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One percent of the population suffers from bipolar disorder, a disease that is
characterized by the occurrence of severe depression coupled with at least one or more
episodes of severe mania. Lithium is the primary therapeutic agent used in the treatment
of bipolar disorder. and two anticonvulsants, valproate and carbamazepine, have also
emerged as effective treatments of the disease. The therapeutic mechanisms of action of
these drugs, as well as the biochemical basis for bipolar disorder, remain unknown.
However, the identification of biochemical targets of these drugs may provide clues to
the pathogenesis of bipolar disorder and allow the development of more target-specific
drugs for the treatment of this disease. The studies presented within this dissertation
research examined the effects of lithium, as well as valproate and carbamazepine, on
neuronal signaling systems, specifically examining the regulation of transcription factors
by two enzymes found to be regulated by lithium: protein kinase C and glycogen
synthase kinase-3fB. The first study examined the effects of these mood-stabilizing agents
on the stimulation of the early growth response-1 transcription factor, a protein reported
to be regulated by protein kinase C activation. Findings from this study demonstrated
that stimulation of early growth response-1 transcription factor was inhibited by

treatment with valproate but was not altered by lithium or carbamazepine. The second
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study reviewed the regulation and numerous targets of glycogen synthase kinase-3p and
found that the basal levels of four GSK3B-regulated transcription factors--activator
protein-1, cyclic AMP response element binding protein, Myc, and PB-catenin--were
increased, though with different sensitivities, by treatment with lithium. The third study
examined the regulation of the cyclic AMP response element binding protein by glycogen
synthase kinase-3f and the mood-stabilizing agents lithium and valproate. This study
showed, with several experimental paradigms, that the cyclic AMP response element
binding protein was negatively regulated by glycogen synthase kinase-3p, an effect that
was reversed by treatment with lithium or valproate. Overall, these studies suggest that
the inhibtion of glycogen synthase kinase-3pB-induced inhibition of transcription factors,

including the cyclic AMP response element binding protein, may be important sites for

future studies.
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INTRODUCTION

One percent of the population of the United States is afflicted with bipolar
disorder, which is commonly known as manic-depression (Dixon and Hokin, 1997). This
disease is characterized by the manifestation of one or more manic episodes and a history
of major depression. Presently, lithium is the primary therapeutic agent used in the
treatment of bipolar disorder, and although its therapeutic use is widespread, its
mechanism of action remains to be determined (reviewed in Jope, 1999). In addition to
lithium, two anticonvulsant drugs, valproate and carbamazepine, have emerged as
therapeutic agents in the treatment of bipolar illness (reviewed in Sachs and Thase,
2000). Although both drugs have demonstrated the ability to prevent manic and
depressive episodes, their mechanisms of action also remain unknown.  The
methodologies available to study the biochemical basis of bipolar disorder are limited.
Because the underlying cause of bipolar disorder is not known, there are no existing
criteria upon which to base the development of animal models of the disease;
furthermore, studies in humans are limited to postmortem tissues. Thus, studying the
therapeutic mechanism of action of drugs used in the treatment of bipolar disorder is the
best available method to gain insight into the pathogenesis of the disease. The fact that
three structurally diverse drugs - lithium, valproate, and carbamazepine -- are therapeutic
treatments for this one disease provides a unique advantage, because identifying a

specific target common to two or more of the drugs might provide clues to the identity
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of therapeutic targets of these agents in bipolar disease. Hopefully, findings from studies
of these mood-stabilizing agents will provide more information concerning the
underlying cause of bipolar disorder and foster the development of more target-specific
drugs with which to treat bipolar disorder.

Numerous investigations over several years support the involvement of lithium in
the modulation of cell signaling systems, especially the phosphoinositide signal
transduction system (reviewed in Jope and Williams, 1994; Pacheco and Jope, 1996). In
the phosphoinositide signaling cascade, phosphatidylinositol is sequentially
phosphorylated to ultimately form phosphatidylinositol-4,5-bisphosphate (PIP,), the
substrate of phospholipase C. The B-subtype of phospholipase C is a phosphoinositide-
specific enzyme under the influence of the G-protein-coupled receptor system. For
example, cholinergic muscarinic M1, M3, and M3 receptors are primarily linked to the
Gg/11 proteins that mediate activation of phosphoinositide-specific phospholipase C.
Activated phospholipase C hydrolyzes PIP, into two intracellular second messengers:
diacylglycerol (DAG), which activates protein kinase C, and inositol-1,4,5-trisphosphate
(IP3), which signals the release of intracellularly sequestered calcium. IP; is subsequently
phosphorylated to form inositol-1,3,4,5-tetrakisphosphate or ultimately dephosphorylated
to inositol monophosphate, which is dephosphorylated by inositol monophosphatase to
free inositol. Lithium has been demonstrated to inhibit inositol monophosphatase with an
[Csp of 1 mM, a therapeutically relevant concentration (Hallcher and Sherman, 1980).
This finding led to the inositol depletion hypothesis (Berridge et al.,, 1982), which
asserted that lithium’s inhibition of inositol monophosphatase could result in a reduced

supply of inositol available for PIP, synthesis, resulting in down-regulation of receptor
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signaling through the phosphoinositide second messenger pathway. Other studies have
extended these findings to include modulation of protein kinase C by lithium (reviewed
in Jope and Williams, 1994). As mentioned previously, in the phosphatidylinositol
pathway, inositol monophosphate is dephosphorylated by inositol monophosphatase to
form free inositol. To complete the phosphoinositide cycle, inositol combines with CDP-
diacylglycerol (CDP-DAG) to form phosphatidylinositol. The decreased availability of
free inositol caused by lithium’s inhibition of inositol monophosphatase results in the
accumulation of free CDP-DAG (Stubbs and Agranoff, 1993). This accumulated CDP-
DAG is cleaved to form diacylglycerol, which then activates protein kinase C. Thus,
these findings indicate that lithium indirectly increases protein kinase C activity by
inhibiting inositol monophosphatase. Yuan et al. (1998) proposed that one functional
consequence of this activation of protein kinase C by lithium is the stimulation of the
DNA binding activity of the AP-1 transcription factor. Numerous reports have found
increased AP-1 DNA binding activity in response to lithium in cell culture systems and
rat brain (Hedgepeth et al., 1997; Jope and Song, 1997; Ozaki and Chuang, 1997; Asghari
et al,, 1998; Yuan et al., 1998). Thus, this hypothesis proposes that transcription factors
regulated by prétein kinase C constitute a group of transcription factors that may be
subject to modulation by lithium.

Another example of a protein kinase C-regulated transcription factor is early
growth response-1 (Egr-1) (Rupprecht et al., 1994; Ebihara and Saffen, 1997). Egr-1
(also known as NGF1-A, tis8, Krox 24, or zif268) is encoded by the early-growth
response gene (egr-/) and is a member of a family of immediate early genes that also

includes egr-2, egr-3, egr-4, and WT-1. Studies investigating Egr-1 expression have
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demonstrated stimulation in response to various neuronal signaling systems. Neuronal
activation of several glutamate receptor subtypes resulted in increased Egr-1 mRNA
ex:pression, and NMDA receptor activity has been implicated in maintaining basal Egr-1
protein expression in the brain (Beckmann and Wilce, 1997). Induction of Egr-1 mRNA
has also been reported in multiple cell lines in response to cytokines, growth factors, and
some neurotransmitters, and in response to physiological stimulation, stress, and focal
brain injury (Beckmann and Wilce, 1997; Ebihara and Saffen, 1997). A recent report
using M1 receptor-containing PC12D cells reported stimulation of Egr-1 mRNA levels in
response to carbachol, although neither protein levels nor functional activity were
examined (Ebihara and Saffen, 1997). Taken together, these studies provide evidence of
a role for Egr-1 in neuronal signaling systems, but several important unanswered
questions remain that were addressed in this first study of this dissertation research: Do
muscarinic receptors coupled to phosphoinositide hydrolysis regulate Egr-1 protein
expression and Egr-1 DNA binding activity? Does activation of second messengers,
including diacylglycerol and [P, coupled to muscarinic receptor stimulation, contribute
to stimulation of Egr-1 DNA binding activity? Do the mood stabilizers lithium,
valproate, or carbamazepine modulate stimulation of Egr-1 DNA binding activity? To
address these questions, cholinergic regulation of Egr-1 was examined in human
neuroblastoma SH-SYSY cells that contain endogenous M3 muscarinic receptors coupled
to Gg/11 proteins and phosphoinositide hydrolysis.

Protein kinase C-regulated transcription factors are only one category of proteins
subject to potential modulation by lithium. A second category of transcription factors

that may be regulated by lithium includes those that are regulated by glycogen synthase
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kinase-38 (GSK3pB). GSK3p is a fascinating enzyme that is involved in multiple
signaling systems and is expressed abundantly in the adult brain, indicating a
fundamental role for GSK3f in neuronal signaling processes (Leroy and Brion, 1999).
GSK3B is regulated by multiple mechanisms including serine and tyrosine
phosphorylation, protein complex formation, and intracellular localization. Recent
findings also demonstrate that GSK2p is regulated by mood-stabilizing agents. In 1996,
it was demonstrated that lithium inhibited GSK3p (Klein and Melton, 1996; Stambolic et
al., 1996), with an [Csy of 2 mM, a concentration near lithium’s therapeutic concentration
(0.5 - 1.5 mM) in plasma and brain (Klein and Melton, 1996). Additionally, findings by
Chen et al. (1999) showed that valproate, also an effective treatment of bipolar disorder,
inhibited GSK3f at concentrations near its therapeutic range. These findings raised the
possibility that GSK3B may be a potential target for the therapeutic actions of mood
stabilizing drugs, including lithium and valproate.

Although GSK3f was originally identified for its role in glycogen metabolism as
an inhibitor of glycogen synthase (Embi et al., 1980), a diverse group of additional
substrates of GSK3P have been identified. GSK3p regulates other metabolic proteins
including protein phosphatase inhibitor-2 (Hemmings et al., 1982) and pyruvate
dehydrogenase (Hoshi et al., 1996), signaling proteins such as nerve growth factor
receptor (Taniuchi et al, 1986), and structural proteins including the microtubule-
associated protein tau (reviewed in Johnson and Hartigan, 1998). These findings provide
evidence of multiple GSK3p substrates, many of which are neuronal proteins, suggesting
an important role for GSK3p in the regulation of neuronal signaling. Possibly the largest

group of GSK3f substrates are the transcription factors. A large number of transcription
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factors are regulated by GSK3p directly through phosphorylation. Findings by Boyle et
al. (1991) indicated that GSK3f phosphorylated and inhibited AP-! DNA binding
activity in vitro, and other studies have shown that expression of GSK3f in cultured cells
attenuates transcriptional activities of the Jun family of transcription factors (de Groot et
al., 1993; Nikolakaki et al., 1993). In 1998, He et al. reported that overexpression of
GSK3p resulted in inactivation of HSF-1 following heat shock in HeLa cells, and
findings of Bijur and Jope (2000) showed that GSK3p overexpression impaired
activation of HSF-1 in response to heat shock in SH-SYSY human neuroblastoma cells.
Two independent studies found that GSK3p phosphorylated and deactivated nuclear
factor of activated T-cells (NFAT) in cell culture models (Beals et al., 1997; Graef et al.,
1999). GSK3p was also reported to negatively regulate the Myc transcription factor,
resulting in decreased cell growth (Henrikkson et al., 1993). Additionally, the regulation
of B-catenin has been widely studied, and data demonstrate that GSK3f phosphorylates
B-catenin. which prevents its nuclear translocation, thus blocking its activation of
transcription of Tcf/Lef target genes (Rubinfeld et al., 1996; Yost et al., 1996). Overall,
there is substantial evidence that GSK3p regulates a wide array of transcription factors,
providing a substantial number of targets for modulation by lithium. The second report of
this dissertation reviewed the regulation of GSK3p, the targets of GSK3p, and examined
the potential importance of GSK3f in Alzheimer's disease, apoptotic mechanisms, and
the actions of drugs therapeutic for bipolar disorder. In addition, this report compared the
activation of four GSK3f-regulated transcription factors -- AP-1, CREB, Myc, and B-
catenin -- to modulation by lithium in order to determine whether different transcription

factors exhibit different sensitivities to regulation by lithium, and thus GSK3p.
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The cyclic AMP response element binding protein (CREB) is a representative
member of transcription factors that are regulated by GSK3p and thus potentially subject
to modulation by mood-stabilizing drugs such as lithium or valproate. CREB is a basic
leucine zipper transcription factor that regulates the expression of genes containing
promoters with cyclic AMP response elements (Montminy and Bilezikjian, 1987; Waeber
and Habener, 1991; Brindle and Montminy, 1992). CREB is involved in critical cellular
processes including formation of long-term memory, maintenance of synaptic plasticity,
and apoptosis (Struthers et al., 1991; Davis et al., 1996; Deisseroth et al., 1996). Thus,
the regulation of CREB transcription factor activity is critical to numerous cellular
functions.

CREB is regulated by complex phosphorylation mechanisms. Multiple kinases
activate CREB through phosphorylation at serine-133, triggering the recruitment of the
coactivator CREB-binding protein (CBP) and culminating in the transcription of CREB-
regulated genes (Gonzalez et al., 1989; Yun et al., 1990; Chrivia et al., 1993).
Phosphorylation at serine-133 also creates a consensus site for phosphorylation by
GSK3p at serine-129 of CREB (Fiol et al., 1994; Wang et al., 1994). However, only two
studies have addressed the consequences of this hierarchical phosphorylation of CREB
by GSK3p, and those studies reported opposing findings. In 1994, Fiol et al. reported
that GSK3p potentiated cyclic AMP stimulation of CREB in two cell culture models.
Bullock and Habener (1998) also reported hierarchical phosphorylation of CREB by
GSK3B but demonstrated that GSK3p directed an inhibitory influence on CREB
activation.  Although it is evident that GSK3p phosphorylates CREB following

phosphorylation by a priming kinase, the opposing findings of these two studies leave
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questions that remain to be answered, which are addressed in the third study presented
herein: Does GSK3f regulate CREB activity? Is this regulation stimulatory or inhibitory
toward CREB activation? If GSK3p regulates CREB activity, do the mood stabilizers

lithium or valproate reverse the effects of GSK3f on CREB activity?
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ABSTRACT

Activation of muscarinic receptors in human neuroblastoma SH-SYSY cells with
carbachol stimulated a rapid and large increase in early growth response-1 (Egr-1, also
called zif268, NGF1-A) protein levels and DNA binding activity. Egr-1 DNA binding
activity was stimulated within 15 min of treatment with carbachol and maintained a
maximum 20-fold increase over basal between 1 and 2 h after treatment, and the ECsq
was ~1 uM carbachol. Carbachol-stimulated Egr-1 DNA binding activity was dependent
on protein kinase C, as it was potently inhibited by GF109203X (ICso ~0.1 uM) and was
reduced by 85 £ 5% by down-regulation of protein kinase C. Inhibitors of increases in
intracellular calcium reduced carbachol-induced Egr-1 DNA binding activity by 25-35%.
Carbachol-stimulated activation of Egr-1 was reduced 35% by genistein, a tyrosine
kinase inhibitor, and 60% by PD098059, an inhibitor of mitogen-activated protein
kinases 1/2 (MEK1/2) that activates extracellular-regulated kinases 1/2 (ERK1/2). A
novel inhibitory action was caused by chronic (7-day) administration of sodium valproate
but not by two other bipolar disorder therapeutic agents, lithium and carbamazepine.
Valproate treatment reduced carbachol-stimulated Egr-1 DNA binding activity by 60%
but did not alter carbachol-induced activation of ERK1/2 or p38 or increases in Egr-1
protein levels. These results reveal that muscarinic receptors activate Egr-1 through a
signaling cascade primarily encompassing protein kinase C, MEK1/2, and ERK1/2 and
that valproate substantially inhibits Egr-1 DNA binding activity stimulated by carbachol

or protein kinase C.
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INTRODUCTION

Immediate early genes provide a crucial mechanism for rapidly linking signals
generated by extracellular molecules to alterations of neuronal function. The early
growth response (Egr; also called zif268, krox 24, NGF1-A, and tis8) proteins are a
widely distributed family of products of immediate early genes that include Egr-1, Egr-2,
Egr-3, and other related proteins (Beckmann and Wilce, 1997). Various stimuli, such as
excitatory amino acids, growth factors, and activators of protein kinase C, can induce
neuronal expression of Egr proteins, which function as transcription factors with zinc
finger DNA binding domains that bind to the common consensus sequence
GCG(T/G)GGGCG (Christy and Nathans, 1989; O'Donovan et al., 1999). Several
characteristics of Egr-1 suggest that it has a crucial role in neuronal function, as it is
regulated by synaptic activity (Worley et al., 1991), has a lower threshold of activation
than the prominent immediate early gene product c-fos (Worley et al., 1993), and appears
to make an important contribution to neural plasticity, including influencing learming
performance (Fordyce et al., 1994).

Cholinergic muscarinic M3 receptors are linked to the phosphoinositide signal
transduction system that modulates protein kinase C activity and intracellular calcium
levels, and cholinergic function is an integral component of learning and memory
(Pacheco and Jope, 1996). These properties suggest that stimulation of muscarinic M3
receptors may influence the activation of Egr, in addition to its well-documented
coupling to activation of the AP-1 transcription factor (Jope and Song, 1997). In
accordance with this, there have been several reports that activation of muscarinic

receptors increases Egr-1 mRNA levels (Arenander et al., 1989; Altin et al., 1991;
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Katayama et al., 1993; Hughes and Dragunow, 1994; Coso et al., 1995; Ebihara and
Saffen, 1997) and that protein kinase C (Altin et al., 1991; Coso et al., 1995; Ebihara and
Saffen, 1997) and influx of extracellular calcium (Ebihara and Saffen, 1997) contribute to
this response. Only recently were increases in Egr-1 protein levels and Egr DNA binding
activity demonstrated following muscarinic receptor activation in a study of receptor-
transfected HEK293 cells, and these responses were partially inhibited by down-
regulation of protein kinase C (von der Kammer et al., 1998). Thus, little is known about
signaling cascades or modulatory influences regulating this important response to
activation of muscarinic receptors.

Modulation of signaling cascades leading to regulation of transcription factor
activities and gene expression appears to be important for the therapeutic responses to
lithium, carbamazepine, and sodium valproate, agents used in the treatment of bipolar
disorder (Jope, 1999). Recent reports have shown that lithium and sodium valproate
influence the activation of the immediate early gene transcription factor AP-1 (Williams
and Jope, 1995; Chen et al., 1997; Jope and Song, 1997, Ozaki and Chuang, 1997; Unlap
and Jope, 1997; Asghan et al.,, 1998; Yuan et al., 1998), as well as the DNA binding
activity of the cyclic AMP response element and NFxB transcription factors (Jope and
Song, 1997; Ozaki and Chuang, 1997; Wang et al., 1999). For example, acute treatments
of SH-SYS5Y cells with lithium and sodium valproate have been reported to increase
basal AP-1 DNA binding activity, and lithium inhibited AP-1 activation in response to
stimulation of cholinergic muscarinic receptors (Jope and Song, 1997, Asghari et al.,
1998; Yuan et al., 1998). Notably lacking are studies of the effects of any of these agents

on the activation of Egr or of the effects of chronic administration of these agents, which
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1s required for therapeutic responses, on the receptor-coupled stimulation of any
transcription factor, except for a study of AP-1 in rat brain after pilocarpine
administration (Williams and Jope, 1995).

The present investigation was undertaken to address the issues of muscarinic
receptor signaling to Egr activation and modulation by agents therapeutic for bipolar
disorder. Specifically, we tested if stimulation of endogenous M3 muscarinic receptors in
human neuroblastoma SH-SYSY cells was coupled to activation of Egr DNA binding
activity, identified intermediates in the signaling pathway linking muscarinic receptors to
activation of Egr-1, and determined if chronic administration of therapeutically relevant
concentrations of lithium, carbamazepine, or sodium valproate modulated basal or

stimulated Egr DNA binding activity.

MATERIALS AND METHODS

Materials

Reagents were obtained from the following sources: RPMI 1640 media from
Cellgro (Herndon, VA, U.S.A.); horse serum, L-glutamine, and penicillin/streptomycin
from Life Technologies (Gaithersburg, MD, U.S.A.); fetal clone II from Hyclone (Logan,
UT, U.S.A.); antibodies to Egr-1, Egr-2, and Egr-3 from Santa Cruz Biotechnology
(Santa Cruz, CA, U.S.A.); carbachol, phorbol 12-myristate 13-acetate (PMA),
diaminobenzidine, genistein, dantrolene, nickel chloride, lithium chloride,
carbamazepine, and sodium valproate from Sigma (St. Louis, MO, U.S.A.); GF109203X,
G56976, and Ro31-8220 from Alexis Biochemicals (San Diego, CA, U.S.A.); BAPTA-
AM, SB203580, and PD098059 from CalBiochem (La Jolla, CA, U.S.A.); antibodies to

(phospho-ERK1/2) and phospho-p38 from New England Biolabs (Beverly, MA, U.S.A.);

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

and Lumiglo chemiluminescent substrate from Kirkegaard and Perry Laboratories

(Gaithersburg).

