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The function of dendritic cells (DCs) is modified by glycogen synthase kinase GSK3 and GSK3 inhibitors
have been shown to protect against inflammatory disease. Regulators of GSK3 include the phosphoino-
sitide 3 kinase (PI3K) pathway leading to activation of protein kinase B (PKB/Akt) and serum and gluco-
corticoid inducible kinase (SGK) isoforms, which in turn phosphorylate and thus inhibit GSK3. The
present study explored, whether PKB/SGK-dependent inhibition of GSK3 contributes to the regulation
of cytosolic Ca2+ concentration following stimulation with bacterial lipopolysaccharides (LPS). To this
end DCs from mutant mice, in which PKB/SGK-dependent GSK3a,b regulation was disrupted by replace-
ment of the serine residues in the respective SGK/PKB-phosphorylation consensus sequence by alanine
(gsk3KI), were compared to DCs from respective wild type mice (gsk3WT). According to Western blotting,
GSK3 phosphorylation was indeed absent in gsk3KI DCs. According to flow cytometry, expression of anti-
gen-presenting molecule major histocompatibility complex II (MHCII) and costimulatory molecule CD86,
was similar in unstimulated and LPS (1 lg/ml, 24 h)-stimulated gsk3WT and gsk3KI DCs. Moreover, produc-
tion of cytokines IL-6, IL-10, IL-12 and TNFa was not significantly different in gsk3KI and gsk3WT DCs. In
gsk3WT DCs, stimulation with LPS (1 lg/ml) within 10 min led to transient phosphorylation of GSK3.
According to Fura2 fluorescence, LPS (1 lg/ml) increased cytosolic Ca2+ concentration, an effect signifi-
cantly more pronounced in gsk3KI DCs than in gsk3WT DCs. Conversely, GSK3 inhibitor SB216763 (3-
[2,4-Dichlorophenyl]-4-[1-methyl-1H-indol-3-yl]-1H-pyrrole-2,5-dione, 10 lM, 30 min) significantly
blunted the increase of cytosolic Ca2+ concentration following LPS exposure. In conclusion, PKB/SGK-
dependent GSK3a,b activity participates in the regulation of Ca2+ signaling in dendritic cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The glycogen synthase kinase 3 (GSK3a,b) participates in the
regulation of a wide variety of functions affecting metabolism,
cell proliferation, cell differentiation and cell survival [1–3].
Accordingly, inadequate regulation of GSK3b contributes to the
pathophysiology of diverse diseases such as diabetes, cancer,
inflammation, mood disorders and neurodegeneration [4–6].
During inflammation GSK3 is critically important for the balance
between pro- and anti-inflammatory cytokine production [7–12].
Along those lines, inflammatory responses could be attenuated
by pharmacological GSK3 inhibition [8]. GSK3 inhibitors have pro-
ven effective in diverse inflammatory disorders including sepsis,
arthritis, peritonitis, inflammatory bowel disease and experimental
autoimmune encephalitis [8,13–17].
GSK3 activity is inhibited by serine phosphorylation, which
suppresses kinase activity [18,19], an effect mediated by protein
kinase B [20,21] and the serum and glucocorticoid inducible kinase
SGK1 [22,23]. Both kinases are activated by the PI3 kinase pathway
[24,25].

GSK3 is required for adequate function of dendritic cells (DCs)
[11,17,26–28], antigen-presenting cells crucial for the develop-
ment of T cell immunity, for the initiation of primary immune re-
sponses and for the establishment of immunological memory
[29,30]. GSK3 is constitutively active in DCs and suppresses their
spontaneous maturation, as shown by increased expression of
costimulatory molecules CD80, CD83 and CD86 and higher levels
of IL-6 secretion upon pharmacological inhibition of GSK3 with LiCl
[27]. Upon DC activation in response to a variety of TLR agonists,
GSK3 attains a proinflammatory status mediating production of
proinflammatory IL-12, IL-6, TNFa, IL-1b, and IFNc and negatively
regulating the production of anti-inflammatory IL-10 [11,17,26,
27]. Accordingly, administration of a GSK3 inhibitor has been
shown to suppress a Th1-mediated immune response against
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Leishmania major in a mouse model [26]. Moreover, GSK3 has been
shown to counteract DC survival [31].

