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Inhibition of glycogen synthase kinase-3 (GSK-3) is thought to be a major consequence of the biological and
clinical activity of the mood stabilizer lithium, however, lithium and GSK-3 may activate distinct cellular
pathways. We employed a proteomic method to uncover new downstream targets of lithium, and then
examined how these proteins are related to GSK-3. Proteomic analysis identified eukaryotic elongation
factor-2 (eEF-2) as a cellular target of lithium. This was verified in SH-SY5Y cells and animal models. In cells,
lithium decreased eEF-2 phosphorylation at its key inhibitory site, threonine 56, and blocked the
enhancement of eEF-2 phosphorylation normally coupled with stress conditions such as nutrient and
serum deprivation. Unexpectedly, inhibition of GSK-3 also enhanced eEF-2 phosphorylation, and over-
expression of GSK-3ou or GSK-3p resulted in a strong reduction in eEF-2 phosphorylation. Chronic
administration of lithium reduced the hippocampal fraction of phospho-eEF-2 (phospho-eEF-2/total eEF-2)
twofold in two different mouse strains. In summary, whereas eEF-2 is activated by both lithium and GSK-3,

unexpectedly, lithium treatment and inhibition of GSK-3 have opposing effects on eEF-2.

© 2010 Elsevier Inc. All rights reserved. :

Introduction

For decades, lithium salts (lithium) have been used in treatment of
bipolar disorder. Lithium has effects on various biological activities
including neuroprotection, neurogenesis, and cognition (Manji et al.,
1999; Pachet and Wisniewski, 2003; Huang and Klein, 2006; Watase
et al, 2007; Macdonald et al.,, 2008). The downstream pathways
regulated by lithium are not fully known. It is believed that inositol
monophosphatase, phosphomonoesterase, specific adenylyl cyclase
isoforms, B-arrestin-2-Akt complex, and glycogen synthase kinase-3
(GSK-3) are direct targets of lithium (Berridge et al., 1989; De Sarno et
al., 2001; Phiel and Klein, 2001; Beaulieu et al., 2008; Bersudsky et al.,
2008). Of particular interest in this regard is the protein kinase GSK-3,
which has been recently implicated in the pathology of neurodegen-
eration and in behavior and cognitive function (Lucas et al., 2001;
Chen et al., 2004; Gould et al., 2004b; Kaidanovich-beilin et al., 2004;
O'Brien et al., 2004; Rockenstein et al., 2007; Terwel et al., 2008;
Kaidanovich-Beilin et al., 2009). Lithium is a selective inhibitor of
GSK-3; lithium inhibits GSK-3 directly and indirectly through
enhanced serine phosphorylation and/or autoregulation (Klein and
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Melton, 1996; De Sarno et al., 2001; Zhang et al., 2003; Kirshennboim &

et al., 2004). Inhibition of GSK-3 has remarkable parallels with the
known effects of lithium, including effects on early development,
glycogen synthesis, stabilization of (-catenin, and alterations in
circadian rhythm (Cheng et al, 1983; Klein and Melton, 1996;
Stambolic et al.,, 1996; Martinek et al., 2001; Gould et al., 2004a; Kim
et al., 2006). In behavioral models, deletion of a single copy of GSK-3p
or treatment with pharmacological GSK-3 inhibitors results in anti-
depression-like activity that is analogous to lithium administration
(Gould et al., 2004b; Kaidanovich-Beilin et al., 2004; O'Brien et al.,
2004). Thus, although GSK-3 may be a target of lithium-mediated
clinical and biological activity, it is possible that lithium and GSK-3
activate distinct pathways.