Cell culture

Human neuroblastoma SH-SYSY cells were grown on Comning 100-mm-diameter
tissue culture dishes (Corning, NY, U.S.A.) in RPMI 1640 medium containing 10% horse
serum, 5% fetal clone II, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin. Cells were maintained in humidified, 37°C chambers with 5% CO,. Cells
were plated at a density of 10° cells per 100-mm-diameter dish and were harvested ~48 h

later, following treatments described in Results.

Isolation of nuclear extracts

SH-SYS5Y cells were washed two times with 4 ml of phosphate-buffered saline
and lysed with 4 ml Nonidet P-40 lysis buffer [10 mM Tris-Cl (pH 7.4), 3 mM MgCl,, 10
mM NaCl, 0.5% Nonidet P-40]. Cell lysates were centrifuged at 4000 g for 5 min at 4°C.
The supernatant was discarded, and the pellet containing nuclear material was
resuspended in 50 pl of buffer [20 mM HEPES (pH 7.9), 20% glycerol, 0.3 M NaCl, 1.5
mM MgCls, 0.2 mM EDTA, 1 mM dithiothreitol, 0.1 mM B-glycerophosphate, 0.5 mM
vanadate, | mM phenyimethanesulfonyl fluoride, and 1 pg/ml each pepstatin A,
leupeptin, and aprotinin]. After a 30-min extraction on ice, samples were centrifuged at
16,000 g for 15 min at 4°C. The supernatant containing nuclear extracts was transferred

to a sterile microfuge tube, and protein concentrations were determined by the method of

Bradford (1976).
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Electrophoretic mobility shift assay (EMSA)

A 22-bp double-stranded oligonucleotide containing the consensus sequence for
Egr 53'-(ATGCCCGGCGCGGGGGCGAGGG)-3' was used for EMSAs (Gibco, Grand
Island, NY, U.S.A.). Double-stranded oligonucleotide (200 pmol) was radiolabeled by
incubating for 1 h at 37°C in 20 ul containing 10x Gibco React 2 buffer, 0.5 mM dNTP,
DNA polymerase I (Klenow enzyme; Gibco), and 100 uCi of [«**P]-dCTP (Amersham,
Arlington Heights, IL, U.S.A.). Following incubation, samples were diluted to 100 ul
with sterile TE buffer [10 mM Tris-HCI (pH 8.0) and 1 mAf EDTA], and free probe was
removed by centrifugation at 1000 rpm for 45 s on a Sephadex G-50 column.

DNA binding was measured by incubating nuclear extracts (10 pg of protein) in
20 ul of binding buffer containing 20 mA HEPES (pH 7.0), 4% glycerol, 500 mM KCl, 1
m MgCls, 0.5 mM dithiothreitol, 1 mg of poly(dIdC), and ~10,000 cpm of radiolabeled
Egr oligonucleotide for 30 min at 4°C. For supershift experiments, nuclear extracts were
incubated with antibody (0.5 ug) to Egr-1, Egr-2, or Egr-3 for 30 min before incubation
with binding buffer. Reaction mixtures were electrophoresed on 6% nondenaturing
polyacrylamide gels in 0.25X TBE (22.3 mM Tns, 22.3 mM boric acid, and 0.5 mM
EDTA) for 1.5 h at 150 V. The gels were then vacuum-dried, exposed to a
phosphorscreen overnight, and quantitated using a Phosphorimager (Molecular

Dynamics, Sunnyvale, CA, U.S.A)).
Immunoblotting

Nuclear extracts (25 ug) were mixed with Laemmli sample buffer (2% sodium

dodecyl sulfate) and placed in a boiling water bath for 10 min. Proteins were resolved in
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7.5% sodium dodecyl sulfate polyacrylamide gels, transferred to nitrocellulose, and
incubated with polyclonal Egr-1, Egr-2, or Egr-3 antibody (1:1,000). Immunoblots were
developed using horseradish peroxidase-conjugated secondary antibody followed by
incubation in diaminobenzidine solution. Phosphotyrosine immunoblots were incubated
with polyclonal phospho-ERK1/2 or phospho-p38 antibody and were developed using
horseradish peroxidase-conjugated secondary antibody followed by enhanced

chemiluminescence.

Statistical analysis
All treatments were tested at least three times with separate batches of cells, and

statistical significance was determined by ANOVA using the INSTAT program.

RESULTS

Stimulation of muscarinic receptors increases Egr-1 DNA binding activity

To investigate the effects of cholinergic stimulation on Egr activation, DNA
binding activity was measured in nuclear extracts prepared from human neuroblastoma
SH-SYS5Y cells that had been treated with the cholinergic agonist carbachol (1 mM for 1
h). Carbachol treatment significantly increased Egr DNA binding activity (Fig. 1). An
antibody specific for Egr-1 completely supershifted the carbachol-stimulated band to one
of slower mobility, whereas antibodies specific for Egr-2 and Egr-3 only slightly
diminished the band intensity. Therefore, carbachol stimulated Egr DNA binding activity

in SH-SY3Y cells, and Egr-1 was the primary protein in the complex.
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FIG. 1. EMSA and supershift analysis of Egr DNA binding activity
in SH-SY3Y cells. SH-SYS3Y cells were treated without (Ctl) or with
I mM carbachol for | h. nuclear extracts from carbachol-treated cells
were preincubated with antibodies for Egr-1, Egr-2, or Egr-3, and
Egr DNA binding activity was measured using EMSA analysis as
described in Materials and Methods. Egr-1 DNA binding activity,
the supershifted (SS) band. and a nonspecific (ns) band are indicated

with arrows.
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Figure 2 shows the time course (15 min-6 h) of carbachol-stimulated Egr-1 DNA
binding activity. Stimulation of Egr-1 DNA binding activity was evident within 15 min
of treatment with carbachol, a maximal increase that was ~2,000% of control values was
maintained between 1 and 2 h of treatment, and this was followed by a rapid decline to
~500% of control following 3 h of treatment with carbachol. Preincubation with the
muscarinic antagonist atropine (10 pM) completely blocked carbachol-stimulated Egr-1
DNA binding activity, confirming that Egr-1 activated in response to carbachol was due
to stimulation of muscarinic receptors.

The relationship between Egr-l DNA binding and Egr-l1 protein levels was
examined by using quantitative immunoblots to determine the effects of carbachol on
Egr-1 protein levels. Carbachol treatment increased Egr-1 protein levels in whole-cell
lysates (data not shown) and in nuclear extracts (Fig. 3A and B), and the time course of
this increase paralleled that of Egr-1 DNA binding after carbachol treatment. Although a
labeled band corresponding to Egr-3 DNA binding activity was not observed in the
EMSAs, carbachol stimulated a large increase in the level of Egr-3 in nuclear extracts
(Fig. 3C). Egr-2 was not detected in immunoblots of nuclear extracts with or without
carbachol treatment (data not shown).

The concentration dependence of carbachol-stimulated Egr-1 DNA binding
activity was investigated in SH-SYSY cells. Preliminary experiments indicated that
maximal Egr-1 DNA binding activity was induced by carbachol concentrations between
10 and 100 pM; therefore, carbachol concentrations of 0.1, 1, 3, 10, and 100 uM were

used. These experiments revealed that the ECsy for carbachol-stimulated Egr-1 DNA
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FIG. 2. Time course of carbachol (Cb)-stimulated Egr-1 DNA binding
activity. Egr-1 DNA binding activity was measured by EMSA analysis
in nuclear extracts from SH-SYSY cells incubated with 1 mM carbachol
for 15. 30. 60, 120, 180, and 360 min. A: A representative EMSA of the
time course of Cb-stimulated Egr-1 DNA binding activity. Ctl, untreated
control. Also shown is a representative EMSA demonstrating that 10
uM atropine (Atr) blocked Cb-stimulated Egr-1 DNA binding activity
(measured 1 h after treatment). B: Quantitation of Egr-1 DNA binding
activity. Values are given as percentages of Egr-1 DNA binding activity
in Ctl cells. Data are mean + SEM (bars) values (n = 3). *p < 0.05
compared with Ctl cells.
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FIG. 3. Egr-1 protein levels increase after carbachol treatment.
Nuclear extracts were prepared from SH-SYS5Y cells treated with 1
mM carbachol for 0, 15, 30, 60, 120, or 180 min. A: A representative
immunoblot of carbachol-induced nuclear Egr-1 protein levels
compared with untreated control (Ctl) cells. B: Quantitation of
carbachol-stimulated Egr-1 protein levels in nuclear extracts. Data are
mean = SEM (bars) values (n = 4). *p < 0.05 compared with Ctl cells.
C: An immunoblot of carbachol-induced nuclear Egr-3 protein levels.
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binding activity was ~1 uM, and maximal stimulation was achieved following treatment

with ~10 pM carbachol (Fig. 4).

Signaling intermediates mediating carbachol-stimulated Egr-1 DNA binding activity

The roles of the second messengers produced by the muscarinic receptor-coupled
phosphoinositide signaling system were examined in the mediation of carbachol-
stimulated Egr-1 DNA binding activity and protein levels in SH-SYS5Y cells. The
involvement of protein kinase C, which is activated by stimulation of the
phosphoinositide signaling system, was investigated initially using the protein kinase C
activator PMA and the inhibitor GF109203X. Exposure of cells to 0.5 uM PMA for | h
resulted in a substantial increase in Egr-1 DNA binding activity, and this was completely
blocked by pretreatment (5 min) with 10 uM GF109203X (Fig. SA and B). GF109203X
also concentration-dependently decreased carbachol-induced Egr-1 DNA binding
activity, with the low concentration of 0.1 uM GF109203X causing a 45% inhibition of
the response to carbachol and 10 pM GF109203X causing complete blockade.
Immunoblots revealed that GF109203X also inhibited carbachol- and PMA-stimulated
increases in nuclear Egr-1 protein levels (Fig. 5C). Carbachol-induced increases in Egr-1
DNA binding activity also were reduced by other treatments that inhibit protein kinase C.
These include the selective inhibitors Ro31-8220 and G&66976, as well as down-
regulation of protein kinase C caused by a 24-h pretreatment with 1 uM PMA (Fig. SD).
The effects of PMA-induced down-regulation of protein kinase C are especially notable
because this treatment may be the most reliable for specifically reducing protein kinase C

activity, and it inhibited carbachol-stimulated Egr-1 DNA binding activity by 85 + 3% (n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(% control)

Egr-1 DNA binding activity

0.1 1 10 100
Carbachol (uM)

FIG. 4. Carbachol concentration-dependent stimulation of Egr-1 DNA
binding activity. Egr-1 DNA binding activity was measured by EMSA
analysis in nuclear extracts from SH-SYS5Y cells incubated with 0.1, 1,
3. 10, or 100 puM carbachol for 1 h. Values are given as percentages of
Egr-1 DNA binding activity in untreated cells (controls). Data are mean
+ SEM (bars) values (2= 3).
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FIG. 5. Inhibition of protein kinase C blocks carbachol- and PMA-induced Egr-1
DNA binding activity and increases nuclear Egr-1 protein levels. A-C: Egr-1
DNA binding activity and nuclear Egr-1 levels were examined by EMSA and
immunoblot analysis, respectively, in nuclear extracts prepared from SH-SY35Y
cells pretreated with 0, 1, 3, 10, or 30 uM GF109203X for 5 min followed by
incubation with 1 mM carbachol or 0.5 pM PMA for 1 h. A: A representative
EMSA of the inhibition by GF109203X of carbachol- and PMA-induced Egr-1
DNA binding activity. Ctl, untreated control. B: Quantitation of the effects of
GF109203X on carbachol-stimulated Egr-1 DNA binding activity. Values are
given as percentages of Egr-l DNA binding activity in cells treated with
carbachol alone. Data are mean + SEM (bars) values (n = 3-5). *p < 0.05
compared with carbachol-stimulated Egr-1 DNA binding activity. C: A
representative immunoblot demonstrating the inhibition by GF109203X of
carbachol- and PMA-induced nuclear Egr-1 protein levels. D: Egr-1 DNA
binding activity was measured in cells treated with the protein kinase C inhibitors
R031-8220 (Ro31; 15 min) or G66976 (15 min) at 3 and 10 pM or after protein
kinase C down-regulation induced by a 24-h treatment with 1 pAM PMA, followed
by incubation with 1 mM carbachol (1 h).
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=5). These findings demonstrate that protein kinase C activity is necessary for carbachol-
stimulated Egr-1 DNA binding activity.

The role of calcium was examined in the Egr-1 response to carbachol treatment
because intracellular calcium concentrations are increased following stimulation of the
phosphoinositide signaling system. As shown in Fig. 6, preincubation of SH-SY3Y cells
with BAPTA-AM (20 uM) caused a 35% reduction in carbachol-induced Egr-1 DNA
binding activity. Also, pretreatment with dantrolene (1 uM), an inhibitor of calcium
release from the endoplasmic reticulum, had no effect on the Egr-1 response.
Pretreatment with nickel chloride (2 mM), an inhibitor of agonist-induced calcium influx,
or KN-62, an inhibitor of calcium/calmodulin-dependent kinase II, caused 25-32%
reductions in carbachol-induced Egr-1 DNA binding activity. These results indicate that
an increased intracellular calcium is necessary for optimal activation of Egr-1 by
carbachol, although this response demonstrated a greater dependence on protein kinase C
activity.

The involvement of protein tyrosine kinase activity and mitogen-activated protein
(MAP) kinases in the Egr-1 response to carbachol was examined using selective protein
kinase inhibitors. The tyrosine kinase inhibitor genistein (100 pM for 10 min)
significantly attenuated carbachol-stimulated Egr-1 DNA binding activity (Fig. 7A).
PD098059 is an inhibitor of MAP kinase kinasel/2 (MEK1/2), which activates
extracellular-related-kinases 1 and 2 (ERK1/2). Examination of the inhibition of ERK1/2
activation by 10, 25, and 50 uM PD098059 revealed that 50 uM PD098059 was
necessary to obtain substantial inhibition (Fig. 7B) and 50 pM PD098059 caused a 60%

inhibition of carbachol-stimulated Egr-1 DNA binding activity. However, pretreatment
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FIG. 6. Effects of calcium modulators on carbachol-stimulated Egr-1
DNA binding activity. Egr-1 DNA binding activity was measured in
nuclear extracts from SH-SYS5Y cells preincubated with 20 pM BAPTA-
AM (BAPTA; for 30 min), | pM dantrolene (Dant; for 10 min), 2 mM

nickel (NiCl; for 10 min), or 30 pM KN-62 (for 10 min), followed by
incubation with carbachol (1 mA for 1 h). Values are given as percentages

of Egr-1 DNA binding activity in carbachol-treated cells. Data are mean +
SEM (bars) values (n = 3). *p < 0.05 compared with carbachol-stimulated
Egr-1 DNA binding activity.
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FIG. 7. Signaling intermediates mediating carbachol-stimulated Egr-
1 DNA binding activity. A: Egr-1 DNA binding activity was
measured by EMSA analysis in nuclear extracts from SH-SYSY cells
pretreated for 10 min with 100 puM genistein (Gen), 50 uM
PD098059 (PD), or 20 uM SB203580 (SB) followed by incubation
with | mM carbachol for 1 h. Values are given as percentages of Egr-
1 DNA binding activity in carbachol-treated cells. Data are mean *
SEM (bars) values (n = 3-5) *p < 0.05 compared with carbachol-
stimulated Egr-1 DNA binding activity. B: A representative
immunoblot (n = 3-4) of ERK1/2 phosphotyrosine immunoreactivity
measured in cell lysates from cells pretreated with 0, 10, 25, or 50
uM PD (for 30 min) followed by incubation with 1 mM carbachol for
15 min. Ctl. untreated control.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

27



28

with SB203580 (20 uM for 10 min), an inhibitor of p38, had no effect on carbachol-
stimulated Egr-1 DNA binding activity. These findings indicate that ERK1/2 activation

is necessary for full muscarinic-receptor stimulated activation of Egr-1.

Chronic sodium valproate treatment inhibits stimulated Egr-1 DNA binding activity

The effects of chronic (7-day) pretreatment with therapeutically relevant
concentrations of lithium, carbamazepine, or sodium valproate on carbachol-stimulated
Egr-1 DNA binding activity were examined. Chronic treatment with lithium (1 mM) or
carbamazepine (0.05 mM/) did not alter carbachol-stimulated Egr-1 DNA binding activity
(Fig. 8). However, chronic treatment with sodium valproate (0.5 mM) caused a large
inhibition (60 + 5%) of carbachol-stimulated Egr-1 DNA binding activity. This was not
due to a direct effect of sodium valproate on DNA binding by Egr-1 because inclusion of
0.5 mM valproate in the binding assay with nuclear extracts from carbachol-treated cells
did not alter Egr-1 DNA binding (data not shown). As expected from the EMSA results,
neither pretreatment with neither lithium nor carbamazepine altered carbachol-stimulated
increases in Egr-1 protein levels in nuclear extracts (data not shown). Unexpectedly,
however, sodium valproate treatment also did not affect increases in the nuclear Egr-1
protein levels induced by carbachol in the same samples in which valproate drastically
reduced Egr-1 DNA binding activity (Fig. 9A).

Because protein kinase C was found to play a predominant role in mediating
carbachol-stimulated activation of Egr-1 DNA binding activity, the effects of sodium

valproate were tested on protein kinase C-activated Egr-1 to determine if its inhibitory
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FIG. 8. Effects of chronic treatment with lithium (Li), carbamazepine
(CBZ). or sodium valproate (VPA) on carbachol-stimulated Egr-1 DNA
binding activity. Egr-1 DNA binding activity was measured in nuclear
extracts from SH-SYS5Y cells treated with 100 pM carbachol with or
without 7-day pretreatments with Li, CBZ, or VPA. Values are given as
percentages of Egr-1 DNA binding activity stimulated by carbachol in
cells not treated with antibipolar drugs. Data are mean + SEM (bars)
values (n = 3). *p < 0.05 compared with carbachol-stimulated Egr-1 DNA
binding activity.
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FIG. 9. Effects of chronic sodium valproate (VPA) treatment on
carbachol (Cb)-induced nuclear Egr-1 protein levels and PMA-
induced Egr-1 DNA binding activity and nuclear protein levels.
Egr-1 DNA binding activity and nuclear Egr-1 levels were
measured by EMSA and immunoblot analysis, respectively, in
SH-SYSY cells treated chronically with VPA. A: A
representative immunoblot (n = 3) of nuclear Egr-1 levels from
untreated control (Ctl) cells or cells pretreated with 0.5 mM VPA
for 7 days followed by incubation with | mM Cb for 1 h. B and
C: A representative EMSA (n = 4) and immunoblot (n = 3),
respectively, of Ctl cells compared with cells pretreated with 0.5
mM VPA for 7 days followed by incubation with 0.5 uM PMA
for 1 h.
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effect on carbachol-stimulated Egr-1 DNA binding activity was targeted upstream or
downstream of protein kinase C. Chronic valproate treatment (0.5 mM for 7 days)
reduced PMA-induced Egr-1 DNA binding activity by 50 + 6% (Fig. 9B). However,
similar to results obtained for carbachol-stimulated Egr-1, valproate did not alter PMA-
induced nuclear Egr-1 protein levels (Fig. 9C).

To determine if valproate inhibited carbachol-stimulated Egr-1 DNA binding
activity upstream or downstream of MAP kinases, the phosphotyrosine
immunoreactivities of ERK1/2 and p38 were examined. Treatment with carbachol
stimulated large increases in the phosphotyrosine immunoreactivities of ERK1/2, a
response that was unaltered by chronic valproate treatment, and p38, which was
significantly increased in cells treated chronically with valproate (Fig. 10). Thus, the
inhibition by sodium valproate of carbachol-stimulated Egr-1 DNA binding activity
cannot be attributed to an inhibitory effect of valproate on the activation of ERK1/2 or

p38.

DISCUSSION
Transcription factors are pivotal in cell signaling processes, relaying signals
generated by extracellular agents to the nucleus to regulate gene expression. Egr-1 is one
of a limited number of transcription factors encoded by immediate early genes that can be
activated very rapidly (Beckmann and Wilce, 1997; O'Donovan et al., 1999), and it has
been shown to be linked to synaptic activity and neural plasticity (Worley et al., 1991,
Fordyce et al.,, 1994). The present study demonstrated that muscarinic receptor

stimulation induces a rapid and robust increase in Egr-1 protein levels and Egr-1 DNA
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FIG. 10. Effect of chronic valproate (VPA) treatment on
ERK1/2 and p38 phosphotyrosine immunoreactivities. ERK1/2
and p38 phosphotyrosine immunoreactivities were measured by
immunoblot analysis of cell lysates prepared from SH-SYSY
cells pretreated with 0.5 mM VPA for 7 days followed by
incubation with 1 mA/ carbachol (Cb) for 15 min. Chronic VPA
treatment did not significantly alter activation of ERK1/2, but the
carbachol-stimulated increase in p38  phosphotyrosine
immunoreactivity was 112% greater (p < 0.05; n = 5) after
treatment with chronic sodium VPA. Ctl, untreated control.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

32



33

binding activity and that this stimulation is dependent on the activation of protein kinase
C, increased intracellular calcium, tyrosine kinase activity, and the MAP kinase signaling
cascade. Furthermore, a therapeutically relevant pretreatment with sodium valproate was
found to drastically inhibit stimulated Egr-1 DNA binding activity.