Various DC functions are regulated by cytosolic Ca2+ concentra-
tions [32]. Nothing is known, however, on the putative participa-
tion of GSK3 in the regulation of Ca2+ signaling in DCs. To
address this question, DCs were isolated from bone marrow of
gene-targeted mice in which the serine residues within the respec-
tive PKB/SGK phosphorylation sites of GSKa and GSK3b had been
replaced by alanine residues (GSK3a21A/21A, GSK3b9A/9A). In those
mice (gsk3KI), GSKa and GSK3b are resistant against inactivation
by PKB/SGK [33]. Along those lines, gsk3KI mice are resistant to
the effect of insulin on muscle glycogen synthase [33]. Earlier stud-
ies disclosed altered renal function [34,35], gastric acid secretion
[36], catecholamine release [37], and behavior [38] in those mice.
Moreover, stimulation of IL-10 production following IFN-b treat-
ment was blunted in gsk3KI mice [11].
2. Materials and methods

2.1. Mice

All animal experiments were conducted according to the guide-
lines of the American Physiological Society as well as the German
law for the care and use of laboratory animals and were approved
by local authorities. Mice were generated in which the codon
encoding Ser9 of the GSK3b gene was changed to encode non-
phosphorylatable alanine (GSK3b9A/9A), and simultaneously the co-
don encoding Ser21 of GSK3a was changed to encode the
nonphosphorylatable GSK3a21A/21A thus yielding the GSK3a/b21A/

21A/9A/9A double knockin mouse (gsk3KI) as described previously
[33]. The mice were compared to corresponding wild type mice
(gsk3WT).

2.2. Cell culture

Dendritic cells (DCs) were cultured from bone marrow of 7–
12 week old mice. Bone marrow derived cells were flushed out of
the cavities from the femur and tibia with PBS. Cells were then
washed twice with RPMI and seeded out at a density of 2 � 106 -
cells/10 ml per 60-mm dish. Cells were cultured for 8 days in RPMI
1640 (GIBCO, Carlsbad) containing: 10% FCS, 1% penicillin/strepto-
mycin, 1% glutamine, 1% non-essential amino acids (NEAA) and
0.05% b-mercaptoethanol. Cultures were supplemented with GM-
CSF (35 ng/mL, Preprotech Tebu) and fed with fresh medium con-
taining GM-CSF on days 3 and 6. Experiments were performed
on DCs at days 7–9.

2.3. Immunostaining and flow cytometry

Cells (106) were incubated in 200 ll PBS, containing 0.1% FCS
and fluorochrome-conjugated antibodies at a concentration of
10 lg/ml. A total of 5 � 104 cells were analyzed in each individual
experiment. The following antibodies (all from BD Pharmingen,
Heidelberg, Germany) were used for staining: APC Hamster Anti-
Mouse CD11c (Clone: HL3), PE-conjugated anti-mouse CD86, clone
GL1 (Rat IgG2a, j) and PE-conjugated rat anti-mouse I-A/I-E, clone
M5/114.15.2 (IgG2b, j). Following incubation with the respective
antibodies for 60 min at 4 �C, cells were washed twice and resus-
pended in the same buffer and subjected to flow cytometry.

2.4. Western blotting

The expression levels of each protein were analyzed by Western
blotting. In brief, 4 � 107 DCs from gsk3KI or gsk3WT mice were
washed with ice cold phosphate-buffered saline (PBS) and cells
were lysed with cell lysis buffer (Cell Signaling Technology, Inc.,
New England Biolabs). The extracts were centrifuged at
13,000 rpm for 20 min at 4 �C and the protein concentration of
the supernatant was determined. Total protein (30 lg) was sub-
jected to 10% SDS–PAGE. Proteins were transferred to a nitrocellu-
lose membrane (VWR) and the membranes were then blocked for
1 h at room temperature with 10% non- fat dried milk in tris-buf-
fered saline (TBS) containing 0.1% Tween 20. For immunoblotting
the membranes were incubated overnight at 4 �C with GSK3a/b
(D75D3) XP™ antibody (1:1000, Cell Signaling Technology, Inc.,
New England Biolabs, 46, 51 kDa) or with phospho-GSK3a/b
(Ser21/9) antibody (1:1000, Cell Signaling Technology, Inc., New
England Biolabs, 46, 51 kDa). A GAPDH antibody (1:1000, Cell Sig-
naling Technology, Inc., New England Biolabs) was used as a load-
ing control. Specific protein bands were visualized after
subsequent incubation with a 1:3000 dilution of anti-rabbit IgG
conjugated to horseradish peroxidase and a Super Signal Chemilu-
minescence detection procedure (GE Healthcare, UK). Specific
bands were quantified by Quantity one software (Bio rad gel doc
system, Chemidoc XRS). Levels of each protein were expressed as
the ratio of signal intensity for the target protein relative to that
of GAPDH or target phospho-protein relative to the total protein.
2.5. Measurement of intracellular Ca2+