The mammalian target of rapamycin, mTOR, is a nutrient and
energy sensor that triggers protein synthesis and controls translation
initiation and elongation (Proud, 2006). mTOR signaling enhances
protein synthesis via phosphorylation and activation of the ribosomal
protein S6 kinase (S6K), which, in turn, phosphorylates downstream
targets such as the ribosomal protein S6 and eukaryotic initiation
factor 4E binding protein-1 (4E-BP1) (Hay and Sonenberg, 2004;
Proud, 2006). In addition, the mTOR/S6K pathway activates elonga-
tion factor-2 (eEF-2), an essential mediator of the ribosomal
elongation step during polypeptide mRNA translation into a poly-
peptide protein (Proud et al., 2001). Phosphorylation of eEF-2 on
threonine 56 (Thr 56) catalyzed by its upstream regulator, eEF-2
kinase, inhibits eEF-2's activity (Nairn and Palfrey, 1987; Ryazanov et
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al.,, 1988). This unusual calcium/calmodulin-dependent kinase
belongs to the alpha kinase family, and may be regulated by several
mTOR-dependent and independent kinases including S6K, protein
kinase A (PKA), AMPK (AMP activated kinase), p90 RSK (S6 ribosomal
activating kinase), and the stress activated protein kinase p38
(Redpath et al., 1993; Knebel et al., 2001; Wang et al., 2001; Browne
et al, 2004). eEF-2 phosphorylation plays an important role in
coupling protein synthesis with energy metabolism in response to
calcium flux, AMP activated protein kinase (AMPK), insulin, nutrient
limitation, and endoplasmic reticulum (ER) stress (Ryazanov, 1987;
Wang et al., 1998; Patel et al., 2002; Yan et al., 2003; Boyce et al., 2008;
Mariappan et al., 2008). Notably, aberrant protein synthesis has been
implicated in neurological and cognitive dysfunction including mental
retardation, autism, and memory deficits (Bassell and Warren, 2008;
Kelleher and Bear, 2008; Narayanan et al., 2008). Hence, modulation
of eEF-2 activity may have an important impact on neurological as
well as mental behavior. Due to its therapeutic importance,
identification of additional new targets of lithium is of central interest.
Here we used a hypothesis-free proteomic approach to identify new
cellular targets of lithium and explored their relation to GSK-3.
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Results
eEF-2 is a downstream target of lithium

We took a proteomic approach based on a 2D gel separation to
search for new targets affected by lithium treatment. SH-SY5Y cells
were treated with 20 mM lithium for 16 h and total protein extracts
were subjected to 2D gel electrophoresis. Comparison of the gel
images of control and lithium-treated cells revealed significant
changes in several protein spots. One spot, 4711, was consistently
lower in the extracts from lithium-treated cells vs. control cells
(Fig. 1A). This spot was identified as eEF-2 by mass spectrometry. We
verified this result by treating the cells with lithium and determining
the expression levels of eEF-2 by conventional western blot analysis.
Lithium did not alter the levels of total eEF-2, but significantly reduced
levels of phosphorylation at Thr 56 (Fig. 1B), a site known to confer
inhibition of eEF-2 in vivo (Nairn and Palfrey, 1987; Ryazanov et al.,
1988; Redpath et al., 1993; Laitusis et al., 1998; Pavur et al., 2000).
Lithium enhanced serine phosphorylation of GSK-3( (Fig. 1B) as
previously described (De Sarno et al, 2001; Gould et al.,, 2004a;
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Fig. 1. eEF-2 is a downstream target of lithium. (A) SH-SY5Y cells were treated with 20 mM lithium for 16 h. Cells were lysed and equal amounts of cellular protein (200 pg) were
separated by 2D gel electrophoresis as described in the Experimental methods. The indicated spot 4711 was identified as eEF-2 by mass spectrometry. (B) SH-SY5Y cells treated with
lithium as described in (A) were lysed and equal amounts of cellular protein (30 uM) were subjected to gel electrophoresis followed by immunoblot analysis using anti-phospho (Thr
56) eEF-2 (peEF-2), anti-eEF-2, anti-phospho (Ser 9) GSK-3p (pGSK-3f), and anti-GSK-3( antibodies. Densitometry analysis of peEF-2 (mean 4 SEM, n=5) is shown in the right
panel. (C) SH-SY5Y cells were treated with various concentrations of lithium for 16 h as indicated. Proteins were processed as described in (B), and peEF-2 and total eEF-2 were
determined as described. Equal loading was confirmed by analysis of 3-actin. (D) Time-course analysis of eEF-2 phosphorylation in lithium-treated cells. eEF-2 phosphorylation was
determined as described. Densitometry analysis of peEF-2 (mean 4 SEM, n = 3) is shown in the right panel. (E) SH-SY5Y cells were incubated with a medium containing 0.1% FCS
(low serum) or glucose-depleted medium (-glucose) for 16 h followed by treatment with lithium for another 4 h. eEF-2 phosphorylation was determined as described. Densitometry
analysis of peEF-2 (mean + SEM, n = 3) is shown in the right panel. (F) SH-SY5Y cells were treated with 10 mM lithium, 1 mM valproic acid (VA), or 0.1 mM carbamazepine (CM) for
16 h. eEF-2 phosphorylation was determined as described. Representative gels from three to five independent experiments are shown in each panel. * indicates p<0.01; and
** indicates p<0.001.
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Kirshennboim et al., 2004; O'Brien et al., 2004), thus verifying the
effect of lithium on GSK-3. Since tissue-cultured cells employ
mechanisms that exclude toxic cations (Leazer and Klaassen, 2003),
and since the ICsq for lithium's inhibitory effect on cellular targets is in
the millimolar range (Berridge et al., 1989; Klein and Melton, 1996),
we expected that high lithium concentrations would be required to
achieve an effective intracellular dose. The effective dose of lithium
was in the range of 10 to 20 mM, as shown by a dose-response
experiment (Fig. 1C, eEF-2 phosphorylation was reduced by 32% 4 9.5
and 56%4- 14 respectively, at 10 mM LiCl). Time-course analysis
showed that lithium altered eEF-2 phosphorylation as early as 4 h
after the start of treatment, and this effect was still observed after 12 h
(Fig. 1D).