Muscarinic receptor stimulation has been reported to induce Egr-1 mRNA levels
in rat astrocytes (Arenander et al., 1989), PC12 cells (Altin et al., 1991), NG108-15 cells
(Katayama et al., 1993), receptor-transfected NIH 3T3 cells (Coso et al., 1995), PC12D
cells (Ebihara and Saffen, 1997), and receptor-transfected HEK293 cells (von der
Kammer et al., 1998). The present study demonstrated that the time course of muscarinic
receptor-stimulated increases in Egr-1 protein levels and DNA binding activity was more
prolonged than that of previously reported increases in Egr-1 mRNA levels. For
example, in astrocytes, PC12D cells. and NIH 3T3 cells, muscarinic receptor stimulation
increased the Egr-1 mRNA level maximally after | h, but within 2 h it had returned to the
basal level (Arenander et al., 1989: Coso et al., 1995; Ebihara and Saffen., 1997). In
contrast, it is evident that a much longer functional response was attained by muscarinic
receptor stimulation, as Egr-1 DNA binding activity remained significantly elevated for
at least 6 h in carbachol-stimulated SH-SY5Y cells. Thus, muscarinic receptor
stimulation causes a rapid and long-lasting activation of Egr-1.

The signaling intermediates involved in muscarinic receptor stimulation of Egr-1
have not been definitively established. Muscarinic receptor stimulation of Egr-1 mRNA
levels was reported to require protein kinase C activation (Altin et al., 1991, Coso et al.,
1995, Ebihara and Saffen, 1997) and the influx of extracellular calcium (Ebihara and

Saffen, 1997). von der Kammer et al. (1998) found that carbachol-stimulated Egr-1
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mRNA and protein levels both are at least partially dependent on protein kinase C
activation. In agreement with this, the protein kinase C inhibitor GF109203X potently
inhibited carbachol-induced increases in Egr-1 protein levels, and this paralleled the
inhibition of carbachol-stimulated Egr-1 DNA binding activity. Other inhibitors of
protein kinase C also blocked activation of Egr-1 stimulated by carbachol, with PMA-
induced down-regulation of protein kinase C causing almost complete inhibition of this
response. Increases in intracellular calcium also were necessary for optimal activation of
Egr-1, but this response was less dependent on calcium than on protein kinase C, as
maximal reductions of 25-35% were obtained with calcium inhibitors. Although
inhibition of calcium/calmodulin-dependent kinase II by KN-62 was reported to block
calcium-induced Egr-1 mRNA expression in PC12 cells (Enslen and Soderling, 1994)
and in ELM-I-1 cells (Schaefer et al., 1998), KN-62 reduced carbachol-stimulated Egr-1
DNA binding activity by 25%. These results indicate that muscarinic receptor
stimulation of Egr-1 DNA binding activity and nuclear protein levels is highly dependent
on protein kinase C activation, but less dependent on calcium mobilization, in human
neuroblastoma SH-SY3Y cells.

Muscarinic receptor stimulation activates multiple intermediary kinases, such as
MEK, ERK1/2, and p38 (Gutkind, 1998). The tyrosine kinase inhibitor genistein reduced
carbachol-stimulated Egr-1 DNA binding activity, demonstrating the necessity for
tyrosine kinase activation in muscarinic receptor-linked activation of Egr-1. This is in
accordance with a study by Humblot et al. (1997) demonstrating that increased Egr-1
mRNA levels and DNA binding activity in response to stimulation of SHT. receptors,

which are coupled to the phosphoinositide signal transduction system, require protein
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tyrosine kinase activity in PC12 cells. PD098059, an inhibitor of MEK1/2, recently was
reported to attenuate growth hormone-induced Egr-1 gene expression in 3T3-F442A cells
(Hodge et al., 1998) and inhibited lysophosphatidic acid-induced Egr-1 mRNA
expression in rat mesangial cells (Reiser et al.,, 1998). In SH-SYSY cells, PD098059
significantly reduced carbachol-stimulated Egr-1 DNA binding activity and nuclear
protein levels. SB203580, an inhibitor of p38, reduced anisomycin-induced Egr-1
mRNA expression in NIH3T3 cells (Lim et al, 1998) but had no effect on
lysophosphatidic acid-induced Egr-1 mRNA levels in PC12 cells (Hodge et al., 1998) or
on carbachol-stimulated Egr-l DNA binding activity or nuclear protein levels in this
study. Taken together, these results indicate that activation of MEK1/2, which is coupled
to activation of ERK1/2, but not of p38 kinase, is required for stimulation of Egr-1 DNA
binding activity in response to carbachol in human neuroblastoma SH-SYS5Y cells.
Evidence obtained during the last few years indicates that modulation of signaling
cascades, transcription factor activities, and gene expression may contribute to the
therapeutic effects of drugs used to treat bipolar disorder, which include lithium, sodium
valproate, and carbamazepine (Jope, 1999). Although inhibitory actions of these drugs
on transcription factors (predominantly AP-1) have been reported, as described in the
introductory section, no reports have appeared concerning activation of Egr-1 or direct
receptor-coupled activation of any transcription factor after chronic administration of any
of these agents, although chronic administration is necessary for therapeutic responses.
This study found that chronic treatment with a therapeutically relevant concentration of
sodium valproate greatly reduced carbachol-induced Egr-1 DNA binding activity, which

is in marked contrast to the lack of effects of lithium or carbamazepine. Furthermore, a
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novel inhibitory mechanism accounted for this effect of valproate, as it did not inhibit the
signaling cascade originating at the muscarinic receptor and encompassing activation of
protein kinase C and ERK1/2, which led to increased levels of Egr-1 protein, but the
functional DNA binding activity of Egr-1 following stimulation of muscarinic receptors
or of protein kinase C was markedly inhibited. Although the mechanisms that regulate
the competency of Egr-1 binding to DNA remain to be identified, this effect of valproate
provides a precise mechanism whereby Egr-1 activity can be regulated by valproate in
isolation from other downstream effectors of the muscarinic receptor-coupled signaling
cascades.

Although activation of muscarinic receptors linked to the phosphoinositide signal
transduction system stimulates both AP-1 and Egr-1 DNA binding activities in SH-SY5Y
cells, some intriguing differences in the signaling cascades and regulation of these
responses have been revealed. Identical treatments with nickel, which blocks the plateau
phase of carbachol-induced increases in intracellular calcium, or KN-62, an inhibitor of
calcium’/calmodulin kinase II, cause at least twice as great an inhibition of carbachol-
induced AP-1 than of Egr-1 DNA binding activity (Jope and Song 1997; Pacheco and
Jope, 1998). Thus activation of Egr-1 appears less dependent than that of AP-1 on the
calcium arm of the phosphoinositide signaling system in SH-SYS5Y cells. These findings
are in accordance with a previous report that muscarinic receptor-coupled activation of c-
Jun kinase displayed a much greater dependence on modulation by increased intracellular
calcium than did activation of ERK1/2 (Mitchell et al., 1995). Also, whereas 7 days of
treatment with sodium valproate greatly diminished carbachol-induced Egr-1 DNA

binding activity, but lithium and carbamazepine were ineffective, carbachol-induced AP-
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1 DNA binding activity was unaffected by 7 days of treatment with sodium valproate but
was inhibited by > 50% by 7 days of treatment with lithium or carbamazepine (Pacheco
and Jope, 1998). Thus, the three bipolar disorder therapeutic agents each inhibit
muscarinic receptor-mediated transcription factor activation but with varying selectivities
for Egr-1 and AP-1.

In conclusion, this study presents two novel findings concerning Egr-1 activation.
First, the results define a signaling pathway of muscarinic receptor stimulation leading to
Egr-1 activation that primarily comprises protein kinase C, MEK1/2, and ERKI1/2.
Second, the data provide the first evidence that the antibipolar agent sodium valproate
substantially attenuates carbachol-stimulated Egr-1 DNA binding activity and that this
inhibition occurs through a novel mechanism other than reducing nuclear Egr-1 protein
levels. Clearly, the robust Egr-1 activation in response to muscarinic receptor stimulation
points to Egr-1 as a significant downstream target of this pathway. Also, the substantial
inhibition of muscarinic receptor-stimulated Egr-1 DNA binding activity by therapeutic
concentrations of sodium valproate provides an effect of valproate that may be relevant to

its therapeutic mechanism of action in bipolar disorder.
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ABSTRACT

Glycogen synthase kinase-3f (GSK3B) is a fascinating enzyme with an
astoundingly diverse number of actions in intracellular signaling systems. GSK3p
activity is regulated by serine (inhibitory) and tyrosine (stimulatory) phosphorylation, by
protein complex formation, and by its intracellular localization. GSK3p phosphorylates
and thereby regulates the functions of many metabolic, signaling, and structural proteins.
Notable among the signaling proteins regulated by GSK3p are the many transcription
factors, including activator protein-1, cyclic AMP response element binding protein, heat
shock factor-1. nuclear factor of activated T cells, Myc, B-catenin, CCAAT/enhancer
binding protein, and NFkB. Lithium, the primary therapeutic agent for bipolar mood
disorder. is a selective inhibitor of GSK3. This raises the possibility that dysregulation
of GSK3 and its inhibition by lithium may contribute to the disorder and its treatment,
respectively. GSK3P has been linked to all of the primary abnormalities associated with
Alzheimer's disease. These include interactions between GSK3@ and components of the
plaque-producing amyloid system; the participation of GSK3p in phosphorylating the
microtubule-binding protein tau, which may contribute to the formation of neurofibrillary
tangles; and interactions of GSK3B with presenilin and other Alzheimer's disease-
associated proteins. GSK3B also regulates cell survival, as it facilitates a variety of
apoptotic mechanisms, and lithium provides protection from many insults. Thus, GSK3f3
has a central role regulating neuronal plasticity, gene expression, and cell survival and

may be a key component of certain psychiatric and neurodegenerative diseases.
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INTRODUCTION

Glvcogen synthase kinase-3f (GSK3B) was named for its ability to
phosphorylate, and thereby inactivate, glycogen synthase, a key regulatory process in the
synthesis of glycogen. With such an inauspicious beginning and moniker, it has come as
some surprise to find that GSK3p is a critical central figure in many cellular signaling
pathways. Now it is known that GSK3p is an important component of signaling systems
coupled to receptors for insulin, a variety of growth factors and neurotrophins, and other
signaling molecules. However, GSK3p is not only a key component of these signaling
systems, but GSK3 is also a critically important regulator of several transcription factors
which, in turn, can affect the control of the expression of numerous genes. Furthermore,
the control of GSK3f activity is an important component in the regulation of complex
functions, encompassing a wide range from survival at the cellular level to mood and
cognition at the organism level. These actions, along with further evidence, have
implicated the involvement of dysregulated GSK3p activity in certain psychiatric
diseases, such as bipolar mood disorder, and neurodegenerative diseases, such as
Alzheimer's disease. Thus, in spite of its inauspicious name, GSK3p is a fascinating
enzyme that plays crucial roles in many major signaling processes that are involved in
key functions of the brain and are associated with dysfunction in some major diseases of
the central nervous system. This review focuses on recent developments in the
understanding of GSK3f with an emphasis on processes likely to be important to

neuronal function.
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GSK3p

There are two highly homologous forms of mammalian GSK3, GSK3a and
GSK3pB (Woodgett, 1990). GSK3f, the smaller of the two proteins, consists of 482
amino acids with a molecular weight of 46,712 Da and contains a central protein kinase
catalytic domain (Woodgett, 1991). An elegant historical synopsis of the discovery,
cloning, and characterization of GSK3p is found in a review by Plyte et al. (1992). These
authors also reported that GSK3p is ubiquitous throughout the animal kingdom (Plyte et
al., 1992). Although GSK-3p was originally isolated from skeletal muscle (Embi et al.,

1980; Rylatt et al., 1980), the enzyme is widely expressed in all tissues, with particularly

abundant levels in brain (Woodgett, 1990). Leroy and Brion (1999) observed that in the
developing rat brain, GSK3 is particularly abundant in neurons relative to astrocytes and
that GSK3p levels decrease significantly after postnatal day 20, which correlates
temporally with the completion of dendrite extension and synapse formation.
Furthermore, the same study showed widespread expression of GSK3p in the adult brain,
suggesting a fundamental role for GSK3f in neuronal signaling pathways (Leroy and
Brion, 1999). The high degree of conservation of GSK3p throughout evolution, taken
together with the abundant expression of GSK3B in brain, denote a fundamental role for
GSK3p in intracellular neuronal signaling systems, and further studies implicate altered
GSK3p function in neuronal dysfunction and disease, concepts that are discussed further
in this review.

An intriguing characteristic of GSK3f involves its requirements for substrate

recognition. There is not a strict consensus motif for substrate phosphorylation by
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GSK3p, but many GSK3p substrates require prior phosphorylation by a priming kinase
to form the motif —S-X-X-X-5(P)- before phosphorylation by GSK3p is possible. For
these target proteins, phosphorylation by GSK3pB is considered hierarchical, in that
GSK3p uses a phosphate as part of its recognition requirement (DePaoli-Roach, 1984;
Fiol et al, 1988). One example of this hierarchical phosphorylation is the
phosphorylation of glycogen synthase by GSK3p (reviewed in Roach, 1990).
Dephosphorylated glycogen synthase is not a substrate for GSK3p until it is first
phosphorylated by casein kinase II. This primary phosphorylation forms a recognition
site for GSK3p, which then phosphorylates four serine residues on glycogen synthase,
inhibiting its activity (DePaoli-Roach, 1984; Fiol et al., 1988; Roach, 1990). Hierarchical
phosphorylation provides complex regulation at multiple levels because at least two
kinases are involved and sequentially ordered phosphorylation is necessary. However,
not all substrates require prior phosphorylation for recognition by GSK3p, including
members of the myc family of transcription factors. This category of substrates are
thought to contain multiple acidic residues that are recognized by GSK3p. thus negating

the necessity of phosphorylated amino acids (Fiol et al., 1988).

REGULATION OF GSK3p
GSK3B is subject to multiple regulatory mechanisms. Although phosphorylation
is the most widely studied mechanism of GSK3f regulation, protein complex formation,
intracellular localization, and mood-stabilizing drugs have also been shown to influence
GSK3p activity. Such complex regulatory mechanisms are necessary for an enzyme that

modifies multiple and diverse substrates, including metabolic, signaling, and structural
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proteins and transcription factors, and influences consequential cellular processes such as

gene expression and cell viability.

Inactivarion of GSK3f by serine phosphorylation

The activity of GSK3 can be reduced by phosphorylation of Serine-9 (reviewed
in Plyte et al., 1992). Several kinases have been found to be capable of mediating this
modification, including p70 S6 kinase, p90Rsk (also called MAPKAP kinase-1), Akt
(also called protein kinase B), certain isoforms of protein kinase C, and cyclic AMP-
dependent protein kinase (protein kinase A). Much research has been directed toward
identifying which receptor-coupled signaling systems use each of these kinases to control
GSK3p activity. Many of these interactions are summarized in Fig. 1. As discussed in
later sections of this article, the inhibitory control of GSK3p by serine-9 phosphorylation
is a critical factor in many receptor-coupled signaling processes, in the antiapoptotic
actions of the Akt signaling pathway, and in certain diseases.

In the first investigations of GSK3p phosphorylation, Sutherland et al. (1993)
reported that p90Rsk and p70 S6 kinase could phosphorylate and inactivate GSK3f in
vitro. Furthermore, they reported that GSK3p inhibited by phosphorylation could be re-
activated with protein phosphatase 2A (Sutherland et al., 1993). Further investigations
have substantiated the regulatory role of p90Rsk in controlling GSK3f activity, but the
influence of p70 S6 kinase remains unclear. Stambolic and Woodgett (1994) found that
GSK3p expressed in HeLa cells was phosphorylated on serine-9 by activation of p90Rsk,

and Saito et al. (1994) also concluded that p90Rsk, but not p70 S6 kinase or protein
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FIG. 1. Phosphorylation-dependent inhibition of GSK3B. Phosphorylation of
serine-9 of GSK3B inhibits its activity. Some of the kinases able to
phosphorylate this site on GSK3p. and stimuli leading to activation of those
kinases, are depicted.
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kinase C, was responsible for the phosphorylation of GSK3pB induced by epidermal
growth factor (EGF) in human epidermoid A431 cells.

[nsulin treatment inactivates GSK3p, an effect that is associated with serine-9
phosphorylation of GSK3p, and Akt was identified as the major kinase mediating this
response to insulin (Cross et al., 1995), as summarized in Fig. 2. Akt is activated by a
signaling cascade involving phosphatidylinositol 3-kinase (PI3K), 3-phosphoinositide-
dependent kinase-1, and probably other kinases as well, notably integrin-linked kinase,
which may also directly phosphorylate GSK3p (Delcommenne et al., 1998). Stimulation
of certain receptors, such as the insulin receptor, activates this signaling cascade, leading
to activation of Akt, which is associated with increased phosphorylation of serine-473
and threonine-308 of Akt (Alessi et al., 1996). After the seminal findings of Cross et al.
(1995), the insulin-induced 1nactivation of GSK3p in myoblasts (Hurel et al., 1996) and
rat epididymal fat cells (Moule et al,, 1997) also was found to be associated with
activation of Akt. Shaw et al. (1997) reported that Akt could phosphorylate serine-9 of
GSK3f in intact cells and concluded that this was the mechanism by which insulin
inhibits the activity of GSK3p. van Weeren et al. (1998) extended the finding that Akt
phosphorylates and inactivates GSK3p after insulin treatment by also showing a direct
interaction between the two proteins, indicating that this is a direct, not indirect,
regulation of GSK3p by Akt. Overall, substantial evidence supports the conclusion that

insulin causes inhibition of GSK3p and that this is mediated by direct phosphorylation by

Akt.
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FIG. 2. Scheme of pathway mediating insulin-induced inactivation of GSK3p.
Insulin initiates a signaling cascade that results in Akt-induced phosphorylation
and inactivation of GSK3p.
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Several other stimuli have been demonstrated to cause inhibition of GSK3p, with

some indications that Akt mediates this effect. Insulin-like growth factor-1 (IGF-1)
inhibits GSK3f through increased serine-9 phosphorylation in a PI3K-dependent manner
in cultured cerebellar granule cells (Cui et al., 1998) and primary cultured neurons
(Quevedo et al., 2000), thus resembling the signaling induced by insulin. However, in
hepatocytes, Park et al. (1999) noted differences in the signaling induced by insulin and
by IGF-1 that leads to inhibition of GSK3p, as both activated Akt to the same extent but
IGF-1 caused less inhibition of GSK3f. Thus, Park et al. (1999) concluded that activation
of Akt is necessary, but not sufficient, to inactivate GSK3B. Nerve growth factor
treatment of PC12 cells also inhibited GSK3p activity through a PI3K-dependent
mechanism, implicating Akt as the mediating kinase (Pap and Cooper, 1998). Endothelin-
| inhibited GSK3p through serine-9 phosphorylation in a PI3K-dependent manner in
myocytes (Haq et al., 2000). Activation of Akt and inhibition of GSK3 was also caused
by EGF treatment of muscle cells (Halse et al., 1999) as opposed to the signaling
activated by EGF in NIH 3T3 cells that involves p90Rsk (Eldar-Finkelman et al., 1995),
which led Halse et al. (1999) to discuss a variety of mechanisms that may account for the
different responses induced by EGF in different cell systems. In rat epididymal fat cells,
isoproterenol acting primarily through P3-adrenoreceptors activated Akt and inhibited
GSK3 activity, but these responses were insensitive to inhibitors of PI3K, indicating that
another mechanism for activating Akt was used (Moule et al., 1997). Isoproterenol-
stimulated 3-adrenergic receptors also increased serine-9 phosphorylation of GSK3p, and

reduced its activity, in myocytes (Morisco et al., 2000). Thus, a variety of reports indicate
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that other stimuli in addition to insulin also utilize Akt to inhibit GSK3p, but PI3K-
dependent and -independent mechanisms appear to couple different receptors to Akt.

Cell stressors can modulate the activity of GSK3f, as both heat shock and
oxidative stress can cause inhibition of GSK38. Some studies (Lin et al., 1997; Shaw et
al., 1998; Bijur and Jope, 2000), but not all (Konishi et al., 1996), indicated that heat
shock activates Akt through PI3K activation, and the PI3K-dependent Akt activation has
been linked to inhibition of GSK3p (Shaw et al., 1998). However, in HeLa cells, heat
shock did not lower GSK3p activity, but there was a dramatic rise in GSK3f activity
during recovery at 37°C following transient heat shock through an unknown mechanism
(He et al.,, 1998). Xavier et al. (2000) also observed heat shock-induced activation of
GSK3B in Xenopus oocytes. H,O, was reported to reduce the activity of GSK3p in a
PI3K-dependent manner, which implicates Akt as the mediating kinase (Blair et al.,
1999). Exposure of cells to the neurotoxic Alzheimer's disease-associated AP peptide has
been reported to increase GSK3B-mediated phosphorylation (Takashima et al., 1995,
1998a), apparently due to an inhibitory effect of AP on PI3K leading to activation of
GSK3p (Takashima et al., 1996). Stress-induced regulation of GSK3p appears to be an
important mechanism in cellular signaling necessary for survival from potentially lethal
insults but much still remains to be learned about this potentially important cellular
response to stress.