To determine cytosolic Ca2+ concentration, the cells were
loaded with Fura-2/AM (2 lM, Molecular Probes, Goettingen, Ger-
many) for 15 min at 37 �C. Fluorescence measurements were car-
ried out with an inverted phase-contrast microscope (Axiovert
100, Zeiss, Oberkochen, Germany). Cells were excited alternatively
at 340 or 380 nm and the light was deflected by a dichroic mirror
into either the objective (Fluar 40�/1.30 oil, Zeiss, Oberkochen,
Germany) or a camera (Proxitronic, Bensheim, Germany). Emitted
fluorescence intensity was recorded at 505 nm and data acquisi-
tion was accomplished by using specialized computer software
(Metafluor, Universal Imaging Downingtown, USA). As a measure
for the increase of cytosolic Ca2+ concentration, the slope and peak
of the changes in the 340/380 nm ratio were determined in each
experiment. Intracellular Ca2+ was measured prior to and following
addition of lipopolysaccharides (LPS) from Escherichia coli (1 lg/ml,
Enzo Life Sciences, Lausen, Switzerland) to the Ringer solution. In
some experiments DCs were treated with GSK3 inhibitor 3- [2,4-
Dichlorophenyl]-4-[1-methyl-1H-indol-3-yl]-1H-pyrrole-2,5-
dione (SB216763, 10 lM, Enzo Life Sciences, Lausen, Switzerland)
for 30 min before the experiment. The Ringer solution contained
(in mM): 125 NaCl, 5 KCl, 1.2 MgSO4, 32.2 Hepes, 2 Na2HPO4, 2
CaCl2, and 5 glucose at pH 7.4.
2.6. IL-6, IL-10, IL-12 and TNFa measurements

IL-6, IL-10, IL-12 and TNFa concentrations in DC culture super-
natants was determined by using OptEIA ELISA kits (BD Pharmin-
gen) according to the manufacturer’s protocol.
2.7. Statistics

Data are provided as means ± SEM, n represents the number of
independent experiments. All data were tested for significance
using unpaired Student t-test or ANOVA. GraphPad InStat version
3.00 for Windows 95 (GraphPad Software, San Diego, USA) was
used. Only results with p < 0.05 were considered statistically
significant.
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3. Results

The present study explored whether protein kinase B (PKB/Akt)
and serum & glucocorticoid inducible kinase (SGK) dependent
phosphorylation of glycogen synthase kinase 3 (GSK3a,b) partici-
pates in the regulation of Ca2+ signaling in bone marrow derived
dendritic cells (DCs). To this end, DCs were isolated from bone
marrow of mice expressing GSK3a,b rendered PKB/Akt and SGK
resistant by replacement of the serine residue in the respective
SGK/PKB/Akt-phosphorylation consensus sequence by alanine
(gsk3KI). For comparison, DCs were isolated from respective wild
type mice (gsk3WT). As illustrated in Fig. 1, the surface abundance
of the costimulatory molecule CD86 and antigen-presenting mole-
cule MHC II was similar on CD11c-positive immature and on lipo-
Fig. 1. Differentiation and maturation of bone marrow derived dendritic cells (DCs)
CD11c+MHC II+ (below) DCs at the basal level (control, 1st and 2nd panels) and stimulate
and 3rd panels) and GSK3a/b21A/21A/9A/9A double knockin mouse (gsk3KI, 2nd and 4th pa
(left) and CD11c+MHC II+ (right) DCs under control and 24 h after LPS stimulation in pri
indicates significant difference, ANOVA. (C) Arithmetic means ± SEM (n = 7–10) of IL-12, I
wild-type mice gsk3WT (open bars) after stimulation with LPS (1 lg/ml, 24 h).
polysaccharide (LPS, 1 lg/ml, 24 h)-matured DCs from gsk3KI and
gsk3WT mice. The release of interleukin (IL)-12, IL-6, and TNFa, as
well as the release of IL-10 were again similar in LPS-matured
DCs from gsk3KI and gsk3WT mice (Fig. 1C).