We next examined whether lithium affected eEF-2 under condi-
tions known to enhance its phosphorylation, such as nutrient or
serum limitation (Wang et al., 1998; Patel et al,, 2002; Yan et al,
2003). Indeed, under these conditions, lithium reduced the levels of
phosphorylation of eEF-2 compared to cells not treated with lithium
(Fig. 1E), suggesting that lithium prevents the attenuation in protein
synthesis under stress conditions.

Unlike lithium, neither valproic acid nor carbamazepine, two other
known mood stabilizers, reduced eEF-2 phosphorylation (Fig. 1F).
Thus, reduced eEF-2 phosphorylation is likely to be a specific effect of
lithium rather than a common mechanism for mood stabilization.

eEF-2 is a cellular target of GSK-3

Two major hypotheses have been proposed to explain lithium's
therapeutic mechanism: inositol depletion and inhibition of GSK-3
(Berridge et al., 1989; Klein and Melton, 1996; Gould et al., 2004a).
We examined whether either of these actions could account for
lithium's effect on eEF-2. Cells were incubated in inositol-depleted
medium. Inositol depletion did not affect eEF-2 phosphorylation, nor
did it influence the lithium-induced reduction of eEF-2 phosphory-
lation (Fig. 2A). Unexpectedly, inhibition of GSK-3 did not reduce, but
rather enhanced, eEF-2 phosphorylation (Fig. 2B). This was observed
in cells that were treated with three structurally dissimilar GSK-3
inhibitors: an ATP-competitive inhibitor, BIO-6 (Meijer et al., 2003),
an allostreic non-ATP-competitive inhibitor, TDZD8 (Martinez et al.,
2002), and a substrate-competitive inhibitor, L803-mts (Plotkin et al.,
2003). Levels of 3-catenin, an established target of GSK-3 (Liu et al.,
2002; Gould et al., 2004a; O'Brien et al., 2004 ), were elevated in these
cells, verifying that the GSK-3 inhibitors were active in these cells
(Fig. 2B). Time-course analysis of cells treated with SB216763,
another ATP-competitive inhibitor of GSK-3 (Coghlan et al., 2000),
further indicated that inhibition of GSK-3 increased eEF-2 phosphor-
ylation and that this effect was sustained for at least 24 h post-
treatment (1.540.2 fold increase in a eEF-2 phosphorylation after
24 h treatment) (Fig. 2C, left panel). This elevation in eEF-2
phosphorylation was accompanied by reduced phosphorylation of
ribosomal protein S6 (Fig. 2C, right panel), which is correlated with
increased protein synthesis (Peterson and Schreiber, 1998). On the
other hand, lithium had the opposite effect: lithium treatment
resulted in enhanced S6 phosphorylation compared to untreated
cells (Fig. 2C, right panel). Overexpression of GSK-3a or GSK-3(3 using
recombinant adenovirus led to a strong decrease in eEF-2 phosphor-
ylation (about 50% reduction), that was accompanied by enhanced
phosphorylation of S6 (Fig. 2D). When cells were subjected to a
combined treatment of GSK-3 inhibitors and lithium, there was still a
reduction in eEF-2 phosphorylation, suggesting that lithium overcame
the opposing, phosphorylation-promoting effect of GSK-3 inhibition
(Fig. 2E).