In addition to p90Rsk and Akt, protein kinase A, and certain isoforms of protein
kinase C also increase serine-9 phosphorylation of GSK38, resulting in inhibition of
activity. Fang et al. (2000) recently found that activation of protein kinase A directly

phosphorylated serine-9 of GSK3f. Goode et al. (1992) reported that several isoforms of
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protein kinase C (o, BI, BII, y, not €) phosphorylated and inactivated GSK3p. Protein
kinase C has been implicated in wnt/Wingless signaling-induced inhibition of GSK3p3
(Cook et al., 1996). Tsujio et al. (2000) made the interesting observation that apoptosis-
linked partial proteolysis of protein kinase C-8 produced an active fragment that was
capable of phosphorylating and inhibiting GSK3B. Thus, although protein kinase C is
potentially a major regulator of GSK3f, this action has not yet been thoroughly
investigated.

Taken together, these investigations reveal that there are multiple mechanisms
that can regulate the inactivation of GSK3p via serine-9 phosphorylation. Although the
PI3K’/Akt pathway may predominate in inhibiting GSK3 in many situations, it appears
that different signaling mechanisms regulate the inactivation of GSK3f3 dependent on
both the type of receptor activated or stimulus applied, and on the cell type. Much still
remains to be learned about the systems that inhibit GSK3p by serine-9 phosphorylation,
and, notably, very little is known about the reactivation of GSK3B by phosphatase-

mediated dephosphorylation of serine-9.

Activation of GSK33 by tyrosine phosphorylation

In opposition to the inhibitory modulation of GSK3p that occurs by serine
phosphorylation, tyrosine phosphorylation of GSK3f increases the enzyme’s activity, as
depicted in Fig. 3. Hughes et al. (1993) found that GSK3B in vivo is tyrosine
phosphorylated and that its activity is dependent on tyrosine phosphorylation on tyrosine-
216. This conclusion was supported by Wang et al. (1994a), who also provided evidence

for autophosphorylation of this site. Murai et al. (1996) found that the tyrosine
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phosphorylation, and thus activity, of GSK3p is regulated by intracellular signaling
systems. Treatment of cells with insulin or EGF, or direct activation of protein kinase C
with a phorbol ester, decreased both the activity and tyrosine phosphorylation of GSK38,
suggesting that these agents stimulated the action of a phosphotyrosine phosphatase
acting on GSK3f (Murai et al., 1996). However, these results were contradicted by Shaw
et al. (1997), who found that the insulin-induced decrease in GSK3f activity was solely
due to increased serine-9 phosphorylation and not to decreased tyrosine phosphorylation.

Several recent studies have begun to clarify further the cellular signaling systems
that affect GSK3p activity by regulating its tyrosine phosphorylation. In Dictyostelium,
Kim et al. (1999) reported that the tyrosine kinase ZAKI1 increases GSK3p activity,
likely as the result of direct tyrosine phosphorylation. Lesort et al. (1999b) reported the
novel finding that Fyn, a member of the src tyrosine kinase family, may directly tyrosine
phosphorylate, and thereby activate, GSK3B. The tyrosine phosphorylation of GSK3p
also was recently found to be increased by transient, physiologically relevant, increases in
intracellular calcium concentrations (Hartigan and Johnson, 1999). Several proapoptotic
stimuli recently were found to increase the activity and tyrosine-216 phosphorylation of
GSK3B (Bhat et al., 2000), but the kinase mediating this modification was not
investigated.

Overall, although studies of the tyrosine phosphorylation of GSK3p are relatively
sparse, it is evident that this plays an important role in regulating the activity of GSK3p.
In particular, the recent revelations that a member of the src tyrosine kinase family

(Lesort et al., 1999b) and that calcium transients (Hartigan and Johnson, 1999) participate
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in regulating the tyrosine phosphorylation of GSK3p indicate that this modulatory
mechanism may participate in many intracellular signaling cascades that involve these

regulators.

Regulation of GSK3p by protein complex formation and intracellular localization

One of the newer mechanisms that has been found to be important in the
regulation of GSK3p activity and is currently under intense scrutiny is modulation by
protein complex formation mediated by GSK3f binding proteins. These include such
proteins as GSK3p binding protein (GBP) (Yost et al., 1998), Axin (Ikeda et al., 1998;
Yamamoto et al., 1999) and the Axin-related protein named both Axil (Yamamoto et al.,
1998) and Conductin (Behrens et al., 1998). Interactions of these proteins with GSK3p
are depicted in Fig. 4.

GBP was discovered in a two-hybrid screen for GSK3B-binding proteins in
Xenopus (Yost et al., 1998). GBP represents the prototype of a family of GSK3B-binding
proteins, which presently is known to include Frat 1 and 2 (Jonkers et al., 1997; Li et al,,
1999; Thomas et al., 1999), which inhibit GSK3p activity by forming protein complexes
(Yost et al., 1998). This mechanism was shown to allow local inhibition of GSK3p,
leading to stabilization of B-catenin levels due to reduced GSK3p-facilitated degradation
of B-catenin, a necessary step in embryo development (Yost et al., 1998; Farr et al.,
2000). An important property of GSK3 bound to GBP was also revealed by the finding
that GBP did not inhibit the catalytic activity of GSK3p, leaving it able to phosphorylate

a peptide substrate, but GBP binding inhibited GSK3p-mediated phosphorylation of the
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FIG. 4. Regulation of GSK3p by protein complex formation. Axin acts as a scaffold
bringing together GSK3f with substrates such as B-catenin and APC. GBP and Frat 1
and 2 bind GSK3 to inhibit its activity, a process facilitated by Dvl.
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intact tau protein, possibly due to steric hindrance, indicating that the widespread use of
peptide substrates to measure the activity of GSK3pB may not detect the actual ability of
GSK3p to phosphorylate intact proteins (Farr et al., 2000). Additional evidence indicates
that binding of GBP family members to GSK3p limits the phosphorylating activity of
GSK3p toward only some, not all, substrates, and the intriguing idea was proposed that
the inhibition was primarily of substrates that do not require a priming pre-
phosphorylation event necessary for GSK3p-mediated phosphorylation (Thomas et al.,
1999). Overall, it is apparent from these initial studies that complex formation between
GSK3p and proteins in the GBP family is an important mechanism for the inhibitory
control of GSK3p activity, and further studies in this newly emerging field will surely
reveal further intricacies about this relationship.

Opposite to the inhibitory effect of complex formation with GBP, GSK3p activity
is enhanced by binding to Axin, which is both a substrate for phosphorylation by GSK38
and enhances GSK3f-induced phosphorylation of B-catenin (Hart et al., 1998; [keda et
al., 1998; Itoh et al., 1998; Kishida et al., 1998; Nakamura et al., 1998; Sakanaka et al.,
1998; Hedgepeth et al., 1999; Yamamoto et al., 1999). These studies demonstrated that
Axin, the adenomatous polyposis coli gene product (APC), GSK38, and B-catenin form a
tetrameric complex (to which phosphatases can also bind) that regulates the stabilization
of B-catenin (Rubinfeld et al., 1996; Kishida et al., 1998). Phosphorylation by GSK38 of
both Axin and APC may facilitate formation of this complex, which then increases the
phosphorylation of f-catenin to enhance its degradation (Rubinfeld et al., 1996;
Hedgepeth et al., 1999; Farr et al., 2000). Facilitation of this complex formation may be

due in part to the finding that GSK3B-mediated phosphorylation of Axin stabilizes Axin
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from degradation, whereas inhibition of GSK3p by lithium causes a reduction of Axin
levels (Yamamoto et al.,, 1999). An Axin-like protein, known both as Axil and as
Conductin, appears to function similarly to Axin by facilitating GSK3B-mediated
phosphorylation of B-catenin (Yamamoto et al., 1998; Behrens et al., 1998).

There is also evidence of multiprotein complex formation based on a scaffold of
presenilin 1 (Czech et al., 2000). Mutations of presenilin | can cause familial Alzheimer's
disease, so the functions of this protein are currently under intense scrutiny. Among the
recent findings, presenilin 1 was found to bind both GSK3f and B-catenin and, in doing
so, to regulate GSK3f-mediated phosphorylation of B-catenin (Takashima et al., 1998b;
Kang et al., 1999; Gantier et al., 2000). These interactions raise the possibility that
multiple GSK3p binding proteins, in addition to those related to GBP and Axin,
contribute to regulating GSK3p activity.

Thus, it now appears that GBP and Axin, and likely additional proteins, have
prominent roles in regulating the activity of GSK3f through protein complex formation.
Recent evidence supports the view that GBP and Axin cannot bind GSK3p
simultaneously, suggesting a competitive mechanism for protein complex formation that
regulates GSK3p activity (Farr et al., 2000). However, much remains to be learned about
processes regulating these protein complexes. One such regulatory mechanism was
recently revealed by the discovery that Dvl can bind both Axin and Frat 1 and may
reduce GSK3f activity by facilitating the binding of Frat 1 to GSK3p and enhancing the
dissociation of GSK3p from Axin (Li et al., 1999; Krylova et al., 2000). Additionally, a
new Axin-binding protein, named Axam, was recently identified and inhibits complex

formation of Dvl with Axin and the inhibitory effect of Dishevelled on GSK3[ activity
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(Kadoya et al., 2000). Further recent evidence indicates that free GSK3p and GSK3p
bound to Axin participate in independent signaling pathways (Ding et al., 2000). Overall,

these exciting new findings have revealed that, in addition to serine and tyrosine
phosphorylation causing inhibition and activation of GSK3f activity, respectively,
binding of GSK3pB to GBP family members and to Axin family members also causes
inhibition and activation of GSK3p activity, respectively. Thus, GSK3p activity is

regulated both by phosphorylation and by protein complex formation, and future

investigations should reveal how these regulatory mechanisms are integrated to provide
precise control of GSK3B activity and may reveal mechanisms for substrate-specific

regulation of the action of GSK38.

Regulation of GSK3 3 by subcellular localization

Another emerging topic in the study of the regulation of GSK3p concems its
subcellular localization. Some substrates of GSK3[3, such as tau, are cytosolic, whereas
others, notably several transcription factors, are nuclear. Thus, it is evident that GSK3p
must be located in both compartments, but surprisingly little is known about the
regulation of the intracellular localization of GSK3B. Ragano-Caracciolo et al. (1998)
reported that GSK3p is enriched in a glycogen fraction associated with the nuclear
envelope. Cell cycle-dependent changes in the intracellular localization of GSK3p were
detected by Diehl et al. (1998), who found increased nuclear GSK3p during the S phase
in NIH3T3 cells. Increased nuclear GSK3p was induced by heat shock (Xavier et al.,

2000) and by endothelin-1 in myocytes (Haq et al., 2000). Bhat et al. (2000) recently

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

reported that proapoptotic stimuli increased tyrosine-216-phosphorylated GSK3p in the
nucleus, but it remains to be determined if this represents translocation of GSK38 or
increased tyrosine phosphorylation of GSK3 already in the nucleus.

The dual compartmentalization of GSK3pB raises many questions about the
mechanisms regulating its activity. Which kinases and phosphatases acting on GSK3p are
in each compartment? Which of the GSK3f-binding proteins are in the nucleus as well as
in the cytosol? Is transport of GSK3p in and out of the nucleus a dynamic process, and, if
so, how is it regulated? Which compartment of GSK3f is most critical for each of
GSK3p's actions, both at the protein level (which proteins are phosphorylated by GSK3p
in each compartment) and at the functional level (which compartment of GSK3p is
responsible for its effects on cell survival and which are most important for the actions of
lithium)? Integrating the mechanisms regulating the phosphorylation, protein complex
formation, and intracellular localization of GSK3f remains a challenge for future

investigations in order to more fully understand how GSK3p is regulated and how it

regulates many cellular functions.

Regulation of GSK3f by mood-stabilizing and other drugs

The identification of a specific inhibitor for any enzyme provides an exceptionally
valuable investigative tool. Such has been the case with the relatively recent discovery
that lithium is a selective inhibitor of GSK3p (Klein and Melton, 1996). Although lithium

1s not a specific inhibitor of GSK3p since it also inhibits cther enzymes, such as inositol

phosphatases involved in the phosphoinositide signal transduction system, GSK38 is the
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only kinase known to be inhibited by lithium, with the exception of the closely related
GSK3a, a degree of selectivity that has proved valuable in many studies (reviewed in
Jope, 1999a). Additionally, not only has this discovery been of immense use in clarifying
functions of GSK3f, but because lithium is a therapeutic drug used for the treatment of
bipolar mood disorder, the discovery of this site of action of lithium has been a stimulus
for studies of the therapeutic mechanism of action of lithium and of the related question
of the biochemical abnormalities underlying mood disorders. Finally, the important
effects of lithium that can be attributed to inhibition of GSK3p have added impetus for
the development of new drugs that inhibit GSK3p.

The discovery that lithium inhibits GSK3p was based on remarkably insightful
observations of lithium’s effects on Xenopus development (Klein and Melton, 1996).
These investigators noted that dorsalization caused by lithium treatment was similar to
that associated with ectopic expression of wnr genes in Xenopus embryos, which is
known to cause activation of signaling leading to inhibition of GSK3p (Klein and
Melton, 1996). Experiments with purified GSK3p confirmed the in vivo observations that
lithium inhibited actions of GSK3p and demonstrated that lithium directly inhibits the
enzyme with an [Csq of approximately 2 mM (Klein and Melton, 1996). Klein and Melton
(1996) also demonstrated for the first time that lithium inhibited the GSK3B-mediated
phosphorylation of tau protein and of protein phosphatase inhibitor-2, and that lithium
did not inhibit several protein kinases other than GSK3p. Shortly thereafter, Stambolic et
al. (1996) also reported lithium's selective inhibitory influence on GSK3p, as well as on
GSK3q, and further showed that lithium was an effective inhibitor of GSK3p in intact

cells by assessing its inhibitory effect on GSK3B-mediated phosphorylation of tau.
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Through its inhibition of GSK3, lithium was also found to increase cytoplasmic levels of
fB-catenin and Armadillo, proteins that are vulnerable to enhanced degradation as a result
of GSK3-mediated phosphorylation (Stambolic et al., 1996).

These seminal studies provided the basis for many investigations that have added
to the understanding of GSK3p in cell signaling and the mechanisms of action of lithium,
many of which have focused on B-catenin. Phosphorylation of B-catenin by GSK3pB
enhances the degradation of B-catenin, and several studies have found that lithium
treatment increases P-catenin levels (Stambolic et al.,, 1996; Hedgepeth et al., 1997;
Orford et al., 1997). However, lithium was also reported to activate f-catenin signaling
by a mechanism other than modulation of B-catenin levels through regulation of
proteosomal degradation, raising the intriguing possibility that lithium has additional sites
of action influencing P-catenin signaling (Nelson and Gumbiner, 1999). These studies
demonstrate that lithium activates the Wnt signaling pathway, which normally involves
inhibition of GSK3, an action that may account for numerous observations of
developmental effects of lithium (Hedgepeth et al., 1997). Since phosphorylation of Axin
by GSK3p enhances the degradation of Axin, lithium treatment resulted in increased
levels of Axin (Yamamoto et al.,, 1999). Because tau protein, a microtubule-associated
protein, is an established target of phosphorylation by GSK3p and because site-specific
phosphorylation-dependent tau antibodies are available, several studies have used tau to
asses the inhibitory effects of lithium on GSK3f with consistent findings that lithium
reduced tau phosphorylation in a wide variety of cell systems (Klein and Melton, 1996;
Stambolic et al., 1996; Hedgepeth et al., 1997). Additional studies using lithium to inhibit

GSK3p to alter the phosphorylation status of target proteins are discussed in relevant
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sections later in this article. Especially noteworthy are those studies assessing the
phosphorylation state of transcription factors which may be especially relevant in the
therapeutic mechanism of action of lithium in bipolar disorder.

The potential importance of GSK3f in the neuropathology of several diseases has
led to much current interest in identifying selective inhibitors of GSK3p that may be
therapeutically useful, as indicated by a flurry of recent patent applications (Castro and
Martinez, 2000). Some interesting leads of new selective inhibitors have begun to
emerge. Recent reports have indicated that certain derivatives of paullones (Leost et al.,
2000), maleimide (Coghlan et al., 2000), and of indirubin (Leclerc et al., 2001) caused
selective and potent inhibition of GSK3f. Thus, it appears that important new tools soon
may be available for discriminating specific effects of GSK3p in studies of signaling
systems, and new therapeutic agents may be developed based on selective inhibition of

GSK3p.

Wt signaling

GSK3p is a key component of the Wnt signaling pathway in vertebrates and the
highly homologous wingless signaling pathway in Drosophila. Each of these signaling
pathways has been discussed in detail in several recent excellent reviews (Dale, 1998;
Wodarz, 1998; Patapoutian and Reichardt, 2000; Peifer and Polakis, 2000; Seidensticker
and Behrens, 2000); so, only a very brief discussion of Wnt signaling is included here to
highlight the participation of GSK3p.

Wit refers to a large family of secreted glycoproteins that signal by activating the

Frizzled family of membrane-bound receptors. This Wnt signaling pathway is an integral
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component of embryonic development, including central nervous system development,
and also appears to function in adults (McMahon and Bradley, 1990; Patapoutian and
Reichardt, 2000). In the absence of a Wnt ligand, GSK38, in concert with the scaffolding
protein Axin, phosphorylates p-catenin, the primary downstream effector of Wnat
signaling, targeting it for ubiquitination and proteasomal degradation (Fig. 5) (Hart et al.,
1998; Peifer and Polakis, 2000). The binding of a Wnt ligand to the extracellular domain
of the seven-transmembrane-spanning receptor Frizzled activates the Wnt signaling
cascade. Although all of the regulatory mechanisms are not known, this signaling
activity causes inactivation of GSK3f, which leads to increased cytoplasmic B-catenin
levels and translocation of (-catenin to the nucleus where, acting with Tcf-Lef proteins,
the transcription of Wnt target genes is activated (Behrens et al., 1996; Dale, 1998). Thus,
GSK3pB must be inactivated for Wnt signaling to proceed, and the presence of active
GSK3p negatively regulates Wnt signaling.

Protein-protein interactions and protein phosphorylation have both been
implicated in the mechanism of Wnt-mediated inactivation of GSK3f, which are
summarized in Fig. 5. Multiple studies have demonstrated that activation of Wnt
signaling results in phosphorylation of the cytoplasmic adaptor protein Dishevelled,
which recruits the inhibitory GSK38-binding-protein Fratl (Li et al., 1999). Fratl binds
and inactivates GSK3p, blocking phosphorylation of B-catenin (Thomas et al., 1999;
Polakis, 2000). Additional studies have shown that activated Dishevelled binds and
sequesters Axin, decreasing the susceptibility of B-catenin to phosphorylation by GSK383
(Li et al., 1999; Setdensticker and Behrens, 2000). Additionally, protein kinase C activity

is required for Wnt-mediated inhibition of GSK3p, suggesting that protein kinase C may
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FIG. 5. Regulation of GSK3p by Wnt signaling. In the absence of Wnt, GSK3f
is complexed with Axin and APC and phosphorylates B-catenin, targeting it for
degradation. Wnt activates the Fzl receptor, resulting in Dvl and Frat 1 binding
to GSK38, inhibiting its activity, a process possibly facilitated by protein
kinase C. Inhibition of GSK3p results in increased P-catenin levels, its
translocation to the nucleus, and facilitation of Tcf-Lef-mediated transcription.
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directly phosphorylate and inhibit GSK38, preventing its phosphorylation of B-catenin
(Cook et al., 1996; Dale, 1998; Chen et al., 2000b). Although the mechanisms remain to
be more completely clarified, it is clear that Wnt signaling inhibits that activity of GSK3p
and that this regulation of GSK3p integrates both protein complex formation and

phosphorylation mechanisms to control the activity of GSK38.

WHAT DOES GSK3B REGULATE ?