Western blotting was employed to determine GSK phosphor-
ylation. As illustrated in Fig. 2, phosphorylated GSK3 was ob-
served in DCs from gsk3WT mice but not in DCs from gsk3KI

mice. The mutation thus indeed disrupted GSK3a/b phosphoryla-
tion. Additional Western blots were performed to elucidate
whether GSK3 phosphorylation in DCs from gsk3WT mice could
be modified by exposure to LPS (1 lg/ml). Similar to previously
published studies [17,26], addition of LPS was followed by a ra-
pid and transient phosphorylation of GSK3 in gsk3WT DCs (Fig. 2B
and C).
from gsk3WT and gsk3KI mice. (A) Original dot plots of CD11c+CD86+ (above) and
d with LPS (LPS, 1 lg/ml, 24 h, 3rd and 4th panels) from wild type mice (gsk3WT, 1st
nels) mice. (B) Arithmetic means ± SEM (n = 11) of the percentage of CD11c+CD86+

mary cultures from gsk3WT (open bars) and gsk3KI (closed bars) mice. ⁄⁄⁄(p < 0.001)
L-6, TNFa, and IL-10 secretion in cultured gsk3KI DCs (closed bars) and corresponding



Fig. 2. GSK phosphorylation in DCs from gsk3KI and gsk3WT mice. (A) Original Western blot of the expression of phosphorylated GSK3 (upper panel), of total GSK3 protein
(middle panel) and of GAPDH protein (lower panel) in DCs derived from bone marrow of gsk3KI and gsk3WT mice. (B) Original Western blot of the expression of phosphorylated
GSK3 protein (upper panel), of total GSK3 protein (middle panel), and of GAPDH protein (lower panel) in gsk3WT DCs prior to (con) and 10–60 min (100 , 300 , 600) following
acute addition of lipopolysaccharide (LPS, 1 lg/ml). (C) Arithmetic means ± SEM (n = 6 independent experiments) of phosphorylated over total GSK3 protein abundance in
DCs from gsk3WT mice prior to (white bar) and 10–60 min (100 , 300 , 600) following acute addition of lipopolysaccharide (LPS, 100 ng/ml; black bars. ⁄(p < 0.05), ANOVA.
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In subsequent experiments, Fura2-fluorescence has been em-
ployed to determine whether PKB/Akt and SGK dependent phos-
phorylation of GSK3a/b participates in the regulation of cytosolic
Ca2+ concentration ([Ca2+]i). Measurements were performed prior
to and following stimulation of DCs with LPS. As illustrated in
Fig. 3, both slope and peak of LPS-induced [Ca2+]i increase were sig-
nificantly more pronounced in DCs from gsk3KI mice than in DCs
from gsk3WT mice.

Further studies were performed to determine whether the LPS
induced increase of [Ca2+]i was modified by pharmacological inhi-
bition of GSK3 with the GSK3 inhibitor SB216763 (3-[2,4-Dichloro-
phenyl]-4-[1-methyl-1H-indol-3-yl]-1H-pyrrole-2,5-dione, 10 lM,
30 min). As illustrated in Fig. 4, both slope and peak of LPS-induced
increase of [Ca2+]i were significantly reduced by SB216763.
Fig. 3. LPS-induced increase of [Ca2+]i in DCs from gsk3KI and gsk3WT mice. (A) Representa
gsk3KI and gsk3WT DCs prior to and following acute addition of lipopolysaccharide (LPS, 1 l
increase following addition of LPS were calculated. (B) Arithmetic means ± SEM (n = 43
concentrations following addition of LPS to gsk3WT DCs (white bars) and gsk3KI DCs (bla
4. Discussion

The present observations disclose a completely novel role of
PKB/Akt and SGK dependent GSK3a,b phosphorylation, i.e. the reg-
ulation of cytosolic Ca2+ concentration in dendritic cells (DCs). PKB/
Akt [20,21] and SGK [22,23] inhibit GSK3 by phosphorylation of the
enzyme. Thus, disruption of the PKB/Akt and SGK dependent phos-
phorylation prevents the inhibition of GSK3 following stimulation
of the phosphoinositide (PI) 3 kinase pathway [33]. The present
observations confirm earlier studies that GSK3 is constitutively ac-
tive in immature DCs [27] and becomes transiently phosphorylated
upon LPS stimulation [17,26]. Despite partial functional inhibition
via phosphorylation, GSK3 acquires a novel proinflammatory task
in the context of DC activation [27].
tive original tracings showing intracellular Ca2+ concentrations in Fura-2/AM loaded
g/ml; white arrow). For quantification, peak (D ratio) and slope (D ratio/s) of [Ca2+]i

–65) of the peak value (left) and slope (right) of the change in intracellular Ca2+

ck bars). ⁄⁄⁄(p < 0.001), unpaired t-test.



