI�CORT, 11.0 � 1.9, n �
17, p� 0.01, ANOVA, Fig. 6D). On
the other hand, transfecting
S213DGDI significantly increased
surface GluR1 cluster density and
occluded the enhancing effect of
corticosterone (Fig. 6C, S213DGDI,
31.0 � 3.5, n � 15; S213DGDI�
CORT, 32.7 � 3.1, n � 18, p �
0.01, ANOVA, Fig. 6D). These
data suggest that GDI phosphory-
lation at Ser-213 facilitates the

membrane trafficking of AMPARs and that corticosterone
increases AMPAR surface expression via a mechanism de-
pendent on GDI phosphorylation.

DISCUSSION

After stress, the level of stress hormones such as corticoster-
one is markedly increased. Corticosterone exerts a time- and
region-specific action on cellular physiology of limbic neurons
(4). In this study, we have investigated the potential molecular
mechanisms underlying corticosterone regulation of AMPARs
in PFC neurons. The combined electrophysiological, biochem-
ical, and immunocytochemical evidence suggests that cortico-
sterone facilitates excitatory synaptic transmission by increas-
ing the Rab4-mediated recycling of AMPARs to synaptic
membrane via SGK1-induced phosphorylation of GDI at
Ser-213.
It is well recognized that the trafficking of AMPARs plays a

key role in controlling excitatory synaptic efficacy (32, 33). The
internalization, recycling, or spine delivery of AMPA receptors
is under the control of the Rab family of small GTPases, a key
regulator for all stages of membrane traffic (34). For example,
Rab5, which controls the transport from plasma membrane to
early endosomes (35), is involved in clathrin-dependent
AMPAR internalization (36, 37). Rab11, which mediates recy-
cling from recycling endosomes to plasmamembrane (38), con-
trols the supply of AMPARs for long term potentiation induced
by electrical stimulation (39). Rab8, which is associated with
trans-Golgi networkmembranes, plays a role in AMPAR trans-
port to the spine surface (40). Rab4, which controls a rapid
direct recycling route from early endosomes to cell surface (24,
41), is critical for maintaining spine size (42). By using domi-

FIGURE 5. Phosphorylation of GDI at Ser-213 is required for corticosterone regulation of synaptic AMPAR
currents. A, cumulative plots of the distribution of mEPSC amplitudes in cultured cortical neurons transfected
with GFP alone, GFP plus S213AGDI (non-phosphorylatable mutant), or GFP plus S213DGDI (phosphomimetic
mutant). B and C, cumulative plots of the distribution of mEPSC amplitudes in untreated (control) or corticos-
terone (100 nM, 30 min)-treated neurons transfected with S213AGDI (B) or S213DGDI (C). Inset, representative
mEPSC traces. Scale bars, 30 pA, 1 s. D and E, bar graphs (mean � S.E.) showing the mEPSC amplitude (mEPSC
Amp) (D) and mEPSC frequency (mEPSC Freq) (E) in control versus corticosterone-treated neurons transfected
with different constructs. *, p � 0.01, ANOVA.
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nant-negative and constitutively active Rab4, we have dem-
onstrated that Rab4 is not only involved in the membrane
trafficking of GluR1 but also mediates the corticosterone-
induced potentiation of glutamatergic transmission. Corti-
costerone, via activated Rab4, increases AMPAR recycling
by causing its redistribution from early endosomes to the
plasma membrane.
A key question is how corticosteroid signaling leads to the

activation of Rab4. One possibility is through GDI, an impor-
tant class of regulatory protein involved in the functional cycle
and recycling of Rab GTPases (14). GDI is abundantly
expressed in the brain, and the two isoforms, GDI-1 andGDI-2,
share 86% identical amino acid sequence and exhibit no major
functional differences (43). Biochemical assays show that GDI
is able to solubilize the membrane-bound forms of Rab4 and
Rab5 in a GDP/GTP-dependent manner (44). Interestingly, the
phosphorylation of GDI controls its interaction with Rab pro-
teins (28). It has been found that tyrosine phosphorylation of
GDI increases the Rab4-soluble form and the GDI-Rab4 com-
plex (18). Acute insulin treatment of cultured adipocytes, pre-
sumably by activating the downstream protein kinase B,
increases cytosolic levels of Rab4 due to the formation of GDI-
Rab4 complex (45). Moreover, p38 mitogen-activated protein
kinase (MAPK) activates GDI and stimulates the formation of
GDI-Rab5 complex by phosphorylating GDI on Ser-121, there-
fore facilitating the delivery of Rab5 from endosomes to the
plasma membrane and accelerating endocytosis (19). Our bio-
chemical data suggest that corticosterone activates Rab4 by

stimulating the formation of GDI-
Rab4 complex via SGK1 phosphor-
ylation of GDI.
SGKs phosphorylate serine and

threonine residues lying in themotif
RXRXX(S/T) (46). Because SGK has
an absolute requirement for the
presence of an arginine residue 5
residues N-terminal (n-5) to the site
of phosphorylation (30, 31) and Ser-
213 has an arginine residue at the
n-5 position, Ser-213 is the most
likely phosphorylation site by SGK.
Our mutation experiments confirm
that corticosterone/SGK-induced
phosphorylation of GDI is at
Ser-213.
To further demonstrate that the

GDI phosphorylation at Ser-213
underlies corticosterone-induced
synaptic plasticity, we have directly
tested the impact of non-phosphor-
ylatable or phosphomimetic GDI
mutants on the AMPAR and its reg-
ulation by corticosterone. The non-
phosphorylatable S213AGDI reduces
AMPAR trafficking/function and
blocks the enhancing effect of corti-
costerone, whereas phosphomi-
metic S213DGDI increases AMPAR

trafficking/function and occludes the enhancing effect of corti-
costerone. It suggests that corticosteroid signaling facilitates
excitatory synaptic transmission by increasing GDI phosphor-
ylation at Ser-213.
In summary, we have revealed a potential mechanism for

corticosterone regulation of AMPARs. These stress hormone-
induced changes in glutamatergic transmission could alter cog-
nitive functions subserved by PFC (13). Understanding molec-
ular and cellular mechanisms underlying the actions of
corticosterone will provide valuable targets for designing novel
therapies that modify the neuronal stress response (47).
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5. Karst, H., and Joëls, M. (2005) J. Neurophysiol. 94, 3479–3486
6. Martin, S., Henley, J. M., Holman, D., Zhou, M., Wiegert, O., van Spron-
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