GSK3p phosphorylates a diverse group of substrates (Table 1), few of which have
been studied in enough detail to describe the sites phosphorylated and the ultimate effect
on substrate function. The first identified substrate of GSK3p was its namesake, the
metabolic enzyme glycogen synthase. Probably the substrate of GSK3p that has been
studied in most depth is the structural protein tau, a microtubule-associated protein
(MAP) that is directly involved in the neuropathology of Alzheimer's disease. Perhaps

the largest individual class of proteins that is modified by GSK3p are the transcription

factors.
Table 1. Mammalian proteins phosphorylated by GSK3
Metabolic and signaling proteins __ Structural proteins Transcription factors
AcetylCoA carboxylase Dynamin-like protein AP-1 (Jun family)
Amyloid precursor protein MAPIB fB-catenin
APC MAP2 C/EBPa
ATP-citrate lyase Neural cell adhesion protein CREB
Axin Neurofilaments HSF-1
Cyclin DI Ninein Myc
elF2B Tau NFAT
Glycogen synthase NFxB

Insulin receptor substrate-1
Myelin basic protein

NGF receptor

Protein kinase A

Protein phosphatase- 1

Protein phosphatase inhibitor-2
Pvruvate dehydrogenase
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Metabolic and signaling proteins

GSK3B regulates through phosphorylation the activities of several metabolic
enzymes. The first of these discovered was, of course, glycogen synthase, which is
inhibited when phosphorylated by GSK3p (Embi et al., 1980). The substantial literature
on the regulation of glycogen synthase by GSK3p has been reviewed previously (Plyte et
al., 1992). Since that initial discovery, several other enzymes have been found to be
phosphorylated by GSK3f. Hemmings et al. (1982a) found that GSK3f phosphorylated
the type-II regulatory subunit of cyclic-AMP-dependent protein kinase and that ATP-
citrate lyase is phosphorylated by GSK33 (Hemmings et al., 1982b). Protein phosphatase
inhibitor-2 is inhibited by GSK3B-mediated phosphorylation, which consequently results
in activation of Mg-ATP-dependent protein phosphatase-1 (Hemmings et al., 1982b;
Wang et al., 1994b), and phosphorylation of protein phosphatase inhibitor-2 was blocked
by the GSK3p inhibitor lithium (Klein and Melton, 1996). The G-component of protein
phosphatase-1 (Fiol et al., 1988; Dent et al., 1989), acetylCoA carboxylase (Hughes et al.,
1992), nerve growth factor receptor (Taniuchi et al., 1986), and myelin basic protein
(Yang, 1986) were also early identified substrates of GSK, prior to separation of the o
and B subtypes. Threonine-171 of the rat, but not human, glucocorticoid receptor is
phosphorylated by GSK3p, a modification that represses the receptor's transcriptional
activity (Rogatsky et al., 1998). Insulin receptor substrate-1 is phosphorylated by GSK3p,
which results in attenuation of signaling by the insulin receptor (Eldar-Finkelman and
Krebs, 1997). GSK3p phosphorylates threonine-268 of cyclin D1, which regulates the
intracellular localization and turnover of cyclin D1 (Diehl et al., 1998). Also both Axin

and APC are phosphorylated by GSK3p.
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Thus, a diverse group of proteins involved in signaling cascades have been found that are
regulated by phosphorylation by GSK3.

Several interactions between GSK3f and proteins associated with Alzheimer's
disease have been discovered. These include the findings that GSK3B phosphorylates
threonine-743 of the amyloid precursor protein (Aplin et al., 1996) and increases the
cellular maturation of the amyloid precursor protein (Aplin et al., 1997), actions that may
alter the production of the Alzheimer's disease-associated AP peptide. GSK3f also
phosphorylates and inhibits the key mitochondrial enzyme pyruvate dehydrogenase
(Hoshi et al., 1996). Besides being an important component of the mitochondrial Krebs
cycle, pyruvate dehydrogenase is also a key enzyme providing the precursor acetyl
coenzyme A that is necessary for the synthesis of the neurotransmitter acetylcholine
(Gibson et al., 1975). Hoshi et al. (1997) further reported that the AP peptide suppressed
acetylcholine synthesis in association with GSK3f-induced inhibition of pyruvate
dehydrogenase. Therefore, inhibition of pyruvate dehydrogenase by GSK3f activity may
both reduce energy production and impair the synthesis of acetylcholine, conditions that
have been postulated to contribute to selective neuronal dysfunction in Alzheimer’s
disease (Imahori and Uchida, 19$7). These and other findings have heightened interest in
clarifying the associations of GSK3p with neuropathologicali changes occurring in
Alzheimer's disease.

GSK3p also regulates the activity of eukaryotic initiation factor 2B (e[F2B), the
multimeric guanine-nucleotide-exchange factor that facilitates the conversion of inactive
elF2-GDP to active e[F2-GTP, a cntical step required for all translation initiation events

(reviewed in Webb and Proud, 1997). Because eIF2B is a key site of regulation for
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eukaryotic protein synthesis, e[F2B activity is strictly controlled by multiple mechanisms,
one of which is phosphorylation of the € subunit, the largest of its subunits and the most
active component in the GDP/GTP exchange (Fabian et al., 1997). Welsh and Proud
(1993) first reported that GSK3p phosphorylated the € subunit of elF2B in vitro, and
Singh et al. (1996) later demonstrated that this phosphorylation by GSK3p inhibited
elF2B activity and blocked activation of e[F2B by casein kinases [ and II. Welsh et al
(1998) further reported that GSK3[ phosphorylated e[F2B at serine-540, inhibiting its
activity, and demonstrated the requirement of a priming kinase to phosphorylate elF2B at
serine-344 to create the phosphorylation site for GSK3p (Welsh et al., 1998). A variety
of stimuli that activate e[F2B do so through inactivation of GSK3p, including caicium
ionophores, phorbol ester-induced activation of protein kinase C, insulin, and growth
factors (Welsh et al., 1996; Kleijn et al., 1998; Quevedo et al., 2000; Kleijn and Proud,
2000). Several groups have reported that insulin- and growth factor-induced inhibition of
GSK3p activity and subsequent activation of e[F2B requires activation of the PI3K-Akt
cell survival pathway (Welsh et al., 1997; Kleijn et al., 1998; Quevedo et al., 2000).
These findings provide an example of how components of cell survival signaling
cascades counteract the actions of proapoptotic proteins, such as GSK3p to regulate the

activity of critical cellular proteins such as e[F2B.

Structural proteins
GSK3f phosphorylates several proteins that contribute to the structural
characteristics and dynamics of cells. The most frequently studied of these structural

protein substrates of GSK3f are critical components of the cytoskeleton, MAPs, tau
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(reviewed by Johnson and Hartigan, 1998), and subtypes of MAP1 and MAP2 (reviewed
by Sanchez et al., 2000). Microtubules are one of the key components of the cellular
cytoskeleton, which is an important determinant of neuronal morphology, and regulation
of cytoskeletal dynamics is critical for neuronal plasticity. The stability and dynamics of
microtubules can be regulated by MAPs, and, in turn, their functions are regulated by
phosphorylation and dephosphorylation.

Tau binds to microtubules in a phosphorylation-dependent manner, and this
interaction contributes to the stability of microtubules and, thus, to neuronal structure and
to structural changes associated with neuronal plasticity (Johnson and Hartigan, 1998).
Tau has been a prominent target of research because it is the primary component of one
of the neuropathological hallmarks of Alzheimer's disease, neurofibrillary tangles. In
vitro, tau was identified as a substrate of GSK3PB in 1992 (Hanger et al., 1992;
Mandelkow et al., 1992). The next year, a protein kinase that phosphorylated tau was
isolated and was initially called tau protein kinase I, but this kinase was found to be
GSK3p (Ishiguro et al., 1993), although the former nomenclature is still sometimes used
in the literature. Subsequently, it was shown that tau was phosphorylated in intact cells by
transfected GSK3p (Lovestone et al., 1994). Many additional studies have now found
that GSK3f can phosphorylate as many as ten sites on tau (Hanger et al., 1998; reviewed
in Johnson and Hartigan, 1998). Since lithium was found to be a selective inhibitor of
GSK3p, there has been much interest in identifying changes in tau phosphorylation
caused by lithium-induced inhibition of GSK3p as first shown by Klein and Melton
(1996). For example, in cultured human NT2N neurons, treatment with lithium inhibited

tau phosphorylation likely due to inhibition of GSK3p (Hong et al., 1997). Numerous
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additional studies have found that lithium reduces the phosphorylation of tau (e.g.,
Munoz-Montano et al., 1997; Xie et al., 1998; Lovestone et al., 1999). Thus, many lines
of evidence support the conclusion that tau is an in vivo substrate of GSK3. This action
of GSK3f can regulate the binding of tau to microtubules and thereby affect neuronal

structure and neuronal plasticity, as well as potentially contribute to the neuropathology

of Alzheimer's disease.

In addition to tau, both MAP1B and MAP2 are phosphorylated by GSK38.
Inhibition of GSK3p by lithium caused dramatic decreases in MAP1B phosphorylation
(Lucas et al., 1998; Garcia-Perez et al., 1998). Furthermore, purified GSK3p was shown
to directly phosphorylate MAP1B in vitro (Lucas et al., 1998). This phosphorylation of
MAPIB was associated with significant changes in the localization of MAPIB,
microtubule dynamics, and neuronal cytoarchitecture (Lucas et al., 1998; Garcia-Perez et
al.. 1998; Goold et al., 1999). In vitro, GSK3p phosphorylates MAP2 at serine-136
(Berling et al., 1994), threonine-1620, and threonine-1623 (Sanchez et al., 1996).
Functionally, the GSK3B-mediated phosphorylation of MAP2 decreased the microtubule-
binding and bundling capacity of MAP2 (Sanchez et al., 2000). Although less studied
than tau, considering the importance of MAP1B and MAP2 in neuronal structure and
plasticity (Johnson and Jope, 1992; Sanchez et al., 2000), it is likely that further
important effects of GSK3B-mediated phosphorylation of MAPs on neuronal function
will be identified.

Several other structural proteins have been reported to be phosphorylated by, or
interact with, GSK3p. These include myelin basic protein (Yu and Yang, 1994), the

neural cell-adhesion molecule (Mackie et al., 1989), neurofilament proteins (Guan et al.,
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1991; Guidato et al., 1996), human dynamin-like protein (Hong et al., 1998; Chen et al.,
2000a) and human Ninein, a centrosome-associated protein (Hong et al., 2000). However,
the functional consequences of these interactions remain to be determined.

Overall, there is now abundant evidence that GSK3p exerts a substantial influence
on neuronal structure, especially influencing dynamic changes in the cytoskeleton. It is
intriguing to consider whether the therapeutic effects of lithium in bipolar disorder, an
action likely involving neuronal plasticity, may be derived in part from lithium's
influence on cytoskeletal dynamics stemming from its inhibitory effect on GSK38, as
recently reviewed (Jope, 1999a). Additionally, there is considerable evidence that
GSK3f's actions on cytoskeletal proteins, notably tau, may contribute to the
neuropathology of Alzheimer's disease. These potential associations with psychiatric and
neurological diseases add further intrigue to the mysteriously diverse influences of

GSK3p on neuronal function.

Transcription factors and gene expression

Perhaps one of the most important roles of GSK38, as well as possibly the most
surprising considering its inguspicious beginning, is that of a key regulator of a broad
array of transcription factors, thereby extending its regulatory influence to the control of
the expression of numerous genes. An impressively large number of transcription factors
have been found to be regulated by GSK3pB directly through phosphorylation of
transcription factors themselves, and more are undoubtedly regulated indirectly as a
consequence of changes in the activity of GSK3p. Transcription factors are considered

critical targets of GSK3[ because they have the critical role of transferring information
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received by cells from the extracellular environment, which is often transduced by
receptors and intracellular signaling pathways, to the nucleus to regulate a multitude of
functions ranging from proliferation to apoptosis. The regulation of transcription factor
activities plays several critical roles in relaying signals to the nucleus, functioning as (i) a
filter to limit the magnitude of signals reaching the nucleus, (ii) an amplifier to increase
the sensitivity of detection and/or response to particularly critical signals, (iii) an
integrator, preventing a chaotic conglomeration of multiple overlapping and conflicting
signals to convey a cohesive message, and (iv) an interpreter to translate numerous types
of signals to a form that the nucleus can comprehend. These critical functions are fulfilled
in part by transcription factors, proteins that, when activated, bind specific DNA
sequences to regulate transcription. Thus, the regulatory effects of GSK3B on

transcription factors can have a tremendous impact on cell function.

Activator protein-1 (AP-1). AP-1 refers to a family of basic leucine zipper
transcription factors originally characterized as mediating phorbol ester tumor promoter-
induced gene expression (Angel et al., 1987). These transcription factors are composed
of homodimer or heterodimer protein complexes, primarily consisting of members of the
Jun, Fos, or ATF families of proteins that are encoded by immediate early genes
(Pennypacker et al., 1993; Karin et al, 1997). Since the initial discovery of these
transcription factors, innumerable studies have emerged demonstrating that AP-1 activity
is influenced by a wide variety of stimuli, including activation of many neurotransmitter
and growth factor receptors, neuronal activity, toxic stimuli, and other signaling

processes (Morgan et al., 1987; Dragunow et al., 1990). AP-1 regulates the expression of
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a diverse array of genes including ones involved in cell growth, proliferation, and in some
instances, cell death (Karin et al., 1997).

Because of its importance to a wide array of cellular functions, AP-1 activity is
strictly regulated at both the transcriptional and posttranscriptional levels. The primary
posttranscriptional mechanism of AP-1 regulation is phosphorylation. Phosphorylation
of Jun at serine-73 and serine-63 located within the N-terminal transactivation domain
increases its ability to activate transcription (Smeal et al., 1991; Deng and Karin, 1994).
Identified kinases thought to phosphorylate these sites and increase AP-1 activity include
protein kinase C, extracellular-related kinases (ERK 1 and 2), and activated Ras, among
others (Bovle et al., 1991; Pulverer et al., 1991; Deng and Karin, 1994). In contrast to
these kinase-dependent activating modifications, GSK3B has been implicated in the
phosphorylation and negative regulation of AP-1 activation. Boyle et al. (1991) reported
that GSK3f phosphorylated c-Jun in vitro at three sites, including threonine-239, serine-
243, and serine-249, and decreased its DNA binding activity. This study further showed
that mutation of serine-243 to phenylalanine blocked phosphorylation of all three sites by

GSK3p and restored c-Jun activity (Boyle et al., 1991). Additional studies have reported

that expression of GSK3p in cultured cells significantly attenuated the DNA-binding and
transcriptional activation functions of c-Jun and, to a lesser extent, other Jun-related
proteins including JunB, JunD, and v-Jun, resulting in decreased AP-1 activity (de Groot
et al., 1993; Nikolakaki et al., 1993). Evidence suggests that other cellular kinases can
counteract the inhibition of Jun by GSK3p to precisely regulate AP-1 activity. Activation
of protein kinase C decreased phosphorylation of sites negatively regulated by GSK3p,

resulting in increased AP-1 activity in vitro (Boyle et al.,, 1991). Furthermore, upon
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exposure of HEK-293 cells to fibronectin, integrin-linked kinase directly phosphorylated
and inhibited GSK3 activity, resulting in increased AP-1 activity (Troussard et al.,
1999). Taken together, findings from these studies implicate GSK3p as a primary kinase
involved in the negative regulation of AP-1 activity and also point to the coordinated
action of GSK3p and other kinases as mechanisms of regulation of AP-1, a transcription
factor critical to many cellular processes.

Several studies have examined the effects of lithium on the activation of AP-1, an
action that may be due to lithium's inhibition of GSK3p. This effect of lithium would be
predicted to attenuate GSK3f-induced inhibition of AP-1, thus leading to enhanced AP-1
activity after lithium treatment. In accordance with this, there have been several reports
of increased AP-1 activity in cultured cells and in rat brain after treatment with lithium
(Jope and Song, 1997; Ozaki and Chuang 1997; Hedgepeth et al., 1997; Asghari et al.,
1998; Yuan et al.,, 1998). For example, Hedgepeth et al. (1997) found that lithium
treatment increased AP-1-driven transcription, likely due to blockade of the inhibitory
phosphorylation by GSK3p of the Jun protein component of AP-1. In accordance with
these studies, the GSK3p inhibitor lithium concentration-dependently increased AP-1
DNA binding activity in human neuroblastoma SH-SY3Y cells (Fig. 6A). However,
although the increased AP-1 activity shown here and found in several reports is
consistent with lithium causing a blockade of GSK3f's inhibition of AP-1, these studies
are complicated by the fact that lithium also has other sites of action that may affect AP-1
DNA binding activity (Jope, 1999a), and none of these studies have directly

demonstrated that inhibition of GSK3B accounts for the observed actions of lithium.
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FIG. 6. Effects of lithium on transcription factors. Nuclear fractions from
serum-starved human neuroblastoma SH-SYSY cells were treated with 0, 2.5, 3,
or 10 mM lithium for 1 h and assessed for A: AP-1 DNA binding activity, B:
CREB DNA binding activity, C: Myc protein levels, and D: B-catenin protein
levels. DNA binding was measured using the electrophoretic mobility shift
assay as described previously (Bijur et al., 2000), and Myc and B-catenin
protein levels were measured by immunoblot analyses. These results
demonstrate that lithium treatment up-regulates each of these transcription
factors. In addition, the data also demonstrate that there are differences among
GSK3p-regulated transcription factors in sensitivity to lithium, with a
sensitivity ranking of CREB > p-catenin > Myc > AP-1.
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The modulation of AP-1 activity by lithium has raised speculation that this might be

associated with lithium's therapeutic effect in bipolar disorder.

Cyclic AMP response element binding protein (CREB).  The nuclear
phosphoprotein CREB was the first identified member of the basic leucine zipper family
of transcription factors that modulate the expression of genes containing promoters with
cyclic AMP response elements (Montminy and Bilezikjian, 1987; Waeber and Habener,
1991; Brindle and Montminy, 1992). CREB contains a C-terminal basic region and
leucine zipper that promote DNA recognition and binding to the CRE motif 5'-
TGACGTCA-3', and an N-terminal transcriptional activation domain containing multiple
phosphorylation sites for a variety of kinases (Gonzalez et al., 1989; Yun et al., 1990).
Phosphorylation within this kinase-inducible domain of CREB triggers recruitment of the
coactivator CREB-binding protein (CBP) and culminates in the transcription of CREB-
regulated genes (Chrivia et al., 1993; Arias et al., 1994; Ferreri et al., 1994; Kwok et al,,
1994; Parker et al., 1996).

CREB regulates many critical processes, such as formation of long-term memory,
maintenance of synaptic plasticity, and apoptosis (Struthers et al., 1991; Davis et al.,,
1996; Deisseroth et al., 1996; Silva et al., 1998; Bevilaqua et al., 1999; Shaywitz and
Greenberg, 1999). Several groups have demonstrated that long-term memory formation
is blocked by the introduction of inactive mutated CREB isoforms or CREB antisense
oligonucleotides (Kaang et al., 1993; Bourtchuladze et al., 1994; Yin et al., 1994; Blendy
et al.. 1996; Guzowski and McGaugh, 1997). CREB-null mice expressing functionally

inactive CREB die immediately after birth (Rudolph et al., 1998). Antiapoptotic actions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

of CREB include the findings that human melanoma cells expressing a dominant-
negative CREB mutant had increased susceptibility to thapsigargin-induced apoptosis
(Jean et al., 1998), that inhibition of CREB activation promotes apoptosis (Bonni et al.,
1999). and that CREB blocked okadaic acid-induced apoptosis in PC12 cells (Walton et
al., 1999). Additionally, multiple reports suggest that CREB promotes cell survival by
up-regulating expression of the antiapoptotic protein bcl-2 (Ji et al., 1996; Wilson et al.,
1996; Pugazhenthi et al., 1999; Riccio et al., 1999; Pugazhenthi et al, 2000). It is evident
from these many important actions of CREB that regulation of its activity as a
transcription factor is critical for numerous cellular functions.

CREB activity is regulated by complex phosphorylation mechanisms that are not
completely characterized (Shaywitz and Greenberg, 1999). Gonzalez and Montminy
(1989) discovered that phosphorylation of CREB at serine-133, located within its N-
terminal transcriptional activation domain, is required for CREB to be transcriptionally
active. In accordance with this finding, several groups have identified numerous
signaling systems that activate CREB through phosphorylation of serine-133 (Sheng et
al., 1991; Alberts et al., 1994; Ginty et al., 1994; Xing et al., 1996). Wang et al. (1994c)
further demonstrated that phosphorylation of CREB at serine-133 created a consensus
site. for phosphorylation by GSK3p at serine-129, providing an example of the
hierarchical phosphorylation often observed with GSK3B. Only two studies have
addressed the functional consequences of this secondary phosphorylation of CREB by
GSK3pB. Fiol et al. (1994) provided evidence that GSK3p facilitated activation of CREB.
They demonstrated that transcriptional activation by CREB in response to cyclic AMP

was potentiated in F9 cells overexpressing wild-type GSK-3p and was impaired in PC12
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cells transfected with CREB containing a mutation in the GSK3f phosphorylation site
(Fiol et al., 1994). In contrast, Bullock and Habener (1998) found that phosphorylation
of CREB by GSK3p attenuated protein kinase A-induced CREB DNA binding activity.
Thus, although there is a consensus that CREB is phosphorylated by GSK3p, the
functional outcome of this modification remains to be clarified. Additionally, it was
recently discovered that protein kinase A inhibits GSK3p by direct phosphorylation of
serine-9 (Fang et al., 2000), indicating that activation of protein kinase A both stimulates
CREB activation and inhibits the activity of GSK3p.

Studies of the effects of lithium on CREB DNA binding activity may contribute
to clarifying the contradictory findings concerning the influence of GSK3f3 on CREB
activation discussed above, but there are only a few such studies. Ozaki and Chuang
(1997) reported results consistent with an inhibitory effect of GSK3p on CREB activity
that can be reversed by lithium treatment. They found that lithium treatment increased
CREB DNA binding activity in cultured cerebeilar granule cells and in several regions of
rat brain (Ozaki and Chuang, 1997). In contrast, Wang et al. (1999) reported that lithium
had no effect on basal, but attenuated forskolin-stimulated, CREB DNA binding activity
in human neuroblastoma SH-SYS3Y cells. These apparently contradictory findings may be
due to the facts that multiple signaling pathways can regulate CREB DNA binding
activity, including factors in serum present in the study by Wang et al. (1999), and that
lithium can modulate more than just the GSK3p regulatory component (Jope, 1999a).
Recent evidence (Grimes and Jope, 2000) has revealed that when CREB DNA binding
activity in SH-SY3Y cells is measured after lithium treatment, enhanced CREB DNA

binding activity caused by lithium is evident only after withdrawal of serum, which
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removes the signaling pathways activated by growth factors and hormones present in
serum. Fig. 6B shows that treatment with lithium concentration-dependently increases
CREB DNA binding activity and, further, that CREB activation is much more sensitive
to lithium than is AP-1 activation. Taken together, these studies indicate that CREB DNA
binding activity is regulated by a complex mixture of signals, one of which encompasses

an inhibitory influence of GSK3p that can be mitigated by lithium.

