











FIGURE 3. GSK-3 regulation of synaptic AMPA activity requires Rab5 activation. A, top panel, co-immuno-
precipitation (IP) blots showing the level of active (Rabaptin-5-bound) Rab5 or Rab4 in cortical slices without or
with SB216763 (SB) treatment (10 um, 10 min). con, control; WB, Western blot. Lower panel, quantification
showing the level of Rabaptin-5-bound (active) Rab5 or Rab4.*, p < 0.01, Student’s t test. B, cumulative plots of
mEPSC amplitude distribution before (control) and after SB216763 treatment (10 um, 10 min) in a cultured
cortical neuron transfected with Rab5 siRNA. Inset, representative mEPSC traces. Scale bar, 20 pA, 1 s. C, bar
graphs showing the effect of SB216763 on mEPSC amplitude in neurons transfected with GFP or Rab5 siRNA. ¥,

p < 0.01, ANOVA.

test). These data suggest that inhibiting GSK-3 reduces
AMPAR surface expression.

To provide more direct evidence on GSK-3 regulation of
AMPARs at synapses, we measured the synaptic AMPAR
clusters, as indicated by GluR1 co-localized with the synap-
tic marker PSD-95. As shown in Fig. 2, C and E, a significant
decrease of synaptic GluR1 (co-localized with PSD-95) clus-
ter density (number of clusters/50 um of dendrite) was
observed in SB216763 (10 uM, 10 min)-treated cultures (con-
trol, 14.9 = 1.5, n = 26; SB216763,9.2 £ 0.9, n = 25, p < 0.01,
t test), whereas the total GluR1 or PSD95 clusters were not
altered by SB216763 treatment. Similarly, synaptic GluR2/3
(co-localized with synaptophysin) cluster density was also
significantly decreased in SB216763-treated cultures (con-
trol, 14.7 = 2.0,n = 27; SB216763,8.4 + 1.1,n = 36, p < 0.01,
t test), whereas the total GIuR2/3 or synaptophysin clusters
were not altered (Fig. 2, D and E). It suggests that inhibiting
GSK-3 reduces the number of AMPARs at synapses, which
may account for the reduction of mEPSC amplitude by
GSK-3 inhibitors.

We also performed immunocytochemical experiments to
detect AMPAR internalization in cultured cortical neurons.
Surface AMPARs were first stained with an antibody to the
extracellular region of GluR1 subunit, and then following the
treatment with GSK-3 inhibitors, surface-bound antibodies
were stripped away so that only internalized AMPARs were
visualized. As shown in Fig. 2, F and G, SB216763 (10 uMm, 10
min) treatment caused a significant increase in the fluorescence
intensity of internalized GIuR1 on neuronal dendrites (control,
28.1 = 0.7, n = 28; SB216763, 37.3 = 2.1, n = 30; p < 0.01, ¢
test). It suggests that inhibiting GSK-3 increases the internal-
ization of AMPARs, which may result in the reduction of
AMPARSs at synaptic membrane.

GSK-3 Regulation of AMPARs Involves the Stimulation of the
GDI-Rab5 Complex—To understand the potential mechanism
underlying GSK-3 regulation of AMPAR internalization, we
examined the role of Rab5, a key mediator of protein transport
from plasma membrane to early endosomes during clathrin-
dependent endocytosis (24). First, we examined whether
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GSK-3 could regulate the activity of
this small GTPase. Because Rabap-
tin-5, a molecule identified as a
Rab5-interacting protein, binds to
only the GTP-bound, active form of
Rab5 at its C terminus (25), we
measured Rabaptin-5-bound Rab5
by co-immunoprecipitation experi-
ments to indicate its activity level.
As shown in Fig. 34, SB216763 (10
uM, 10 min) treatment of cortical
slices induced a significant increase
of Rab5 activity, as indicated by the
elevated level of Rabaptin-5-bound
Rab5 (2.02- *= 0.19-fold of control,
n =3, p <001, ¢ test). To test the
specificity of Rab5 involvement, we
also examined Rab4, which medi-
ates receptor recycling between
early endosomes and the plasma membrane. Rabaptin-5 binds
to the active form of Rab4 at its N terminus (25). As shown in
Fig. 34, the Rabaptin-5-bound (active) Rab4 was not signifi-
cantly changed by GSK-3 inhibition.