Finally, we examine whether lithium or GSK-3 impacted eEF-2
kinase (eEF-2 K) activity. eEF-2 kinase is responsible for phosphor-
ylation of eEF-2 at Thr 56 (Nairn and Palfrey, 1987; Ryazanov et al.,
1988). Phosphorylation at of eEF-2 kinase at serine 366 (Ser 366) by

S6 kinase inhibits the kinase activity (Wang et al, 2001). No
significant or reproducible differences compared to untreated cells
were observed in Ser 366 phosphorylation of eEF-2 kinase following
treatment with lithium, GSK-3 inhibitors, or upon overexpression of
GSK-3a or GSK-3p (Fig. 2F). Reduced phosphorylation of eEF-2 kinase
at Ser 366 when cells were incubated in low glucose served as a
‘positive’ control (Fig. 2G). Thus, activation of S6 kinase (by lithium or
by GSK-3 inhibitors) did not result in increased phosphorylation of
eEF-2 kinase. It is possible that such activation was not sufficient to
promote eEF-2 kinase phosphorylation. Alternatively, phosphorylated
Ser 366 may not be stable but may undergo a rapid de-phosphory-
lation making it difficult to detect changes in its phosphorylation
levels under these conditions. Finally, it is possible, that additional
pathways activated by lithium or by GSK-3 inhibitors oppose this S6
kinase effect resulting in no detectable changes in eEF-2 kinase
phosphorylation. Taken together, our data indicate that eEF-2 is a
downstream cellular target of both lithium and GSK-3. However,
inhibition of GSK-3 opposes lithium's effect on eEF-2 phosphorylation.

Chronic treatment with lithium reduces the phosphorylated eEF-2
fraction in the hippocampus

We next examined the impact of lithium on eEF-2 in vivo. We
chose to study lithium's effect in the hippocampus since many studies
have implicated this brain area in the pathogenesis of bipolar disorder
and lithium's mood-stabilizing effect (Beyer et al., 2004; Strakowski et
al., 2005; Scherk et al., 2008; Chepenik et al., 2009; Kim and Thayer,
2009). Two mice strains, ICR and Sabra mice, were fed a lithium-
containing diet for 2 weeks in a regime that results in therapeutically
relevant lithium levels (0.5-1.0 mM) (O'Brien et al., 2004; Bersudsky
et al, 2008). This treatment resulted in upregulation of 3-catenin and
of GSK-3( phosphorylation at Ser 9 (shown for the ICR mice, Fig. 3A,
data not shown for Sabra mice). These are two well established in vivo
effects of lithium (De Sarno et al., 2001; Gould et al., 2004a;
Kirshennboim et al., 2004; O'Brien et al., 2004), validating lithium's
in vivo impact in our models. In agreement with the in vitro results
(Fig. 1B), lithium enhanced S6 phosphorylation in the hippocampus
(shown for the ICR Fig. 3A). Consequently, although lithium treatment
did not change phospho-eEF-2 levels per se, it significantly upregu-
lated levels of total eEF-2 (Fig. 3B and C), resulting in a reduced
phospho-eEF-2 fraction (the phospho-eEF-2/total eEF-2 ratio) (Fig. 3B
and Q).

Discussion

This is the first report that eEF-2, a mammalian elongation factor
essential for protein synthesis, is a target of lithium and GSK-3. We
showed that, in vitro, acute lithium administration reduced phos-
phorylation of eEF-2 at Thr 56, a key inhibitory site for this enzyme's
activity. Lithium treatment also counteracted the inhibitory effect on
eEF-2 induced by stress conditions such as nutrient limitation.
Reduction of the phosphorylated fraction of eEF-2 was observed in
the mouse hippocampus after chronic in vivo administration of
lithium. Given that upregulation of phospho-eEF-2 directly inhibits
protein synthesis (Marin et al., 1997; Boyce et al., 2008), it is
conceivable that lithium enhances protein synthesis. This may be the
mechanism of the therapeutically beneficial effects of lithium in
neuroprotective activity, as well as its ability to reverse the
detrimental physiological and behavioral consequences of stress
(Hennion et al., 2002; Vasconcellos et al., 2003; Hiroi et al., 2005). It
should be noted that increased phosphorylation of eEF-2 has been
found in pathological conditions associated with cell death, brain
damage, and Alzheimer's disease (Johnson et al., 1992; Althausen et
al., 2001; Boyce et al., 2008). Reduced mRNA translation has also been
recognized in patients with neuronal damage and bipolar disorder
(MacQueen et al., 2003; Sheline et al., 2003). Hence, lithium may
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prevent or attenuate the biological consequences that are associated
with these pathologies.