Heat shock factor-1 (HSF-1). The transcription factor HSF-1 is one of the most
crucial signaling components mediating cellular defense mechanisms in response to
potential lethal stressors. HSF-1 is activated in response to many stressors, including
oxidative stress and heavy metals, in addition to the commonly employed experimental
paradigm of exposing tissues to elevated temperatures. Activation of HSF-1 in response
to stress is important because it controls the expression of heat shock proteins, such as
hsp70, which chaperone misfolded proteins to avoid their accumulation within cells. The
stimulation and inhibition of HSF-1 activity is controlled by complex phosphorylation
and dephosphorylation modifications that are not fully elucidated. Nonetheless, there is
an increasing amount of evidence that GSK3p has an inhibitory effect on the activation of
HSF-1. Thus, stress-induced activation of Akt and the ensuing serine-9 phosphorylation
and inhibition of GSK3p appear to be important components of the HSF-1-activating
signal caused by a variety of types of cellular stress.

The involvement of GSK3p in regulating HSF-1 activity was first detected by
Chu et al. (1996). Following the discovery that ERK activity is inhibitory for HSF-1

activation (Mivechi and Giaccia, 1995), Chu et al. (1996, 1998) discovered that
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inactivation of HSF-1 could result from hierarchical phosphorylation, with ERK-induced
phosphorylation of serine-307 of HSF-1 being required for the subsequent GSK38-
mediated phosphorylation of serine-303 of HSF-1. They suggested that activation of
HSF-1 would be associated with dephosphorylation of serine-303 and that serine-303
could be rephosphorylated during the recovery stage after stress, when heat shock
transcription becomes deactivated. However, Xia et al. (1998) suggested that
phosphorylation on serine-303 could not occur when HSF-1 was in the activated state but
may serve primarily to maintain HSF-1 in the basal, inactive conformation. Kline and
Morimoto (1997) also found that constitutive phosphorylation of serine residues 303 and
307 of HSF-1 repressed activity. He et al. (1998) suggested that GSK3p contributed to
deactivation of HSF-1 because transient overexpression of GSK3f in HeLa cells
increased the rate of inactivation of HSF-1 after heat shock. They further showed that
ERK activity was necessary for the inactivating effect of GSK3p, further supporting the
concept that ERK phosphorylation of HSF-1 precedes phosphorylation by GSK3(. He et
al. (1998) also reported that GSK3p activity increased dramatically during the recovery
phase after heat shock, thus providing a mechanism for inactivation of HSF-1 following
heat stress. In the first examination of the influence of GSK3p on HSF-1 activation in a
neuronal model system, Bijur and Jope (2000) found that overexpression of GSK3f
severely impaired activation of HSF-1 and the subsequent expression of hsp70. This
study further provided the first evidence that lithium influences the activation of neuronal
HSF-1 and heat shock protein expression by reducing the inhibitory influence of GSK3f3
on these responses to stress (Bijur and Jope, 2000). Similar results were recently obtained

using .Yenopus oocytes (Xavier et al., 2000). This very interesting report also showed that
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overexpression of GSK3p impaired activation of HSF-1, whereas lithium was facilitory,
and suggested that GSK3 is a terminal kinase for several stress signal-transduction
pathways that regulate HSF-1 activity (Xavier et al.,, 2000). Thus, although precise
mechanisms remain to be established, these findings have solidified the concept that
GSK3pB is an important inhibitory regulator of HSF-1.

Little is known about how this inhibitory regulation by GSK3f through
phosphorylation of HSF-1 interacts with the complex stimulatory phosphorylation
modifications of HSF-1, which can be induced by a variety of protein kinases, such as
p38 (Hung et al., 1998) and protein kinase C (Ding et al., 1996, 1997; Holmberg et al.,
1997; Xia and Voellmy, 1997; but see Chu et al., 1998 for an opposing point of view).
For example, protein kinase C phosphorylates and inhibits GSK3f, an action that
theoretically may contribute to the activating effect of protein kinase C on HSF-1 in
addition to a direct protein kinase C-mediated phosphorylation of HSF-1. Thus, although
discrepancies in the literature suggest that further clarification of the mechanisms by
which phosphorylation regulates HSF-1 activity, substantial evidence indicates that
GSK3p contributes to inhibitory control of HSF-1’s function as a transcription factor.
Furthermore, initial findings suggest that a part of the neuroprotective effect of lithium
may be contributed by lithium's attenuation of GSK3B-induced inhibition of HSF-1

activation and heat shock protein expression (Bijur et al., 2000; Bijur and Jope, 2000).

Nuclear factor of activated T cells (NFAT). NFAT is a family of rapidly

inducible transcription factors including four structurally related, predominantly cytosolic

members, NFATI/NFATp, NFAT2/NFATc, NFAT3, and the predominantly nuclear,
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constitutively active NFATS. Although initially characterized in Jurkat T cells, NFAT
proteins are expressed in a variety of cells and tissues both within and outside the
immune system (reviewed in Rao et al., 1997).

Structural features of NFAT proteins include a DNA binding domain homologous
to that of Rel-family proteins that facilitates monomeric binding to the DNA consensus
sequence GGAAA, and an acidic, proline-rich regulatory domain that mediates NFAT
transcriptional activation (Shaw et al., 1988; Hoey et al., 1995; Jain et al., 1995; Luo et
al., 1996a). NFAT activity is directly regulated by the serine/threonine calcium-activated
phosphatase calcineurin (Mattila et al., 1990; Jain et al., 1993; McCaffrey et al., 1993).
In resting cells, NFAT is phosphorylated, localized in the cytosol, and has low affinity for
DNA binding. In response to calcium mobilization, activated calcineurin directly binds
and dephosphorylates NFAT, resulting in nuclear translocation, stimulation of NFAT
DNA binding activity, and increased transcription of NFAT-regulated genes (Ruff and
Leach, 1995; Loh et al., 1996; Luo et al., 1996b; Shibasaki et al., 1996; Wesselborg et al.,
1996).

Phosphorylation of NFAT is required for nuclear export of the transcription factor
when calcium-calcineurin signaling is terminated, suggesting the involvement of an
unknown kinase in the deactivation of NFAT. Two studies examining the identity of this
kinase implicated GSK3p in the phosphorylation, deactivation, and subsequent nuclear
export of NFAT (Beals et al., 1997; Graef et al., 1999). Beals et al. (1997) discovered
that GSK3p could stoichiometrically phosphorylate NFATc in purified brain extracts, but
only after NFATc was phosphorylated by a priming kinase, providing an example of

hierarchical phosphorylation by GSK3B. This study also showed that overexpression of
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GSK3p in COS cells blocked the calcineurin-induced nuclear translocation of NFAT¢ in
response to calcium ionophore treatment (Beals et al, 1997). Graef et al. (1999)
examined mechanisms of NFATc export in hippocampal neurons and found that
overexpression of GSK3p inhibited NFAT-dependent transcription in response to
phorbol ester and calcium ionophore treatments. The authors determined that this
inhibition was specific to GSK3p activity since cotransfection of neurons with several
other kinases did not inhibit stimulation of NFATc transcription (Graef et al., 1999).
This study further demonstrated that NFATc activation was increased in hippocampal
neurons overexpressing a dominant-negative mutant of GSK3p (Graef et al., 1999).
Results from both studies provide strong evidence that GSK3B phosphorylates,
deactivates, and induces nuclear export of NFATc, providing a mechanism by which
calcium-calcineurin signaling and GSK3p could counteract each other to regulate NFATc
activity. Regulation of NFAT by GSK3p was linked to hypertrophy in myocytes (Haq et
al., 2000). However, little is known conceming the specificity of GSK3p for different
NFAT isoforms. del Arco et al. (2000) demonstrated that the p38 MAP kinase
phosphorylates. deactivates, and induces nuclear export of NFATp, but not NFATc, in
intact lymphocytes, suggesting that phosphorylation and deactivation of specific NFAT
isoforms might be regulated by different kinases. NFAT induces IL-2 production and
lithium, an inhibitor of GSK3p, enhances T cell production of IL-2 and proliferation
(Kucharz et al.,, 1988; Wu and Yang, 1991; Ohteki et al., 2000), likely by blocking the
inhibitory effect of GSK3p on NFAT activity (Yost et al., 1998). These findings indicate

that lithium's effects on certain cytokines in the immune system, as well as in the central
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nervous system, may derive from its inhibition of GSK3f and the consequential elevated

activation of NFAT.

Myc. The Myc transcription factor is a short-lived, nuclear phosphoprotein
product of the myc gene family, which includes c-myc, N-myc, L-myc, the distantly
related s-myc, and the nonfunctional B-myc that regulates cellular growth and
differentiation and, when disregulated, contributes to cellular transformation (Meichle et
al., 1992; Dang et al., 1999). Important structural features of Myc include a basic region,
a helix-loop-helix domain, and a leucine zipper motif, all located within the C-terminal
region, which facilitate dimerization and DNA binding. There is also an N-terminal
transactivation domain, a proline-rich region highly conserved among the Myc family of
proteins, responsible for regulation of Myc transcriptional activation (Meichle et al.,
1992; Henriksson et al., 1993; Dang et al., 1999). Myc binds specifically to the DNA
consensus sequence CACGTG in concert with the smaller and more stable nuclear
phosphoprotein Max. Max complexes with c-Myc, L-Myc, and N-Myc, but not with
other proteins of similar structure, and Myc/Max heterodimers bind DNA more
efficiently than Max/Max homodimers (Blackwell et al., 1990; Blackwood and
Eisenman, 1991; Halazonetis and Kandil, 1991; Wenzel et al.,, 1991; Papoulas et al.,
1992).

Phosphorylation is thought to regulate Myc transcriptional activation.
Mutagenesis analyses demonstrated that Myc is regulated by phosphorylation of serine
and threonine residues located within its N-terminal transcriptional activation domain.

Kinases implicated in phosphorylation of Myc within this domain include c-Jun N-
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terminal kinase (JNK), ERKs, cell cycle-dependent protein kinase-2, and GSK3 (Seth et
al., 1991; Saksela et al., 1992; Henriksson et al., 1993; Pulverer et al., 1994; Noguchi et
al., 1999). In vitro studies demonstrated that GSK3p can phosphorylate serine residues
38, 42, and 62, and threonine residue 358 within the transactivation domain of Myc, sites
considered important for regulation of Myc transcriptional activity in vivo (Saksela et al.,
1992; Henriksson et al., 1993; Pulverer et al.,, 1994). Phosphorylation of threonine-58
and serine-62 by GSK3p was reported in two independent studies to negatively regulate
Myc function, resulting in decreased cellular growth and transformation (Henriksson et
al.. 1993; Pulverer et al., 1994). However, in an earlier study, phosphorylation of Myc at
serine-62 in response to growth factor stimulation was reported to increase
transactivation of gene expression by Myc, although the kinases implicated in this
response were the ERKs and cell cycle-dependent kinase-2 rather than GSK3p (Seth et
al., 1991). Thus, it is evident that Myc is likely an in vivo substrate for GSK3(, but the

sites phosphorylated in vivo and the functional outcome remain to be more definitively

established.

The importance of the transactivation domain in regulating Myc function and the
evidence that GSK-3B can phosphorylate multiple sites within this domain provide
preliminary evidence that GSK3B may be an important mediator of Myc function and
regulation. To investigate this interaction further, our laboratory has investigated whether
in intact cells, changes in GSK3p activity modulated the level of Myc in the nucleus. In
human neuroblastoma SH-SY3Y cells, inhibition of GSK3p by lithium caused increases
of Myc nuclear protein levels (Fig. 6C). These results corroborate the earlier evidence

that GSK3p has an inhibitory influence on Myc function and reveal that lithium, a
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primary therapeutic drug for the treatment of bipolar mood disorder, facilitates Myc

function.

P-catenin.  B-Catenin, a member of the catenin family of proteins that also
includes «- and y-catenin, for many years was considered exclusively as a cell adhesion
molecule because of its original characterization as a plasma membrane protein that
anchors cadherins during the formation of cell adherens junctions (Nagafuchi and
Takeichi, 1989; Ozawa et al., 1989). However, more recent research has made it
apparent that P-catenin has an equally significant role in cell signaling, completely
independent from its capacity as an adhesion molecule, which has been most completely
defined in the Wnt signaling pathway. Evidence from several studies indicates that Wnt
activation results in the stabilization and accumulation of B-catenin, thereby increasing
the availability of B-catenin to bind proteins of the Tcf-Lef transcription factor family
(Behrens et al., 1996; Huber et al., 1996; Molenaar et al., 1996). The binding of B-
catenin to Tcf-Lef proteins initiates translocation of the complex to the nucleus, where it

binds DNA and transcriptionally regulates Tcf-Lef target genes.

Like many transcription factors, P-catenin levels are subject to regulation by
phosphorylation. A substantial amount of evidence points to GSK3f as a primary kinase
responsible for phosphorylation and down-regulation of B-catenin levels (Yost et al,
1996; Rubinfeld et al.,, 1996; Sakanaka et al.,, 1998). For example, in Xenopus,
phosphorylation of B-catenin requires a GSK3f site, f-catenin mutants lacking this site
are more active and stable than wild-type B-catenin in the presence of GSK3p activity,

and inhibition of endogenous GSK3B with a dominant negative mutant results in
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increased B-catenin levels (Yost et al., 1996). Additional studies in SW 480 colon cancer
cells showed that in response to high levels of accumulated B-catenin, GSK3B, in concert
with other regulators including Axin and APC, could bind and phosphorylate B-catenin,
resulting in destabilization and degradation of B-catenin protein levels and, consequently,
inactivation of B-catenin/Tcf-Lef-induced transcription (Rubinfeld et al., 1996; Sakanaka
et al.,, 1998). P-Catenin associated with Tcf-Lef transcription factors regulates the
expression of a variety of genes including those encoding proteins involved in such
processes as cell cycle regulation, cell adhesion, and cellular development (reviewed in
Novak and Dedhar, 1999). Additionally, irregular [-catenin/Tcf-Lef-induced
transcription, as a result of mutations in PB-catenin, has been implicated in tumor
formation, specifically in colorectal cancers (Korinek et al., 1997; Morin et al., 1997,
Rubinfeld et al, 1997). It is evident from these studies that (f-catenin has numerous,
critical cellular functions, and thus must be subject to precise regulatory mechanisms, one
of which includes negative control by GSK3p through phosphorylation and subsequent
destabilization of B-catenin. Thus, inhibition of GSK3p with lithium leads to increased B-

catenin, as exemplified by the results shown in Fig. 6D.

CCCAAT/enhancer binding protein (C/EBP). The six identified isoforms of
C/EBP, including «, B, 7, d, &, and £, make up a family of transcription factors that
contribute to the regulation of cellular differentiation in a variety of tissues. C/EBP
proteins are composed of C-terminal leucine zippers that facilitate dimerization with
other C/EBP proteins or members of the NFxB or Fos/Jun transcription factor families,

and an N-terminal region that regulates C/EBP activation and function (reviewed in
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Lekstrom-Himes and Xanthopoulos, 1998). C/EBP transcription factors are expressed in
a variety of tissues and are most well known for their regulation of genes involved in
nutrient metabolism in the liver and cellular differentiation in adipocytes. C/EBP
expression has been detected in the adult brain, specifically in the hippocampus and
cortex (Kuo et al., 1990; Yukawa et al., 1998). However, few studies have addressed the
role of C/EBP proteins in neuronal signaling. Walton et al. (1998) demonstrated that
C/EBPa DNA binding activity is increased in microglial cells, but not astrocytes or
neurons, following ischemic brain injury. Additionally, Yukawa et al. (1998) showed
that stimulation of signals that potentiate long-term memory formation, such as cyclic
AMP or calcium, increased both C/EBP-f and -3 expression and DNA binding activities
in rat hippocampal neurons. These findings provide evidence that C/EBP transcription
factors may regulate the expression of genes important to neuronal signaling.

Similar to many transcription factors, C/EBP activity is regulated by
phosphorylation. However, little is known conceming the kinases that regulate C/EBP.
Yukawa et al. (1998) showed that calcium/calmodulin-dependent kinase [V stimulates
C/EBP-B and -8 expression and DNA binding activities in rat hippocampal neurons.
Additionally, multiple studies have demonstrated rapid dephosphorylation of C/EBPa,
with subsequent decreases in C/EBPa DNA binding activity and expression, in response
to irsulin (MacDougald et al., 1995; Hemati et al., 1997). Ross et al. (1999) identified
GSK3p as a primary kinase involved in insulin regulation of C/EBP activity. They
demonstrated that insulin, through activation of PI3K and protein phosphatase 1,
inactivated GSK3f, resulting in dephosphorylation of the two sites of C/EBPa

phosphorylated by GSK3p, threonine-222 and threonine-226 (Ross et al., 1999). They
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also showed that GSK3p is required for C/EBPa-induced adipocyte differentiation since
inhibition of GSK3f with lithium blocked differentiation of mouse 3T3-L1 preadipocytes
(Ross et al., 1999). These results indicate that C/EBPa is regulated by GSK3p
substantially differently from other transcription factors, including the evidence of
threonine-phosphorylation of a transcription factor by GSK3p that is associated with
activation, not inhibition, of transcription factor function. However, these findings
provide only limited insight concerning the regulation of C/EBP proteins by GSK38, and
future investigations could afford further information concerning C/EBP transcription

factors and their regulation by GSK3p in the context of neuronal signaling.

NFrB. The NFxB/Rel transcription factors include NFxB1 (p50), NFxB2 (p32),
Rel A (p65), rel B, and c-rel. These proteins share a common structural Rel homology
domain that regulates dimerization, interactions with IkB inhibitory proteins, and DNA
binding (reviewed in Baldwin, 1996; Grilli and Memo, 1999). NFxB transcription
factors bind DNA as homodimers or heterodimers, though the most frequently occurring
and most thoroughly studied NFxB dimer consists of NFkB1 (p30) and Rel A (p65)
(Baeuerle and Baltimore, 1989; Urban et al, 1991). Early investigations of NFkB
activity, primarily conducted in immune cells since NFkB was originally identified in
mature B lymphocytes (Sen and Baltimore, 1986), found that NFxB transcription factors
regulate genes involved in immune and inflammatory responses (reviewed in Baeuerle
and Henkel, 1994). However, numerous additional studies have shown that NFxB-

regulated gene expression is a critical component of neuronal function (reviewed in

Lezoualc'h and Behl, 1998).
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NFkB activity is precisely regulated by its interaction with the inhibitory kB
proteins (Baeuerle and Baltimore, 1988; reviewed in Baldwin, 1996). Under basal
conditions, NFkB is localized in the cytoplasm bound to the ankyrin repeat regions of
[xB that conceal the nuclear localization signal of NFxB, preventing its import by the
nucleus (Beg et al.,, 1992; Ganchi et al., 1992). Stimuli that activate NFxB do so by
increasing the phosphorylation and ubiquitin-dependent proteolysis of IxB, releasing
NFkB for nuclear translocation and subsequent transcription of NFxB-regulated genes
(Henkel et al., 1993; Beg et al., 1993; Palombella et al., 1994). Several IxB kinases have
been identified that directly phosphorylate [kB proteins on critical serine residues,
resulting in degradation of IxkB and activation of NFkB (DiDonato et al., 1997; Mercurio
et al., 1997; Regnier, et al., 1997; Woronicz et al., 1997; Zandi et al., 1997). However,
much remains to be learned about regulatory mechanisms upstream and downstream of
kB kinase activity.

Two recent reports revealed that NFkB activity is subject to regulation by
GSK3B. Hoeflich et al. (2000) found that GSK3B-null mice demonstrated increased
sensitivity to tumor necrosis factor oo (TNFa)-induced toxicity and that TNFa-induced
NFxkB DNA binding activity, which promotes cell survival, was significantly decreased
in GSK3pB-null embryonic fibroblasts compared with wild-type cells. Additionally,
lithium-induced inhibition of GSK3p resulted in decreased TNFa-induced NFxB activity
in HEK293 cells. The decrease in NFxB activity in GSK3p null cells occurred
downstream of IxkB phosphorylation and translocation of NF«B to the nucleus (Hoeflich

et al., 2000). These findings indicate that GSK3 activity is necessary for TNFa-induced
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NF«xB activation. However, another recent study demonstrated an inhibitory influence of
GSK3p on NFxB. Bournat et al. (2000) examined the role of GSK3p in Wnt-1-induced
NFxB activity in PC12 cells. They demonstrated that Wnt-1 expression increased PC12
cell survival in an NFxB-dependent manner and that inhibition of GSK3B with lithium or
the expression of dominant-negative GSK3B mimicked Wnt-1 signaling, resulting in
increased NFxB activity and PC12 cell survival (Bournat et al., 2000). Thus, in contrast
to the findings by Hoeflich et al. (2000), these findings indicate that GSK3B negatively
regulates NFxB activity (Bournat et al., 2000). Taken together, these reports appear to
reach opposite conclusions concerning the regulatory role of GSK3f on the activation of
NF«kB. The differences may indicate a dependence of GSK3p's modulatory effect on the
signaling systems that lead to the activation of NF«kB, but further studies will be required

to clarify the regulatory role of GSK3f on the activity of NFkB.