Fig. 4. LPS-induced increase of [Ca2+]i in DCs from gsk3WT mice in the absence and presence of GSK3 inhibitor SB216763. (A) Representative original tracings showing
intracellular Ca2+ concentrations in Fura-2/AM loaded gsk3WT DCs prior to and following acute addition of LPS (1 lg/ml; white arrow) in the absence (control, white symbols)
and presence (SB, black symbols) of the GSK3 inhibitor SB216763 (10 lM, 30 min pre-treatment before the experiment and then throughout the experiment). (B) Arithmetic
means ± SEM (n = 48–68) of the peak value (left) and slope (right) of the change in intracellular Ca2+ concentrations following addition of LPS to gsk3WT DCs in the absence
(control, white bars) and presence (SB, black bars) of the GSK3 inhibitor SB216763.⁄(p < 0.05), ⁄⁄(p < 0.01), unpaired t-test.
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Whereas pharmacological inhibition of GSK3 attenuates IL-12
[17,26,27], IL-6 and TNFa [27,39], and enhanced IL-10 [17,26] pro-
duction, and GSK3 blockers inhibit the wortmannin-enhanced
IL12p70 secretion of monocyte-derived DCs [27], we could not ob-
serve that resistance of GSK3 to PKB/Akt/SGK-dependent phos-
phorylation leads to significant changes in IL-12, IL-6, TNFa, and
IL-10 production in mouse DCs. The effect of LPS on GSK3 phos-
phorylation is in large part transient and looses statistical signifi-
cance within 30 min. Thus, PKB/Akt and SGK dependent
phosphorylation of GSK3 may delay rather than prevent GSK3 sen-
sitive functions of DCs. In contrast to LPS stimulation, stimulation
of DCs with INF-b leads to a prolonged inhibition of GSK3 and
accordingly INF-b-stimulated DCs expressing an active GSK3 knoc-
kin produced strongly reduced amounts of IL-10 [11]. Moreover,
upon LPS stimulation inhibition of GSK3 through phosphorylation
can be overcome by the emergence of high concentrations of
primed GSK3 targets (proteins phosphorylated by other kinases),
since GSK3 phospho-Ser21/9 moiety acts as a competitive inhibitor
to the phospho-binding pocket [27]. Primed GSK3 targets may
therefore successfully compete for access to GSK3 [27], resulting
in a sufficient activity of this kinase in wild type cells. It is also
worth noting that GSK3 inhibitors did not abrogate the stimulation
of IL-6 and TNFa secretion in human monocyte-derived DCs fol-
lowing inhibition of PI3K with wortmannin [27]. Thus, inhibitory
effects of the PI3K-pathway may not be fully dependent on GSK3
inhibition.

Whereas expression of MHCII, CD86 and cytokine production
were not affected in gsk3KI DCs, resistance of GSK3 to PKB/Akt
and SGK dependent inhibition increases the LPS induced increase
of [Ca2+]i. Accordingly, activated GSK3 apparently augments the ef-
fect of LPS stimulation on [Ca2+]i. Along those lines, LPS induced in-
crease of [Ca2+]i is almost abolished in the presence of GSK3
inhibitor SB216763. In theory, GSK3 could modify the increase of
[Ca2+]i by increasing Ca2+ release or/and entry, by decreasing Ca2+

buffering or by inhibiting Ca2+ extrusion.
In theory, GSK3 could stimulate Ca2+ release/entry by stimulat-

ing the expression of ER/cell membrane Ca2+ channels or positive
regulators thereof. However, the GSK3 inhibitor SB216763 was
effective within a few minutes indicating that GSK3 is at least par-
tially effective by directly or indirectly triggering activation or
inactivation of existing proteins. Similarly, decreased expression
of buffering proteins or Ca2+ extruding proteins cannot explain
the rapid effect of the inhibitor.

Differences between DCs from gsk3KI mice and DCs from gsk3WT

mice could not only result from direct action of GSK3 in DCs, or
from influence of GSK3 in DCs on gene expression but as well from
effects of GSK3 activity in other cell types which indirectly influ-
ence gene expression in DCs. According to previous observations,
PKB/Akt and SGK1 resistance of GSK3 could impact on steroid hor-
mone release [34], catecholamine release [37], and function of
lymphocytes [40]. At least in theory, those alterations could exert
imprinting effects on DCs, which are maintained following isola-
tion and subsequent culture. The direct effect of GSK3 inhibition,
however, strongly suggests that the activity of GSK3 expressed in
DCs influences Ca2+ signaling of those cells.