Surprisingly, GSK-3 inhibition did not mimic lithium's effect on
eEF-2 phosphorylation, as we expected. In contrast, inhibition of GSK-
3 resulted in enhanced eEF-2 phosphorylation, whereas overexpres-
sion of either GSK-3a or GSK-3p reduced eEF-2 phosphorylation
compared with the levels in untreated cells. Thus, eEF-2 is a cellular
target affected by both lithium and GSK-3, but lithium's reduction of
eEF-2 phosphorylation does not appear to be mediated through its

ability to inhibit GSK-3. Inhibition of GSK-3 by lithium is not sufficient
to enhance eEF-2 phosphorylation (see Fig. 2E). Marriappan et al.
showed that inhibition of GSK-3 by insulin correlates with enhanced
phosphorylation of eEF-2 (Mariappan et al., 2008). This is the opposite
of what we observed. It is likely that regulation of eEF-2 by GSK-3 is
dependent on cell type and stimulation type.

The precise molecular mechanism underlying lithium's reduction
of eEF-2 phosphorylation remains unknown. It is possible that lithium
influences eEF-2 kinase, which is the only kinase known thus far to
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Fig. 3. In vivo treatment of lithium affects eEF-2 in the hippocampus. (A) ICR mice received lithium in their food for 2 weeks as described in the Experimental methods. Hippocampal
proteins were extracted, and equal amounts of protein (30 ug) were subjected to gel electrophoresis, followed by immunoblot analysis using anti-3-catenin, anti-phospho (Ser 9)
GSK-33, anti-phospho S6, anti-GSK-3(3 and anti-S6 antibodies. Representative gels from three different hippocampal samples are shown in the left panel. Densitometry analysis of 3-
catenin and phosphorylated proteins is shown in the right panel. Results present the means of 12 animals/group -+ SEM; * indicates p<0.01. (B) Same as in (A) except that antibodies
against phospho-eEF-2 and total eEF-2 were used. The ratio of phosphorylated eEF-2/total eEF-2 as calculated from densitometry analysis is shown in the right panel. Results are
means of 12 animals/group + SEM; * indicates p<0.01. (C) Same as in (A) except that Sabra mice were used. Densitometry results are shown in the right panel and are means 4+ SEM
of 10 animals; * indicates p<0.01.

phosphorylate eEF-2 on Thr 56 (Ryazanov et al., 1988). eEF-2 kinase
may be regulated by several mTOR-dependent kinases including S6K,
protein kinase A (PKA), AMPK (AMP activated kinase), and p90 RSK
(S6 ribosomal activating kinase) (Redpath et al., 1993; Wang et al.,
2001; Browne et al., 2004). In addition, lithium may inhibit eEF-2
kinase via activation of p38 (Nemeth et al, 2002), through
phosphorylation of eEF-2 kinase at ser 359 (Knebel et al., 2001).
Hence, lithium may inhibit eEF-2 kinase by regulating one or more of
these protein kinases, except for Ser 366, that we found to be
insensitive to lithium. Reduced eEF-2 phosphorylation could be also
mediated by elevated protein phosphatase activity; yet lithium was
shown to inhibit rather than to activate a variety of phosphatases,
particularly the protein phosphatases PP2A and PP1 (Mora et al.,
2002; Lahne et al., 2006). Lithium's effect on eEF-2 phosphorylation

could also be mediated by its effect on cellular pH (Aronson, 1985).
This, in turn, might inhibit eEF-2 kinase activity (Dorovkov et al.,
2002).