To test whether Rab5-dependent endocytosis of AMPA
receptors is involved in GSK-3 regulation of mEPSC, we
knocked down Rab5 expression in cultured cortical neurons by
transfecting with an siRNA against Rab5 (GFP was co-trans-
fected). As shown in Fig. 3, Band C, SB216763 (10 uMm, 10 min)
had little effect on mEPSC amplitude in neurons (GFP+) trans-
fected with Rab5 siRNA (control, 20.9 £ 0.4 pA, n = 11;
SB216763, 20.6 = 0.4 pA, n = 11), whereas it produced a sig-
nificant reduction of mEPSC amplitude in neurons transfected
with GFP alone (control, 21.4 *= 0.8 pA, n = 11; SB216763,
17.6 = 0.6 pA, n = 11, p < 0.01, ANOVA). It suggests that
GSK-3 regulates AMPAR trafficking and function via a Rab5-
dependent mechanism.

Next, we sought to determine the mechanism underlying
GSK-3 regulation of Rab5-mediated AMPAR internalization. It
is known that the recycling of Rab proteins between a mem-
brane-bound and a cytosolic state is dependent on the GDP
dissociation inhibitor (26). Previous studies have found that the
formation of GDI-Rab complex can be altered by phosphory-
lation of GDI (27, 28), leading to accelerated exocytosis or
endocytosis. Thus, we tested the potential involvement of GDI
in GSK-3 regulation of AMPAR:s.

First, we examined whether GSK-3 alters the formation of
the GDI-Rab5 complex. As shown in the co-immunoprecipita-
tion assay (Fig. 4A4), SB216763 (10 wM, 10 min) treatment sig-
nificantly increased the amount of Rab5 that binds to GDI
(1.63- = 0.13-fold of control, n = 3, p < 0.01, £ test). It suggests
that inhibiting GSK-3 increases the formation of GDI-Rab5
complex, which may account for the increased endocytic traf-
ficking of surface AMPA receptors.

To further test the role of GDI in GSK-3 regulation of
AMPARSs, we dialyzed neurons with an antibody against GDI to
block the function of endogenous GDI. As shown in Fig. 4B, the
GDI antibody (4 pg/ml) produced a significant decrease of
mEPSC amplitude in cultured cortical neurons (control, 21.0 =
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FIGURE 4. The GDI-Rab5 complex s involved in GSK-3 regulation of synaptic AMPAR activity. A, top panel,
co-immunoprecipitation (IP) blots showing the level of Rab5 that binds to GDI in cortical slices treated without
or with SB216763 (SB, 10 um, 10 min). con, control; WB, Western blot. Lower panel, quantification showing the
level of GDI-bound Rab5. *, p < 0.01, Student'’s t test. B, cumulative plots of mEPSC amplitude distribution
showing the effect of GDI antibody (4 wg/ml) or a heat-inactivated antibody. C and D, cumulative plots of
mEPSC amplitude distribution showing the effect of SB216763 (10 um, 10 min) in cultured cortical neurons
dialyzed with GDI antibody (C) or the inactive antibody (D, Inactive Ab). E, representative mEPSC traces. Scale
bar, 20 pA, 1 s. F, bar graphs showing the mEPSC amplitude before and after SB216763 treatment in the

absence or presence of different antibodies. *, p < 0.01, ANOVA; NS, not significant.
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FIGURE 5. Phosphorylation of GDI at Ser-45 is required for GSK-3 regulation of synaptic AMPA activity.
A, top panel, co-immunoprecipitation (/P) blots showing the level of Rab5 that binds to GDI in HEK293 cells
transfected with FLAG-tagged wild-type GDI or its three mutants, S45A, S121A, and S213A. After transfection,
cells were treated without or with SB216763 (SB, 10 um) for 10 min. WB, Western blot. Lower panel, quantifica-
tion showing the level of GDI-bound Rab5 in control versus SB216763-treated HEK293 cells transfected with
different GDI constructs. *, p < 0.01, ANOVA. B, cumulative plots of mEPSC amplitude distribution in cultured
cortical neurons transfected with GFP alone, **AGDI, or WTGDI. C and D, cumulative plots of mEPSC amplitude
distribution showing the effect of SB216763 (10 um, 10 min) in neurons transfected with ****GDI (C) or “'GDI
(D). Inset, representative mEPSC traces. Scale bar, 20 pA, 1 s. E, bar graphs showing the mEPSC amplitude in
control and SB216763-treated neurons transfected with different constructs. *, p < 0.01, ANOVA; NS, not