In conclusion, the present observations reveal a novel, powerful
regulator of Ca2+ signaling in DCs. Disrupting PKB/Akt and SGK
dependent phosphorylation of GSK3 augments, and pharmacolog-
ical inhibition of GSK3 blunts the LPS induced increase of cytosolic
Ca2+ concentration in dendritic cells.

Acknowledgments

The authors acknowledge the meticulous preparation of the
manuscript by Lejla Subasic. This study was supported by the
Deutsche Forschungsgemeinschaft (GK 1302).

References

[1] E. Beurel, R.S. Jope, The paradoxical pro- and anti-apoptotic actions of GSK3 in
the intrinsic and extrinsic apoptosis signaling pathways, Prog. Neurobiol. 79
(2006) 173–189.

[2] P. Cohen, S. Frame, The renaissance of GSK3, Nat. Rev. Mol. Cell Biol. 2 (2001)
769–776.

[3] S. Frame, P. Cohen, GSK3 takes centre stage more than 20 years after its
discovery, Biochem. J. 359 (2001) 1–16.

[4] M.D. Kaytor, H.T. Orr, The GSK3 beta signaling cascade and neurodegenerative
disease, Curr. Opin. Neurobiol. 12 (2002) 275–278.

[5] E. Koros, C. Dorner-Ciossek, The role of glycogen synthase kinase-3beta in
schizophrenia, Drug News Perspect. 20 (2007) 437–445.

[6] R.S. Jope, C.J. Yuskaitis, E. Beurel, Glycogen synthase kinase-3 (GSK3):
inflammation, diseases, and therapeutics, Neurochem. Res. 32 (2007) 577–595.

http://refhub.elsevier.com/S0006-291X(13)01073-5/h0005
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0005
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0005
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0010
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0010
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0015
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0015
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0015
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0020
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0020
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0025
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0025
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0030
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0030


A. Russo et al. / Biochemical and Biophysical Research Communications 437 (2013) 336–341 341
[7] E. Beurel, R.S. Jope, Glycogen synthase kinase-3 regulates inflammatory
tolerance in astrocytes, Neuroscience 169 (2010) 1063–1070.

[8] E. Beurel, S.M. Michalek, R.S. Jope, Innate and adaptive immune responses
regulated by glycogen synthase kinase-3 (GSK3), Trends Immunol. 31 (2010)
24–31.

[9] E. Beurel, W.I. Yeh, S.M. Michalek, L.E. Harrington, R.S. Jope, Glycogen synthase
kinase-3 is an early determinant in the differentiation of pathogenic Th17 cells,
J. Immunol. 186 (2011) 1391–1398.

[10] H. Wang, J. Brown, M. Martin, Glycogen synthase kinase 3: a point of
convergence for the host inflammatory response, Cytokine 53 (2011) 130–140.

[11] H. Wang, J. Brown, C.A. Garcia, Y. Tang, M.R. Benakanakere, T. Greenway, P.
Alard, D.F. Kinane, M. Martin, The role of glycogen synthase kinase 3 in
regulating IFN-beta-mediated IL-10 production, J. Immunol. 186 (2011) 675–
684.

[12] H. Wang, J. Brown, Z. Gu, C.A. Garcia, R. Liang, P. Alard, E. Beurel, R.S. Jope, T.
Greenway, M. Martin, Convergence of the mammalian target of rapamycin
complex 1- and glycogen synthase kinase 3-{beta}-signaling pathways
regulates the innate inflammatory response, J. Immunol. 186 (2011) 5217–
5226.

[13] C. Hofmann, N. Dunger, J. Scholmerich, W. Falk, F. Obermeier, Glycogen
synthase kinase 3-beta: a master regulator of toll-like receptor-mediated
chronic intestinal inflammation, Inflamm. Bowel Dis. 16 (2010) 1850–1858.

[14] P. De Sarno, R.C. Axtell, C. Raman, K.A. Roth, D.R. Alessi, R.S. Jope, Lithium
prevents and ameliorates experimental autoimmune encephalomyelitis, J.
Immunol. 181 (2008) 338–345.

[15] L. Dugo, M. Collin, D.A. Allen, N.S. Patel, I. Bauer, E.M. Mervaala, M.
Louhelainen, S.J. Foster, M.M. Yaqoob, C. Thiemermann, GSK-3beta inhibitors
attenuate the organ injury/dysfunction caused by endotoxemia in the rat, Crit.
Care Med. 33 (2005) 1903–1912.