GSK-3 may influence eEF-2 phosphorylation through pathways
that are similar to, or distinct from, those discussed above.
Interestingly, GSK-3 has been characterized as a PP1 activator
(Vandenheede et al., 1985; Picking et al,, 1991), and it is therefore
possible that GSK-3-reduced phosphorylation of eEF-2 is mediated
through activation of PP1. Both lithium and GSK-3 have been
previously implicated in the regulation of protein synthesis: lithium
was shown to alleviate translational repression of TOP mRNA (mRNA
with 5'-terminal oligopyrimidine tract) (Stolovich et al., 2005), and
GSK-3 was implicated as a negative regulator of translation via
phosphorylation of eukaryotic initiation factor-2B (elF-2B) (Welsh

Fig. 2. eEF-2 is a downstream target of GSK-3. (A) SH-SY5Y cells were incubated with or without inositol (16 h) prior to treatment with 10 mM lithium for 6 h. Cells were lysed and
equal amounts of cellular protein (30 pM) were subjected to gel electrophoresis followed by immunoblot analysis using anti-phospho (Thr 56) eEF-2 (peEF-2) and anti-eEF-2
antibodies. (B) SH-SY5Y cells were treated with GSK-3 inhibitors: L803-mts (40 uM), TDZD8 (20 uM), and BIO-6 (10 uM) for 4 h. Proteins were processed as described in
(A). Amounts of phosphorylated eEF-2, total eEF-2 and [3-catenin were determined. Densitometry analysis of peEF-2 (mean 4 SEM, n = 3-6) is shown in the right panel. (C) The left
panel shows a time-course analysis of eEF-2 phosphorylation in cells treated with GSK-3 inhibitor SB216763 (10 uM). eEF-2 phosphorylation was determined as described above.
The right panel shows levels of S6 phosphorylation (pS6, ser 240/244) and total S6 as determined by western blot in cells were treated with SB216763 (10 pM) or lithium (10 mM)
for 6 h. Densitometry analysis of pS6 is presented (mean 4 SEM, n=5 -6). (D) SH-SY5Y cells were infected with recombinant adenovirus coding for GSK-3p acor GSK-3p as
described in the Experimental methods. Cells were harvested 30 h post-infection and proteins were processed as described in (A). Tyrosine phosphorylation of GSK-3a and GSK-3p
(Tyr216/274) and phosphorylation of eEF-2 and S6 were analyzed. Densitometry analysis of peEF-2 (mean + SEM, n = 3) is shown in the right panel. (E) SH-SY5Y cells were treated
with GSK-3 inhibitors SB216763 (10 puM) or TDZD-8 (10 puM) for 2 h followed by addition of lithium (10 mM) for an additional 4 h. Phosphorylation of eEF-2 was determined as
described. Densitometry analysis of peEF-2 (mean 4= SEM, n = 3) is shown in the lower panel. (F) Cells were treated with GSK-3 inhibitors or lithium (10 mM) for 4 h as indicated.
Phosphorylation of eEF-2 kinase (Ser 366, peEF-2 K) was determined in inhibitor-treated cells or in cells overexpressing GSK-3a or GSK-3p. (G) A ‘positive’ control for the
experiment shown in (F) indicated that phosphorylation of eEF-2 kinase at Ser 366 is significantly reduced by low glucose (high glucose (HG), 11 mM; low glucose (LG), 1 mM).
Right panel shows densitometry analysis of phosphorylated eEF-2 kinase (mean 4- SEM, n=3). All panels show representative gels from three to five independent experiments.
* indicates p<0.01.
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and Proud, 1993; Proud, 2006). Lithium appears to enhance protein
synthesis via its effect on eEF-2 in mechanism that is not mediated
through GSK-3. The impact of GSK-3 is more complex since it
mediates opposing effects on different components of the translation
machinery.

Experimental methods
Reagents

GSK-3 inhibitors SB216763 and TDZD8 were purchased from
Calbiochem (La Jolla, CA, USA). BIO-6, valproic acid, and carbamazepine
were from Sigma (Rehovot, Israel). A substrate-competitive inhibitor of
GSK-3, L803-mits, was previously described by us (Plotkin et al., 2003).
Anti-phospho-GSK-33 (Ser 9), anti-phospho-eEF-2 (Thr 56), anti-
phospho-eEF-2 kinase (Ser 366), and anti-phospho S6 protein (Ser
240/244) antibodies were from Cell Signaling Technologies (Beverly,
MA, USA). Anti-GSK-3 antibody was from Transduction Laboratories
(Lexington, KY, USA).