Summary. Overall, there is substantial evidence that GSK3p regulates the activity
of a remarkable array of transcription factors (Fig. 7). However, there are distinct
differences among transcription factors in sensitivity to GSK3B and its inhibition by
lithium. This point has received little experimental attention, but, as exemplified in Fig. 6,
these are large differences which likely affect the signaling systems most vulnerable to
alterations in GSK3f activity and most amenable to modulation by lithium. Interestingly,
in most cases GSK3p is inhibitory toward transcription factor activation, and many of the
transcription factors subject to inhibitory regulation by GSK3p are key components of

neuronal survival mechanisms. It is apparent that modulation of transcription factor
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FIG. 7. Transcription factors regulated by GSK3f. The effects of inhibition of
GSK3p are shown on transcription factors, including several that are known to
promote cell survival.
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activity is likely an important mechanism by which GSK3p, and modulators of GSK3p,

affects neuronal plasticity and survival.

OUTCOMES OF GSK38 MODULATION

Mood Disorders

The major impetus for the concept that GSK3f may be involved in psychiatric
disorders, and especially in bipolar mood disorder, derives from the finding that lithium,
the primary therapeutic agent for bipolar mood disorder, is a selective inhibitor of GSK3p
(Klein and Melton, 1996; Stambolic et al., 1996). The possibility that GSK3p is a
relevant target for mood stabilizers was further substantiated by the finding that
valproate, which has recently been shown to be an effective therapy for bipolar disorder,
also inhibits GSK3p (Chen et al., 1999a). It is noteworthy that the inhibition of GSK3p
by lithium, as well as by valproate, occurs at concentrations that are within the
therapeutic range, with approximately 2 mM lithium causing a 50% inhibition of GSK3p
(Klein and Melton, 1996). This suggests that therapeutic levels of lithium, near 1 mM,
would effectively dampen, but not completely inhibit, GSK3p-mediated signaling events.
This seems to be a logical manner for a mood stabilizer to act, lessening the magnitude of
signals without entirely blocking critical signaling mechanisms, as recently proposed
(Jope, 1999b). This raises several possibilities: that GSK33 may be a critical target for
the therapeutic actions of lithium and other mood stabilizing drugs, that GSK3p levels or
activity may be altered in certain psychiatric disorders, that dysfunctions in signaling
systems that regulate the activity of GSK3p could contribute to mood disorders, and that

there may be abnormal activities of effectors downstream of GSK3p that are amenable to
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correction by lithium’s inhibitory effects on GSK3f. These possibilities are currently the
focus of many investigations, and concrete conclusions have yet to be drawn.

Identifying which, if any, of these possible links between GSK3B and bipolar
disorder, or the therapeutic effects of lithium, occur is a difficult but compelling issue.
GSK3p levels in studies of psychiatric disorders can be assessed only by using samples
of postmortem brain, an approach fraught with difficulties (as discussed in Pacheco and
Jope, 1996). Nevertheless, two studies have used this method, reporting that GSK3p
levels were unaltered in postmortem brains from subjects with bipolar disorder compared
with control subjects (Lesort et al., 1999a; Kovlovsky et al., 2000). Interestingly, GSK3f
levels were recently reported to be significantly lower in the postmortem frontal cortex
from subjects with schizophrenia, but not bipolar disorder or unipolar depression,
compared with control subjects (Kovlovsky et al., 2000). Further investigations of
GSK3B in bipolar disorder and other psychiatric illnesses are clearly warranted
considering the many mechanisms capable of regulating its activity and the many
substrates of GSK3p.

As discussed in previous sections of this article, there are numerous substrates
phosphorylated by GSK3B, providing an equally great number of targets for lithium to
influence cellular metabolism, signaling, and gene expression through its inhibitory effect
on GSK3B. There is substantial evidence that lithium alters GSK3B-mediated
phosphorylation of microtubule associated proteins, such as tau. Phosphorylation of these
proteins alters their association with microtubules, which in turn regulates cytoskeletal

dynamics, thus influencing neuronal plasticity. [t is intriguing to consider the possibility

L
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that such regulation of neuronal plasticity may be an important component in therapeutic
actions of lithium and valproate.

Equally intriguing are the possibilities engendered by the multiple transcription
factors regulated by GSK3p and thus subject to modulation by lithium. This has
contributed to much interest in potential regulatory effects of lithium on the activation of
several transcription factors. Most of the studies of lithium's effects on transcription
factors have used high concentrations of lithium that are well above therapeutic levels
(i.e., near | mM lithium) as a means to detect the regulatory effects of GSK3pB. However,
the use of relatively high lithium concentrations to facilitate experimental detection of
effects does not negate the potential impact of smaller changes elicited by lower
concentrations of lithium that are within the therapeutic range. Additionally, several
studies have used therapeutically relevant concentrations of lithium in an attempt to
determine whether these are capable of modulating transcription factor activities, mostly
in studies of AP-1. Activation of AP-1 has been found in rat brain and cultured cells after
administration of a wide range of doses of lithium (Jope and Song, 1997, Ozaki and
Chuang, 1997; Hedgepeth et al., 1997; Asghari et al., 1998; Yuan et al., 1998). Although
the mechanism causing this effect was not specifically identified, this response to lithium
is consistent with it being the result of inhibition of GSK3p, which would relieve the
inhibitory effect of GSK3p on AP-1 activation. The CREB transcription factor also has
been studied as a potential downstream target of lithium's actions, but with mixed results.
Lithium enhanced CREB activation in cultured cerebellar granule cells and rat brain
(Ozaki and Chuang, 1997), but not in SH-SYSY neuroblastoma cells (Wang et al., 1999).

The latter finding may be due to the use of cells maintained in serum-containing media
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because growth factors in serum keep Akt active, which maintains GSK3p in an inactive
state, thus preventing detection of the effects of lithium's inhibition of GSK3f. Active
GSK3p strongly inhibits CREB activation, and this inhibition is overcome by lithium,
which leads to facilitation of CREB activation. CREB is an especially interesting
potential target for the therapeutic effects of lithium because other lines of research have
provided evidence that CREB is a key component in mood disorders and their
amelioration by mood stabilizers and antidepressants. For example, Duman et al. (1997)
presented an eloquent synthesis of the potentially critical role of CREB in depression and
its elevated activation induced by antidepressants.

In addition to AP-1 and CREB, the potential importance of other transcription
factors that are regulated by GSK3p, and thus susceptible to modulation by lithium,
should not be overlooked. Along with identifying those transcription factors influenced
by therapeutic concentrations of lithium, a challenge for the future will be to integrate the
changes in multiple transcription factors that can be influenced by lithium's inhibition of
GSK3pB, along with the cytoskeletal effects and alterations induced on other GSK3p
substrates, into a comprehensive description of lithium's mood-stabilizing mechanism of
action.

At first glance, this may seem to be a bewildering array of potential effects of
lithium (Figure 8), and one may wonder which of these is the single key target. However,
we have previously proposed that, considering the complexities of mood disorders and
the multiple therapeutic actions of lithium, its therapeutically relevant action is likely not
limited to alteration of a single signaling pathway but is more likely to be the culmination

of multiple effects (Jope, 1999b). Thus, by adjusting the strength and balance of multiple
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FIG. 8. Potential involvement of GSK3p in mood disorders and actions of
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any of the signaling cascades that regulate GSK3p activity or expression may
result in excessive GSK3f-mediated inhibition of transcription factors. There
are multiple targets for therapeutic agents to enhance the inhibition of GSK3p
and thereby facilitate transcription factor activation which may contribute to
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signals, lithium may facilitate mood stabilization. Additionally, a component of lithium's
beneficial effects may stem from its broad neuroprotective properties, an action that we
propose results, in part, from its inhibition of GSK3f, which itself has broad inhibitory

effects on survival-promoting transcription factors.

Alzheimer's disease

One of the most notable developments in research concerning GSK3p is that solid
evidence directly links GSK3f to many of the major neuropathological mechanisms that
have been identified to be associated with Alzheimer's disease. These include interactions
between GSK3f and components of the plaque-producing amyloid system associated
with Alzheimer's disease; the participation of GSK3f in phosphorylating the
microtubule-binding protein tau, which may contribute to the formation of neurofibrillary
tangles in Alzheimer’s disease; interactions of GSK3p with presenilin and other
Alzheimer's disease-associated proteins; and the facilitation of apoptosis by GSK38, each
of which is discussed below. These actions are summarized in Fig. 9.

GSK3p levels or activity have been measured in brain tissue in several studies of
Alzheimer's disease. [nitial examination of the levels of GSK3p in several tissues from
rats revealed that the brain contained the highest levels (Woodgett, 1990). Increased
levels of GSK3B have been found in Alzheimer's disease, compared with nondiseased,
human brain, and immunohistochemical measurements have located GSK3p associated
with neurofibrillary tangles in Alzheimer's disease brain (Yamaguchi et al., 1996;
Imahort and Uchida, 1997; Pei et al.,, 1997, 1999). Additionally, active GSK3p was

found to be accumulated in pretangle neurons (Pei et al., 1999). Taken together, these
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FIG. 9. GSK3f is associated with neuropathological mechanisms involved in
Alzheimer's disease. GSK3p is activated by AP and phosphorylates APP. GSK3p
phosphorylates tau. which might contribute to neurofibrillary tangle formation.
GSK3p phosphorylates PDH, resulting in decreased acetylcholine synthesis. GSK3f
inhibits cell several survival-promoting transcription factors which, in concert with
a wide variety of cell stressors. facilitates neuronal death. Taken together, these

actions suggest that GSK3B may contribute to the neuropathologies characteristic of
Alzheimer's disease.
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studies provide tantalizing evidence that alterations in the control of GSK3p may occur in
Alzheimer's disease brain, a possibility that should be explored in further investigations.
Evidence from several studies has associated GSK3f with the amyloid plaque
neuropathology of Alzheimer's disease through its interactions with the amyloid
precursor protein, the AP peptide product of the proteolysis of amyloid precursor protein,
and the inhibition by AP of pyruvate dehydrogenase (reviewed in Imahori and Uchida,
1997). GSK3p phosphorylates the amyloid precursor protein (Aplin et al., 1996, 1997),
and the neurotoxic AP peptide derived from cleavage of the amyloid precursor protein
activates GSK3B (Takashima et al,, 1995). AB-induced activation of GSK3B was
reported to lead to phosphorylation of tau (Takashima et al., 1996, 1998a), which may
contribute to the accumulation of hyperphosphorylated tau in Alzheimer's disease.
Furthermore, Ap-induced neurotoxicity was reduced by antisense GSK3p
oligonucleotides (Takashima et al., 1993) and by the GSK3p inhibitor lithium (Alvarez et
al., 1999: Wei et al., 2000). Additionally, AB-activated GSK3p phosphorylated and
inactivated pyruvate dehydrogenase (Hoshi et al., 1996), resulting in reduced synthesis of
acetylcholine as a result of depletion of its precursor acetyl coenzyme A (Hoshi et al.,
1997: Imahori and Uchida, 1997). These observations tie GSK3p to the well-documented
finding that there is a severe loss of cholinergic signaling in Alzheimer's disease. Thus,
AP may contribute to activation of GSK3p in Alzheimer's disease brain which, in turn,
contributes to AP-induced neurotoxicity. This may, in turn, both reduce acetylcholine

synthesis by inhibiting pyruvate dehydrogenase and increase the phosphorylation of tau

(Imahori and Uchida, 1997).
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Neurofibrillary tangles constitute one of the neuropathological hallmarks of
Alzheimer’s disease. These are composed primarily of tau, and tau in these tangles is
abnormally hyperphosphorylated. There is considerable evidence that GSK3p contributes
to the phosphorylation of tau, and there is speculation that GSK3B may contribute to the
abnormal hyperphosphorylation of tau observed in neurofibrillary tangles (as discussed in
two comprehensive reviews, Johnson and Jenkins, 1996; Johnson and Hartigan, 1998).
The hyperphosphorylation state of tau in Alzheimer's disease may cause dissociation of
tau from microtubules, abnormal localization and/or accumulation of tau, and contribute
to aggregation of tau, but it is also possible that the abnormal hyperphosphorylation of
tau occurs after tau aggregation has been initiated by other mechanisms. These questions
remain the topics of intense investigation. It is of considerable interest that GSK3p is able
to phosphorylate some of the same sites on tau that are abnormally hyperphosphorylated
in Alzheimer's disease brain, although a cause and effect relationship has not been
established. At least a portion of the GSK3f3-mediated phosphorylation of tau may be
hierarchical, as prior phosphorylation of tau by cdk3 (also called tau protein kinase II)
enhanced the subsequent phosphorylation of tau by GSK3B (Ishiguro et al., 1992;
Sengupta et al, 1997). Overall, it is evident that tau is the major component of
neurofibrillary tangles and is abnormally hyperphosphorylated in Alzheimer's disease
brain, and that GSK3f can phosphorylate several sites on tau. While it is intriguing to
consider the possibilities that phosphorylation of tau by GSK3p is abnormally induced in
Alzheimer's disease, and that this contributes to neurofibrillary tangle formation, these

relationships remain to be tested in an unequivocal manner.
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Very intriguing, but still incompletely understood, associations between GSK3f3
and presenilin proteins have been identified by investigators interested in the
neurodegenerative mechanisms that cause Alzheimer’s disease. Mutations in the genes
for presenilin | and 2 account for most of the cases of familial Alzheimer’s disease,
although the large majority of Alzheimer’s disease patients are classified as sporadic with
no known genetic cause (Hardy, 1997). Mutations in the presenilin 1 gene cause an
autosomal dominant inheritance of early onset Alzheimer’s disease with 100%
penetrance in causing Alzheimer’s disease (Haass and De Strooper, 1999). Thus, there is
widespread interest in identifying the functions of presenilins and how mutations
contribute to neuronal dysfunction and degeneration. One possibility is suggested by the
finding that Alzheimer’s disease-associated mutations in presenilin 1 facilitate apoptosis
in several model systems, such as apoptosis caused by the Alzheimer's disease Af-
peptide (Guo et al., 1997; Kovacs et al., 1999; Tanii et al., 2000; but for a contrasting
viewpoint see Bursztajn et al., 1998). However, the mechanisms by which mutations in
presenilin genes facilitate apoptosis and contribute to Alzheimer’s disease remain elusive.

Several investigators recently reported that presenilin 1 binds to GSK3
(Takashima et al., 1998b; Kang et al., 1999; Gantier et al., 2000). Takashima et al
(1998b) first reported a direct interaction between presenilin 1 and GSK3p by showing
that GSK3f was detectable in presenilin 1 immunoprecipitates from human brain. The
same Immunoprecipitates also demonstrated positive immunoreactivity for tau,
suggesting that presenilin 1 can facilitate the colocalization of GSK3p and tau and, thus,
may facilitate GSK3p-mediated phosphorylation of tau. As noted previously (Takashima

et al., 1998b; Kang et al., 1999), presenilin 1 also binds other substrates of GSK3p in
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addition to tau, including 8-catenin (Zhou et al., 1997), B-catenin (Yu et al., 1998; Kang
et al., 1999), and amyloid precursor protein (Aplin et al., 1996); so, presenilin 1 may act
as a scaffold for bringing GSK3p into close proximity with these substrates that have
critical roles in Alzheimer’s disease and cell survival/apoptotic mechanisms.

In contrast to the consistent findings that presenilin | binds GSK3p, contradictory
results have been published concerning how Alzheimer’s disease-associated mutations of
presenilin 1 affect this interaction. Takashima et al. (1998b) reported that expression of
the C263R and P264L mutants of presenilin 1 in COS-7 cells caused a 3-fold increase in
the amount of GSK3p that coimmunoprecipitated with presenilin 1, compared with wild-
type presenilin 1. An opposite finding was reported by Kang et al. (1999), who
demonstrated that the M146L and AX9 presenilin 1 mutants bound GSK3p less than
wild-type presenilin 1. Gantier et al. (2000) further showed that the L392V mutation of
presenilin 1 decreased its affinity for GSK3p relative to wild-type presenilin 1. The
contradictory findings in these studies could be ascribed to the different presenilin 1
mutants and different methods used in each study, or they may indicate that any
perturbation of the interactions between presenilin 1 and GSK3p, whether it be increased
or decreased association, impairs the normal control or function of the proteins. These
conflicting data leave open the question of what role altered association of GSK3p with
mutant presenilin 1 contributes to the early onset Alzheimer’s disease associated with
mutations in the presenilin 1 gene, but all of the studies are in agreement that wild-type
presenilin 1 binds GSK3p and, thus, may be an important modulator of the actions of

GSK3p.
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In addition to directly binding GSK3, there is also evidence that presenilin 1 is
capable of modulating its activity by regulating Akt. Wethl et al. (1999) reported that
transient transfection of mutant presenilin 1 was associated with decreased Akt activity
compared with wild-type presenilin 1. Cells expressing mutant presenilin 1 also
contained lower levels of phosphorylated Ser-9 GSK38, in accordance with the lower
levels of active Akt, which mediates phosphorylation of Ser-9 of GSK3p, and higher
levels of phosphorylated Tyr-216 GSK3p, an active form of the kinase (Weih! et al.,
1999). These data suggest that mutant presenilin 1 may up-regulate GSK3f activity by
perturbing its inhibitory control by Akt. Such an action could contribute to increased
deleterious actions of GSK3p, such as increased phosphorylation of tau and neuronal
apoptosis, conditions associated with Alzheimer's disease.

Overall, these studies provide increasing evidence of interactions between
presenilin 1 and GSK3p and demonstrate that mutant forms of presenilin 1 can modify
the activity and function of GSK3. It remains unclear exactly how presenilin 1 mutants
alter GSK3p function, but mutant forms of presenilin 1 may indirectly both modify the
control of GSK3p activity and alter its intracellular localization and proximity to certain
substrates. These findings raise the possibility that the increased vulnerability to
apoptosis rendered by mutations of presenilin 1 may be linked to the altered control of
GSK3B, which itself has been shown to play a crucial role in the control of apoptosis
(Pap and Cooper, 1998; Bijur et al., 2000).

Taking into account the multiple potential links between hyperactive GSK3p and
Alzheimer's disease, consideration should be given to the possibility that transcription

factors affected by GSK3p may be abnormally regulated in Alzheimer's disease. As noted
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above, evidence for hyperactive GSK3p associated with Alzheimer's disease has been
obtained in assessments of GSK3p localization in Alzheimer's disease and the
interactions of GSK3B with AB, tau, and presenilin 1. Taken together, this evidence
raises the possibility that inhibitory control of GSK3f has been compromised in afflicted
neurons. This condition can be predicted to result in GSK3B-mediated impaired
activation of transcription factors. It is notable that several of the GSK3p-inhibited
transcription factors are critical components of the mechanisms cells use to survive stress
and potentially lethal insults. These factors include HSF-1, NFxB, CREB, and others,
impairments of which are well documented to increase the susceptibility of cells to toxic
insults. Thus, not only is GSK3 associated with the major neuropathological markers of
Alzheimer's disease, but dysfunctional control of GSK3f may further compromise the
capabilities of cells to respond adequately to cell stress through GSK3B's inhibitory
influences on cell survival-promoting transcription factors.

Taken together, there is a surprisingly large number of interactions between
GSK3B and key cellular components related to the neuropathology of Alzheimer's
disease, as summarized in Fig. 9. These include interactions between GSK3B and the
amyloid precursor protein; the AP peptide; the metabolic pathway leading to
acetylcholine synthesis; tau protein, which is the primary constituent of neurofibrillary
tangles; and the presenilins, which are mutated in many cases of familial Alzheimer's
disease. Furthermore, recent studies have revealed that GSK3B can contribute to
apoptotic signaling activities. The cumulative impression given by these diverse findings

is that the control of GSK38, or its abnormal control, may be a focal point integrating the
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diverse neuropathologies associated with Alzheimer's disease, a proposition that certainly

warrants further investigation.

Cell survival and apoptosis

[n the last few years, GSK3f has rapidly become recognized as an important
modulator of apoptosis. Among the intriguing links between GSK3p and cell survival
that have been identified are the findings that activation of GSK3p is linked directly to
increased neuronal apoptosis; that GSK3pB down-regulates the activities of several
transcription factors that are critical promoters of cell survival, such as HSF-1 and CREB;
and that lithium, which inhibits GSK3f, protects neurons from the lethality of a wide
variety of toxic insults. These actions of GSK3PB may be associated with its links to
neurodegenerative disorders, such as Alzheimer’s disease, and also raise the specter of
cell loss mediated by hyperactive GSK3p, and protection by lithium, contributing to
bipolar disorder.