[16] X. Hu, P.K. Paik, J. Chen, A. Yarilina, L. Kockeritz, T.T. Lu, J.R. Woodgett, L.B.
Ivashkiv, IFN-gamma suppresses IL-10 production and synergizes with TLR2
by regulating GSK3 and CREB/AP-1 proteins, Immunity 24 (2006) 563–574.

[17] M. Martin, K. Rehani, R.S. Jope, S.M. Michalek, Toll-like receptor-mediated
cytokine production is differentially regulated by glycogen synthase kinase 3,
Nat. Immunol. 6 (2005) 777–784.

[18] K. Hughes, S. Ramakrishna, W.B. Benjamin, J.R. Woodgett, Identification of
multifunctional ATP-citrate lyase kinase as the alpha-isoform of glycogen
synthase kinase-3, Biochem. J. 288 (Pt. 1) (1992) 309–314.

[19] G.I. Welsh, C.G. Proud, Glycogen synthase kinase-3 is rapidly inactivated in
response to insulin and phosphorylates eukaryotic initiation factor eIF-2B,
Biochem. J. 294 (Pt. 3) (1993) 625–629.

[20] H.R. Cross, G.K. Radda, K. Clarke, The role of Na+/K+ ATPase activity during low
flow ischemia in preventing myocardial injury: a 31P, 23Na and 87Rb NMR
spectroscopic study, Magn. Reson. Med. 34 (1995) 673–685.

[21] M. Shaw, P. Cohen, D.R. Alessi, Further evidence that the inhibition of glycogen
synthase kinase-3beta by IGF-1 is mediated by PDK1/PKB-induced
phosphorylation of Ser-9 and not by dephosphorylation of Tyr-216, FEBS
Lett. 416 (1997) 307–311.

[22] H. Sakoda, Y. Gotoh, H. Katagiri, M. Kurokawa, H. Ono, Y. Onishi, M. Anai, T.
Ogihara, M. Fujishiro, Y. Fukushima, M. Abe, N. Shojima, M. Kikuchi, Y. Oka, H.
Hirai, T. Asano, Differing roles of Akt and serum- and glucocorticoid-regulated
kinase in glucose metabolism, DNA synthesis, and oncogenic activity, J. Biol.
Chem. 278 (2003) 25802–25807.
[23] A.W. Wyatt, A. Hussain, K. Amann, K. Klingel, R. Kandolf, F. Artunc, F.
Grahammer, D.Y. Huang, V. Vallon, D. Kuhl, F. Lang, DOCA-induced
phosphorylation of glycogen synthase kinase 3beta, Cell. Physiol. Biochem.
17 (2006) 137–144.

[24] P.T. Hawkins, K.E. Anderson, K. Davidson, L.R. Stephens, Signaling through
Class I PI3Ks in mammalian cells, Biochem. Soc. Trans. 34 (2006) 647–662.

[25] F. Lang, C. Bohmer, M. Palmada, G. Seebohm, N. Strutz-Seebohm, V. Vallon,
(Patho)physiological significance of the serum- and glucocorticoid-inducible
kinase isoforms, Physiol. Rev. 86 (2006) 1151–1178.

[26] M. Ohtani, S. Nagai, S. Kondo, S. Mizuno, K. Nakamura, M. Tanabe, T. Takeuchi,
S. Matsuda, S. Koyasu, Mammalian target of rapamycin and glycogen synthase
kinase 3 differentially regulate lipopolysaccharide-induced interleukin-12
production in dendritic cells, Blood 112 (2008) 635–643.

[27] E. Rodionova, M. Conzelmann, E. Maraskovsky, M. Hess, M. Kirsch, T. Giese,
A.D. Ho, M. Zoller, P. Dreger, T. Luft, GSK-3 mediates differentiation and
activation of proinflammatory dendritic cells, Blood 109 (2007) 1584–1592.

[28] T. Ono, Y. Yanagawa, K. Iwabuchi, K. Nonomura, K. Onoe, Glycogen synthase
kinase 3 activity during development of bone marrow-derived dendritic cells
(DCs) essential for the DC function to induce T helper 2 polarization,
Immunology 122 (2007) 189–198.

[29] J. Banchereau, R.M. Steinman, Dendritic cells and the control of immunity,
Nature 392 (1998) 245–252.