0.6 pA, n = 12; anti-GDI antibody,
17.3 = 0.6 pA, n = 12, p < 0.01,
ANOVA, Fig. 4F). Moreover, in
neurons dialyzed with anti-GDI
antibody, subsequent application of
SB216763 (10 uM, 10 min) failed to
further decrease mEPSC amplitude
(Fig. 4, Cand E,17.1 £ 0.6 pA, n =
12, Fig. 4F). In contrast, the heat-in-
activated antibody did not alter
mEPSC amplitude (Fig. 4B) and
failed to occlude the reducing effect
of SB216763 (Fig. 4, D and E, con-
trol, 20.6 = 0.6 pA, n = 5; SB216763,
17.6 + 03 pA, n = 5, p < 0.01,
ANOVA, Fig. 4F). These results
suggest that GDI is required
for GSK-3 regulation of AMPA
receptors.

GDI Phosphorylation at Ser-45 Is
Required for GSK-3 Regulation of
AMPAR Synaptic Activity and Sur-
face Expression—GDI contains 26
Ser residues, and Ser-45, Ser-121,
and Ser-213 have been predicted to
face the outer surface of the mole-
cule based on its three-dimensional
structure (28, 29). To identify the
phosphorylation site that is criti-
cally involved in GSK-3 regula-
tion of AMPARs, we transfected
HEK293 cells with FLAG-tagged
wild-type GDI or non-phosphory-
latable GDI mutants, S45A, S121A,
and S213A. After transfection, cells
were treated with SB216763. Cell
lysates were subjected to a co-im-
munoprecipitation assay to detect
the GDI-Rab5 complex. As shown
in Fig. 54, SB216763 (10 um, 10
min) treatment significantly in-
creased the amount of Rab5 that
binds to WT-GDI, S121A-GDI, or
S213A-GDIbut not to S45A-GDI. It
suggests that GSK-3 regulation of
the GDI-Rab5 complex requires an
intact Ser-45 phosphorylation site
on GDIL

We further investigated whether
GDI phosphorylation at Ser-45
could influence synaptic AMPAR
activity and its regulation by GSK-3
in cortical cultures. As shown in Fig.
5B, when compared with neurons
transfected with GFP alone, trans-
fecting S**~GDI, but not YTGDI,
caused a significant decrease of
mEPSC amplitude. Furthermore,
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In this study, we have examined
the synaptic function of GSK-3, a
multifunctional kinase implicated
in various neurological disorders (9,
10, 14). We found that GSK-3 inhib-
itors caused a significant reduction
of AMPAR synaptic responses,
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FIGURE 6. Phosphorylation of GDI at Ser-45 is required for GSK-3 regulation of AMPAR surface expres-
sion. A-C, immunocytochemical images of surface GIuR1 staining in control or SB216763 (SB, 10 um, 10 min)-
treated neurons transfected with GFP alone (4), W'GDI (B), or ****GDI (C). D and E, cumulative data showing the
surface GIuR1 cluster density and size in control versus SB216763-treated neurons transfected with different

constructs. *, p < 0.01, ANOVA.

the reducing effect of SB216763 on mEPSC amplitude was lost
in neurons transfected with S**GDI (Fig. 5C, 3**GDI, 16.2 *+
0.6 pA, n = 14; 5**AGDI + SB216763, 16.5 + 0.6, n = 14, Fig.
5E) but not in those transfected with ¥ "GDI (Fig. 5D, ¥ GD],
19.7 + 0.8 pA, n = 14; YTGDI + SB216763,15.6 = 1.0 pA, n =
14, p < 0.01, ANOVA, Fig. 5E) or GFP alone (GFP, 20.3 = 1.3
pA, n = 13; GFP * SB216763, 16.1 = 0.8 pA, n = 13, p < 0.01,
ANOVA, Fig. 5E). These data suggest that GSK-3 regulation of
synaptic AMPAR currents requires an intact Ser-45 phosphor-
ylation site on GDI.