Two-dimensional gel separation and proteomic analysis

Human neuroblastoma SH-SY5Y cells were treated with 20 mM
LiCl for 16 h. Cells were lysed with guanidinium isothiocyanate-
phenol (TRIzol). Two-dimensional (2D) gel separation and mass
spectrometry analysis were performed as an outsource service at the
Smoler Proteomics Center of the Technion in Haifa, Israel.

(http://biology.technion.ac.il/proteomics/index.htm).

Cell culture and protein analysis

SH-SY5Y cells were grown in RPMI 1640 medium supplemented
with 10% fetal calf serum (FCS), 5 mM L-glutamine, 0.15% sodium
bicarbonate, and 0.08% gentamycin. Cells were treated with lithium
and other inhibitors as indicated in the text. In some experiments,
glucose concentrations were changed as indicated over the range
from 0 to 11 mM. For the amino-acid-depletion experiments, cells
were incubated in a Krebs-Ringer-HEPES buffer (12 mM NacCl, 0.4 mM
KH,PO4, 0.1 mM MgSO,4, 0.1 mM CaCl,, 1 mM NaHCOs, and 3 mM
HEPES, pH 7.4) containing 11 mM glucose. In all experiments, serum
levels were 0.5% unless otherwise indicated. At the end of the
experiments, cells were collected and lysed in an ice-cold buffer G
(20 mM Tris, pH 7.3, 10 mM B-glycerophosphate, 10% glycerol, 1 mM
EGTA, 1mM EDTA, 50 mM NaF, 5mM sodium pyrophosphate
(NaPPi), 25 pg/ml leupeptin, 25 pg/ml aprotinin, 1 mM DTT, 500 nM
microcystine LR, and 1% Triton X-100). Cell extracts were centrifuged
at 15,000xg for 20 min, and supernatants were collected. Equal
amounts of protein (30 pg), as determined by Bradford analysis, were
boiled with Laemmli sample buffer and subjected to gel electropho-
resis, transferred to nitrocellulose membranes, and immunoblotted
with a specific antibody (1:1000 dilution) as indicated. For infection,
cells were incubated with recombinant adenovirus coding for GSK-3a
or GSK-33 (generated by Ziva Liberman using the AdEasy™
Adenoviral Vector System, Stratagene, La Jolla, CA, USA) at 1:1000
dilution for 24 h. Cells were washed and incubated with fresh growth
medium for an additional 6 to 8 h.

Animals

Male ICR or Sabra mice (Harlan, Jerusalem, Israel) aged 12-13 or
8 weeks, respectively, were housed in individual cages in a temper-
ature-controlled facility with a 12-h light/dark cycle. The mice were
randomly assigned to two groups (12 ICR or 10 Sabra mice each),
given tap water ad libitum and fed regular powdered chow for rodents
(Harlan, Teklad, Jerusalem, Israel). Additional drinking water contain-
ing 0.9% NaCl was provided to prevent electrolyte imbalance. The

treatment with lithium was adapted from O'Brien et al. (O'Brien et al.,

2004) to produce serum levels of 0.5 to 1 mM. In brief, mice received :
the powdered chow mixed with 0.2% LiCl for 5 days followed by 0.4% :
LiCl for 10 additional days. On day 15, mice were decapitated and the :

hippocampus was removed and immediately frozen in liquid
nitrogen. Trunk blood was collected and serum lithium levels were
measured using an AVL 9180 Electrolyte Analyzer (Hoffmann-La

Roche, Basel, Switzerland). The experimental procedures were :

approved by the Ben-Gurion University of the Negev (Beer-Sheva,
Israel) and Ariel University Center (Ariel, Israel) Institutional Review
Committee for the Use of Animals and were carried out in compliance
with the declaration of the National Institutes of Health Guide for Care
and Use of Laboratory Animals.

Tissue extracts
Hippocampi were homogenized in ice-cold buffer H (150 mM R~

glycerophosphate, pH 7.3, 50% glycerol, 5mM EGTA, 5mM EDTA,
40 mM NaF, 25 mM NaPPi, 25 pg/ml leupeptin, 25 pg/ml aprotinin,

1 mM DTT, and 1% NP40). The extracts were centrifuged at x 15,000 g for

20 min and supernatants were collected. Equal amounts of protein (30-
50 pg) were subjected to western blot analysis as described above.

Statistical analysis

Data were analyzed with Origin Professional 6.0 software using the
Student's t-test to compare control and lithium-treated animals. Data
were considered significant at p<0.05.
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