[30] P. Dubsky, H. Ueno, B. Piqueras, J. Connolly, J. Banchereau, A.K. Palucka, Human
dendritic cell subsets for vaccination, J. Clin. Immunol. 25 (2005) 551–572.

[31] C. Escribano, C. Delgado-Martin, J.L. Rodriguez-Fernandez, CCR7-dependent
stimulation of survival in dendritic cells involves inhibition of GSK3beta, J.
Immunol. 183 (2009) 6282–6295.

[32] E. Shumilina, S.M. Huber, F. Lang, Ca2+ signaling in the regulation of dendritic
cell functions, Am. J. Physiol. Cell Physiol. 300 (2011) C1205–C1214.

[33] E.J. McManus, K. Sakamoto, L.J. Armit, L. Ronaldson, N. Shpiro, R. Marquez, D.R.
Alessi, Role that phosphorylation of GSK3 plays in insulin and Wnt Signaling
defined by knockin analysis, EMBO J. 24 (2005) 1571–1583.

[34] K.M. Boini, M. Bhandaru, A. Mack, F. Lang, Steroid hormone release as well as
renal water and electrolyte excretion of mice expressing PKB/SGK-resistant
GSK3, Pflugers Arch. 456 (2008) 1207–1216.

[35] K.M. Boini, K. Amann, D. Kempe, D.R. Alessi, F. Lang, Proteinuria in mice
expressing PKB/SGK-resistant GSK3, Am. J. Physiol. Renal Physiol. 296 (2009)
F153–F159.

[36] A. Rotte, V. Pasham, M. Eichenmuller, W. Yang, S.M. Qadri, M. Bhandaru, F.
Lang, Regulation of basal gastric acid secretion by the glycogen synthase
kinase GSK3, J. Gastroenterol. 45 (2010) 1022–1032.

[37] B. Siraskar, J. Volkl, M.S. Ahmed, M. Hierlmeier, S. Gu, E. Schmid, C. Leibrock, M.
Foller, U.E. Lang, F. Lang, Enhanced catecholamine release in mice expressing
PKB/SGK-resistant GSK3, Pflugers Arch. 462 (2011) 811–819.

[38] T.F. Ackermann, D.S. Kempe, F. Lang, U.E. Lang, Hyperactivity and enhanced
curiosity of mice expressing PKB/SGK-resistant glycogen synthase kinase-3
(GSK-3), Cell. Physiol. Biochem. 25 (2010) 775–786.

[39] D.R. Martin, C.S. Ritter, E. Slatopolsky, A.J. Brown, Acute regulation of
parathyroid hormone by dietary phosphate, Am. J. Physiol. Endocrinol.
Metab. 289 (2005) E729–E734.

[40] S.K. Bhavsar, K. Merches, D. Bobbala, F. Lang, AKT/SGK-sensitive
phosphorylation of GSK3 in the regulation of L-selectin and perforin
expression as well as activation induced cell death of T-lymphocytes,
Biochem. Biophys. Res. Commun. 425 (2012) 6–12.

http://refhub.elsevier.com/S0006-291X(13)01073-5/h0035
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0035
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0040
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0040
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0040
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0050
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0050
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0055
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0055
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0055
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0055
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0065
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0065
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0065
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0070
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0070
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0070
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0080
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0080
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0080
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0085
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0085
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0085
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0090
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0090
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0090
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0095
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0095
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0095
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0100
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0100
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0100
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0105
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0105
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0105
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0105
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0110
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0110
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0110
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0110
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0110
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0115
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0115
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0115
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0115
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0120
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0120
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0125
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0125
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0125
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0130
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0130
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0130
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0130
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0135
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0135
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0135
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0140
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0140
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0140
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0140
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0145
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0145
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0150
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0150
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0155
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0155
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0155
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0160
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0160
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0165
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0165
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0165
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0170
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0170
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0170
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0175
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0175
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0175
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0205
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0205
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0205
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0185
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0185
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0185
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0190
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0190
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0190
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0195
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0195
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0195
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0200
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0200
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0200
http://refhub.elsevier.com/S0006-291X(13)01073-5/h0200

	PKB/SGK-dependent GSK3-phosphorylation in the regulation  of LPS-induced Ca2+ increase in mouse dendritic cells
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Cell culture
	2.3 Immunostaining and flow cytometry
	2.4 Western blotting
	2.5 Measurement of intracellular Ca2+
	2.6 IL-6, IL-10, IL-12 and TNFα measurements
	2.7 Statistics

	3 Results
	4 Discussion
	Acknowledgments
	References