To confirm the role of GDI phosphorylation in GSK-3 regu-
lation of AMPAR trafficking, we performed immunocytochem-
ical experiments to measure AMPAR surface expression in
neurons transfected with wild-type or mutant GDI. As shown
in Fig. 6, A and B, in GFP- or W'GDI-transfected neurons,
SB216763 treatment (10 uM, 10 min) significantly decreased
surface GluR1 cluster density (number of clusters/50 um of
dendrite, GFP, 30.9 = 2.4, n = 31; GFP + SB216763,12.1 = 1.3,
n=24;"GDI, 28.0 * 2.5,n = 23; WGDI + SB216763,12.8 *+
1.0, n = 21, p < 0.01, ANOVA, Fig. 6D) and cluster size (GFP,
0.21 = 0.02 um?, n = 31; GFP + SB216763, 0.14 * 0.01 um?,
n=24;YTGDI, 0.19 * 0.01 um?, n = 23; YTGDI + SB216763,
0.13 = 0.01 um?, n = 21, p < 0.01, ANOVA, Fig. 6E). Trans-
fecting S*>**GDI (Fig. 6C) caused a significant decrease of sur-
face GluR1 clusters and occluded the reducing effect of
SB216763 (cluster density, ***GDI, 14.8 = 1.7, n = 31;
S#°AGDI + SB216763,13.0 * 1.5, n = 24; cluster size, ****GDI,
0.13 *+ 0.01 um?, n = 31; ***GDI + SB216763, 0.13 * 0.01
wm?, n = 24, Fig. 6E). These data suggest that GDI phos-
phorylation at Ser-45 is important for the membrane traf-
ficking of AMPARs and that GSK-3 regulates AMPAR sur-
face expression via a mechanism dependent on GDI
phosphorylation at Ser-45.

AV N
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AMPAR-mediated synaptic trans-
mission in hippocampal CA1 neu-
rons (30). Because insulin can
induce GSK-3 inhibition via PKB/
Akt signaling (22) and insulin mim-
ics and occludes the effect of GSK-3
inhibitors on mEPSC amplitude, it suggests that insulin may
facilitate the internalization of AMPARs via GSK-3 inhibition.

Mounting evidence suggests that the trafficking of AMPARs
is controlled by the Rab family of small GTPases, a key coordi-
nator of intracellular transport steps in exocytic and endocytic
pathways (31, 32). Rab5, which mediates the transport from
plasma membrane to early endosomes (24), is involved in
clathrin-dependent AMPAR internalization (33, 34). Rabll,
which mediates recycling from recycling endosomes to
plasma membrane (35), controls the supply of AMPARs dur-
ing long term potentiation (36, 37). Rab8, which is associated
with trans-Golgi network membranes, plays a role in
AMPAR transport to the spine surface (38). In this study, we
have found that inhibiting GSK-3 increases Rab5 activity and
that Rab5 knockdown prevents GSK-3 from regulating
mEPSC amplitude. This suggests that GSK-3 inhibitors may
reduce AMPAR synaptic responses by enhancing Rab5-me-
diated AMPAR internalization.

How does inhibiting GSK-3 signaling lead to the activation of
Rab5? One possibility is through GDI, an important class of
proteins regulating the functional cycle of Rab between a mem-
brane-bound and a cytosolic state (31). GDI extracts the inac-
tive GDP-bound Rab from membranes and acts as a cytosolic
chaperone of Rab (39, 40). Interestingly, the formation of GDI-
Rab complex can be altered by phosphorylation of GDI (27, 28,
41), leading to accelerated exocytosis or endocytosis. For exam-
ple, p38 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 (28). In this
study, we have found that inhibiting GSK-3 increases the GDI-
Rab5 complex, an effect requiring the intact Ser-45 phosphor-
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ylation site on GDI. The non-phosphorylatable $**GDI
decreases AMPAR trafficking/function and occludes the
reducing effect of GSK-3 inhibitors. It suggests that GSK-3 reg-
ulation of AMPARSs is through a mechanism involving GDI
phosphorylation at Ser-45 and GDI-Rab5 complex formation.
In summary, we have revealed a potential mechanism for
GSK-3 regulation of AMPARs. Our results suggest that consti-
tutively active endogenous GSK-3 plays an important role in
maintaining AMPARSs at the synaptic membrane. It is conceiv-
able that dysregulation of glutamatergic transmission by
impaired GSK-3 signaling may be a key pathophysiological
mechanism for those mental illnesses involving GSK-3.
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