GSK3f has been directly linked to neuronal apoptosis in several recent studies.
The first evidence that activation of GSK3f could be associated with neuronal apoptosis
was reported by Takashima et al. (1993), who found that application of antisense
oligonucleotides to reduce GSK3p levels protected cells from Ap-induced neurotoxicity.
More direct evidence was provided by Pap and Cooper (1998), who found that transient
overexpression of active GSK3P in PC12 and Rat-1 cells was sufficient to induce
apoptosis. They also found that expression of catalytically inactive GSK3p reduced
apoptosis induced by an inhibitor of PI3K and that expression of a dominant-negative

mutant of p53 attenuated GSK3B-induced apoptosis. These important findings revealed
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for the first time that GSK3p is one of the key targets of the well-established anti-
apoptotic signaling mediated by the PI3K/Akt pathway (Pap and Cooper, 1998). Bijur et
al. (2000) extended those findings by showing that relatively low levels of
overexpression of GSK3f, which alone did not induce apoptosis, greatly facilitated
proapoptotic signaling activities. These findings emphasized the importance of cellular
signaling mechanisms that maintain inhibitory control of GSK3p activity. Additionally,
control of overactive GSK3B was shown be attainable pharmacologically with the
GSK3B-inhibiting drug lithium (Bijur et al, 2000). Thus, apoptosis associated with
hyperactive GSK3B was controlled with lithium, results that provide direct evidence of a
site of action contributing to the neuroprotectant properties of lithium.

Withdrawal of trophic factors from cultured neurons is one of the most widely
studied models of apoptosis, and GSK3f activity was recently implicated in this process
(Hetman et al., 2000). Serum withdrawal from cultured cortical neurons caused
apoptosis, along with decreased Akt activity and increased GSK3p activity. The direct
involvement of GSK3B in the development of apoptosis was demonstrated when
apoptosis was attenuated by treatments that reduced the activation of GSK3p (Hetman et
al,, 2000). On the other hand, Crowder and Freeman (2000) reported that apoptosis
induced by NGF-withdrawal was independent of GSK3pB, although GSK3p was
necessary for neuronal death caused by inhibition of PI3K. The potential relevance of
GSK3pB-associated cell death to a specific neurodegenerative condition was found by
Maggirwar et al. (1999). They reported that the human immunodeficiency virus type 1
regulatory protein Tat activates GSK3p and induces apoptosis in cerebellar granule

neurons. Their results suggested that Tat activated platelet-activating factor receptors,
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which increased GSK3p activity and thereby caused cell death, an outcome blocked by
the GSK3p inhibitor lithium (Maggirwar et al., 1999). Recently, Bhat et al. (2000)
reported that several proapoptotic stimuli increased the activity and tyrosine-216
phosphorylation of GSK3f and that inhibition of GSK3p reduced cell death, providing
further evidence for a critical role of GSK3p in apoptotic signaling. Taken together, this
handful of recent studies leaves little doubt that GSK3p is a critical intermediary in a
variety of apoptotic signaling pathways and that the inhibitory control of GSK3p by anti-
apoptotic signaling systems, such as the PI3K-Akt pathway, is an important facet of their
mechanisms used to promote cell survival. Activation of Akt, which inhibits GSK3B, is
one of the most well-characterized cell-survival signaling pathways. Although the
protective effect of Akt has been linked to a number of antiapoptotic mechanisms, such
as inactivation of the proapoptotic caspase-9 (Cardone et al., 1998) and Bad (Datta et al.,
1997: del Peso et al., 1997), it now appears that its inhibition of GSK3p also contributes a
critical component to the protective effects attained by activation of Akt.

The finding that lithium can protect neurons from apoptosis by inhibiting the
activity of GSK3p (Bijur et al., 2000) provides an important clue toward solving one of
the most intriguing properties of lithium: that it is able to provide neuroprotection from a
wide variety of insults (reviewed in Jope, 1999a). A rapidly burgeoning body of
literature has provided ample evidence that lithium is a neuroprotectant. Table 2
summarizes the multiple neurotoxic conditions that have been reported to be ameliorated
by lithium treatment. Although few of these studies directly linked the inhibitory effect
of lithium on GSK3 to lithium's neuroprotection, emerging data summarized in previous

sections of this article indicate that this is likely to be an important mechanism
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Table 2. Lithium provides neurons protection against many insults
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Toxic insult

Reference

Serum and NGF deprivation, PC12 cells

Low K7, cerebellar granule cells

Ouabain-induced cell death, PC12 and SH-SYSY cells
Primary rat cortical and cerebellar cultures
Radiation-induced apoptosis, cerebellar granule cells
Ibotenate lesions, rat basal forebrain

Low K, cerebellar granule cells

Ceramide-induced apoptosis, cerebellar granule cells
Focal ischemia, rat cortex

Glutamate excitotoxicity, cerebellar granule cells
Drug-induced apoptosis, rat cerebellar granule cells
B-amyloid-induced death, primary rat cortical cultures
Ibotenic lesions, rat cortex

Na“ depletion, cerebellar granule cells

Tat-induced apoptosis, cerebellar granule cells

Low K7, cerebellar granule cells

NGF withdrawal, PC12 cells

Staurosporine and heat shock, SH-SYSY cells
Valinomycin-induced death, SH-SYS3Y cells
B-amyloid-induced death, PC12 cells

Volonte and Rukenstein, 1993
D’Mello et al., 1994
Lietal., 1994

Volonte et al., 1994

Inouye et al., 1995

Pascual and Gonzalez, 1995
Grignon et al., 1996
Centeno et al., 1998
Nonaka and Chuang, 1998
Nonaka et al., 1998a
Nonaka et al., 1998b
Alvarez et al., 1999

Arendt et al., 1999
Khodorov et al., 1999
Maggirwar et al., 1999
Mora et al., 1999

Bhat et al., 2000

Bijur et al., 2000

Li and El-Mallakh, 2000
Wei et al., 2000

contributing to the protection furnished by lithium. These findings have raised two
intriguing questions regarding the therapeutic actions of lithium. One of these is the
question of whether the neuroprotective effect of lithium is directly connected with its
action as a mood stabilizer. There is a growing amount of evidence for cell loss in mood
disorders. and this raises the critical questions of whether lithium lessens this loss,
whether the anticonvulsants that are also being applied as mood stabilizers are equally
neuroprotectant, and what role neuroprotection plays in the therapeutic actions of these
drugs. Especially intriguing is the recent hypothesis (Jacobs et al., 2000) that mood
stabilizers promote the survival of newly formed neurons in adult brain (neurogenesis),
an action we propose is likely promoted by inhibition of GSK3f. Second, the
neuroprotectant action of lithium has raised the question of whether it would ameliorate

cell loss associated with neurodegenerative diseases. These questions are currently being
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addressed in many studies, the results of which should not only increase our
understanding of the actions of lithium, but may also provide new methods for
therapeutically lessening neuronal loss associated with degenerative conditions.

The mechanisms by which GSK3p facilitates apoptosis have yet to be identified.
However, several potential contributory mechanisms are evident from the known actions
of GSK3f reviewed above. For example, GSK3B-induced phosphorylation of tau may
destabilize microtubules to contribute to cytoskeletal collapse associated with apoptosis,
and GSK3B-mediated phosphorylation of pyruvate dehydrogenase may impair Krebs
cycle activity. These are but two targets exemplifving the conclusion that multiple known
targets of GSK3PB have the potential for contributing to its proapoptotic actions. However,
we are especially intrigued by the mechanisms involved with its regulatory effects on the
activation of transcription factors. GSK3f inhibits the activation of many transcription
factors. several of which are well known to promote cell survival. Thus, we propose that
GSK3p-induced inhibition of these transcription factors contributes to its proapoptotic
actions and, conversely, that lithium's neuroprotectant actions stem at least in part from
its facilitory effects on transcription factor activation resulting from its inhibition of
GSK3B. We suggest that this diversity of affected transcription factors associated with
cell survival that are affected by GSK3p and lithium likely is a major reason why these
modulate such a diverse array of cell death-associated signaling pathways. Several of the
affected transcription factors are discussed below.

Two of the transcription factors that are likely candidates as important targets for
GSK38, and consequently lithium, in relation to cell survival are HSF-1 and CREB. The

inhibitory effect of GSK3p on stress-induced activation of HSF-1 is likely to impede cell
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survival (Bijur and Jope, 2000). Upon activation, HSF-1 induces the expression of heat
shock proteins that detect and chaperone denatured and misfolded proteins. Many studies
have shown that blockade of heat shock protein expression facilitates cell death and that
overexpression of heat shock proteins attenuates stress-induced cell death (Kiang and
Tsokos, 1998; Morimoto, 1998). Thus, inadequate inhibition of GSK3p activity is likely
to impair the expression of heat shock proteins through GSK3f's inhibition of HSF-1
activation, as recently reported (Bijur and Jope, 2000), and thus increase cellular
susceptibility to stress-induced death. Likewise, inhibition of the activity of CREB also
may be contribute to the proapoptotic effects of GSK3p, since it has recently become
clear that CREB is a key promoter of neuronal survival (Walton and Dragunow, 2000).
Reduction of CREB activity has been reported to facilitate apoptosis (Jean et al., 1998;
Walton et al., 1999), and CREB upregulates the expression of the antiapoptotic protein
bel-2 (Ji et al., 1996; Wilson et al., 1996; Pugazhenthi et al., 1999; Riccio et al., 1999;
Pugazhenthi et al., 2000). Thus, reduction of CREB activity by GSK3f as recently
reported (Grimes and Jope, 2000) may contribute to increased susceptibility to apoptosis
engendered by GSK30.

Similarly, modulation by GSK3f, and lithium, of several other transcription
factors such as NFkB, AP-1, B-catenin, and myc likely contribute to modulation of cell
survival under certain conditions. Each of these can promote cell survival in certain
conditions, and each is inhibited by GSK3p. For example, although the modulatory effect
of GSK3pB on activation of NFxB remains unclear, there is much evidence that NFxB is
an important promoter of neuronal survival (Mattson, 1997), and Bournat et al. (2000)

reported evidence that activation of NFkB in association with inhibition of GSK3p
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promoted survival of PC12 cells. Overall, consideration of these multiple transcription
factors that are modulators of cell survival and are inhibited by GSK3p indicates that
impaired inhibitory control of GSK3, or uncontrolled activation of GSK3p, initiates an
array of changes in transcription factor activities that can contribute to the apoptotic
process. It seems likely that the importance of particular transcription factors in this
regard will vary depending on cell type and apoptotic mechanism. This diversity of
transcription factors also suggests a rationale for the highly diverse apoptotic stimuli that

have been shown to be attenuated by lithium (Table 2).

Among the several possible mechanisms that might contribute to the pro-apoptotic action
of GSK3f and the neuroprotective action of lithium, Fig. 10 illustrates one mechanism
we find especially intriguing. Fig. 10A describes the pro-apoptotic mechanism of action
of GSK3p. Although the previous literature was contradictory concerning the functional
interactions between GSK3p and CREB, we have demonstrated quite clearly that GSK3f
activity inhibits CREB (Grimes and Jope, 2000). Much data also has shown that GSK3p3
reduces the levels, and therefore transcriptional activity, of other CBP-binding
transcription factors, including B-catenin and other transcription factors not represented
in the figure. Both CREB (Giordano andAvantaggiati, 1999) and B-catenin (Waltzer and
Bienz, 1998; Hecht et al., 2000; Takemaru and Moon, 2000) bind the coactivator CBP;
therefore, inhibition of their activities by GSK3p will effectively release CBP to bind to
other transcription factors. A key recent finding by Lee et al. (2000) provides one of the
comerstones of this proapoptotic scheme. They discovered that CBP released from
CREB could be bound by p33 and facilitate p53-mediated transcription (Lee et al., 2000),

which is well known to lead to apoptosis. Thus, activation of GSK3f functionally

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



114

(A) Proapoptotic mechanism of action of GSK3p

Lostop]
&

{ Hyperactivation of GSK3p, e.g. by Ca"-induced tyrosine phosphorylation
Deficient inhibitory control of GSK3 by PI3K/Akt, PKC, or other regulators

(B) Antiapoptotic mechanism of action of lithium
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FIG. 10. GSK3p-linked proapoptotic signaling pathways and protective
mechanism of lithium. A: The inhibitory effects of GSK3B on survival-
promoting transcription factors, including CREB, B-catenin, and others not
depicted. may release CBP to facilitate its interaction with p53 and the
subsequent facilitation of apoptosis. B: Lithium inhibits GSK3f, allowing
enhanced activity and CBP binding of survival-promoting transcription
factors, including CREB, B-catenin, and others not depicted, thus drawing
CBP away from p53 to reduce apoptosis. Arrows indicate changes in
functional activity.
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inhibits CREB, [B-catenin, and other survival-promoting transcription factors that bind
CBP and, by releasing CBP, contribute to activation of p53, and apoptosis ensues.

Additional evidence for this scheme comes from recent reports that CREB has
antiapoptotic actions (Jean et al., 1998; Bonni et al., 1999; Riccio et al., 1999; Walton et
al., 1999), and the finding by Pap and Cooper (1998) that GSK3B-induced apoptosis was
inhibited by expression of a dominant-negative p353. Therefore, with the recent
clarification of the inhibitory effect of GSK3p on CREB activation, evidence supporting
each of the individual steps of the pro-apoptotic scheme shown in Fig. 10A has been
reported.

One of the neuroprotective mechanisms of action of lithium follows from this pro-
apoptotic mechanism of action of GSK3p (Fig. 10B). We propose that as a consequence
of lithium's inhibition of GSK3p, the activity of CREB is increased (Grimes and Jope,
2000), as well as the activity of other CBP-binding transcription factors, such as p-
catenin. Lithium-induced enhanced activation of these CBP-binding transcription factors
would be predicted to reduce the CBP available to bind p353 and thereby reduce the
activity of p53 and its proapoptotic function. In accordance with this scheme, lithium has
previously been shown to reduce p53 (Chen and Chuang, 1999; Lu et al., 1999). It is
notable, that among its actions, p53 acts as a suppressor of bcl-2 expression, thus
providing another point of balance between the antiapoptotic actions of CREB, which can
increase bcl-2 expression (Wilson et al, 1996), and the proapoptotic effect of p33
(reviewed in Finkbeiner, 2000). Previous studies have reported that lithium leads to
increased levels of bcl-2 (Chen et al., 1999b; Chen and Chuang, 1999). In addition to an

antiapoptotic outcome as a result of reduced p53 activity, increased CREB activity may
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also increase the expression of other antiapoptotic proteins such as BDNF (Tao et al.,
1998). Interestingly, increased expression of BDNF has also been proposed to be an
important therapeutic response to treatment with antidepressants (Duman et al., 1997),
providing an overlap between the actions of the antibipolar agent lithium and
antidepressants. Finally, the inhibition of GSK3p by lithium should act in concert with
growth factors whose signaling down-regulates GSK3p activity (e.g., through PI3K/Akt
signaling) to promote neurogenesis. Overall, this mechanism that we propose for the
neuroprotective action of lithium incorporates a wide variety of disparate findings into a
single scheme (Fig. 10B).

There are two facets of the schemes depicted in Fig. 10 that we find especially
noteworthy. These are the breadth of the antiapoptotic mechanisms bolstered by lithium
and the relatively modest changes likely to be induced on these by therapeutic
concentrations of lithium. The breadth of lithium's effects, derived from the multiple
transcription factors regulated by GSK3p, likely contributes to the large variety of toxic
insults that lithium is able to counter. By enhancing many antiapoptotic signaling
mechanisms, the neuroprotective actions of lithium are not limited to a select few types
of cell stress, but instead enables lithium to provide protection from a remarkably varied
number of neurotoxic insults that have been reported to be ameliorated by lithium (Table
2). On the other hand, the protection that lithium affords may be limited to mild-to-
moderate toxic insults. This proposal is based on the evidence that at the therapeutic
concentration of 1 mM, lithium will inhibit GSK3p by less than 50%. This degree of

inhibition should shift the balance of signaling systems toward the enhanced production
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of antiapoptotic agents that are associated with partial inhibition of GSK3p, and thus

facilitate activation of the associated transcription factors.

SUMMARY

GSK3p is a fascinating enzyme with an astoundingly diverse number of actions in
intracellular signaling systems. We find especially intriguing the evidence indicating that
GSK3p has the key role of a "master regulator” over a broad array of transcription
factors. As this article has noted, many of the transcription factors activated when GSK3f3
is inhibited contribute to cell proliferation and survival. Thus, GSK3f appears to be a
gatekeeper, maintaining cells at a regulated rate of proliferation and in a condition where
cell death pathways can be employed if needed. It appears that the consequences
associated with loss of control of GSK3B could be devastating, with overactive GSK3[
increasing vulnerability to potentially lethal insults and too little GSK3p allowing
uncontrolled proliferation. Among the possible diseases that may be associated with
dysfunctional regulation of GSK3p, Alzheimer's disease is especially intriguing. This is
so because GSK3f has been directly linked to all of the key components of Alzheimer's
disease that have been identified, including amyloid, tangles, presenilins, and cholinergic
function. Equally intriguing is the selective inhibitory effect on GSK3p exerted by
lithium, the primary therapeutic treatment for bipolar disorder. Whether lithium’s
inhibition of GSK3f contributes to its mood-stabilizing properties is a difficult problem

to address directly, and so it remains an intriguing subject for further investigation.

Nevertheless, this action of lithium has stimulated investigations of lithium’s actions on

substrates of GSK3p as a first step toward identifying effects of lithium that may be
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related to its therapeutic effects. Finally, GSK3pB may affect both Alzheimer's disease and
bipolar disorder through its proapoptotic actions, a capability that may play a
fundamental role in development and cell survival, and which has led us to suggest that
lithium's broad cell survival-promoting effects may be a consequence of its inhibition of
GSK3f. Overall, GSK3p has far-reaching effects on cellular functions, the consequences

of which are only beginning to be recognized.
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ABSTRACT

The regulatory influence of glycogen synthase kinase-38 (GSK3fB)on the
activation of cyclic AMP response element binding protein (CREB) was examined in
human neuroblastoma SH-SYS3Y cells. Activation of Akt with serum increased phospho-
serine-9-GSK3p (the inactive form of the enzyme), inhibited GSK3pB activity, and
increased CREB DNA binding activity. I[nhibition of GSK3f by another paradigm,
treatment with the selective inhibitor lithium, also increased CREB DNA binding
activity. These results indicate that inhibition of GSK3p by serine-9 phosphorylation or
directly by lithium increases CREB activation, indicating that GSK3p negatively
regulates CREB DNA binding activity in SH-SY3Y cells. The inhibitory regulation of
CREB activation by GSK3f was also evident in differentiated SH-SY3Y cells, indicating
that this regulatory interaction is maintained in nonproliferating cells. Conversely,
overexpression of active GSK3p to 3.5-fold normal levels completely blocked increases
in CREB DNA binding activity induced by EGF, IGF-1, forskolin, and cyclic AMP. The
inhibitory effects due to overexpressed GSK3p were reversed by treatment with lithium
and with another GSK38 inhibitor, sodium valproate. Overall, these results demonstrate

that GSK3p inhibits, and lithium enhances, CREB activation.

INTRODUCTION
Glycogen synthase kinase-3f (GSK3pB), an enzyme first characterized by its
ability to phosphorylate and inhibit glycogen synthase (Embi et al. 1980; Rylatt et al.,
1980), 1s now recognized as a key component of several intracellular signaling systems

that, among other actions, regulates the activity of multiple critical transcription factors
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(Plyte et al., 1992; Kim and Kimmel, 2000). GSK3[ is perhaps most well known as a
component of the cell survival-promoting signaling pathway involving
phosphatidylinositol 3-kinase (PI3K) and the kinase Akt (also known as protein kinase B)
(Datta et al., 1999), and as an intermediate in the Wnt signaling cascade (Ferkey and
Kimelman, 2000). The PI3K-Akt signaling pathway is activated by many growth factors
(Datta et al., 1999), including epidermal growth factor (EGF) and insulin-like growth
factor-1 (IGF-1). Activated Akt phosphorylates serine-9 of GSK3pB, which inhibits its
kinase activity (Cross et al.,, 1995). Recent studies have revealed that this inhibitory
control of GSK3f is an important component in the promotion of cell survival and that
hyperactive GSK3p contributes to cell death (Pap and Cooper, 1998; Bijur et al., 2000;
Hetman et al.. 2000). The proapoptotic action of GSK3[ may be attributable, in part, to
the regulation by GSK3P of the activities of an array of transcription factors, including B-
catenin (Rubinfeld et al., 1996; Yost et al., 1996), AP-1 (Boyle et al.,, 1991), NFxB
(Bournat et al., 2000), HSF-1 (Chu et al., 1996; Bijur and Jope, 2000), and others, that
control the expression of numerous genes and play prominent roles in the determination
of cell fate.

One of the transcription factors that may be regulated by GSK3p is the 43-kDa
phosphoprotein cyclic AMP response element binding protein (CREB). CREB activity is
regulated by complex phosphorylation mechanisms that are not completely characterized.
Phosphorylation of CREB at serine-133 is required for recruitment of the coactivator
CREB-binding protein (CBP) and transcriptional activity (Gonzalez and Montminy,
1989, Chrivia et al., 1993). Numerous signaling events can activate CREB through

phosphorylation of serine-133, including activation of adenylyl cyclase, calcium
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mobilization, and growth factor stimulation (Gonzalez and Montminy, 1989; Sheng et al.,
1991; Ginty et al,, 1994). Activation of CREB contributes to many vital processes,
including cell survival (Walton and Dragunow, 2000). For example, CREB-null mice
expressing functionally inactive CREB die immediately after birth (Rudolph et al., 1998),
PC12 cells overexpressing CREB have decreased susceptibility to okadaic acid-induced
apoptosis (Walton et al., 1996), and apoptosis is facilitated in human melanoma cells
expressing dominant-negative CREB upon exposure to UV radiation (Yang et al., 1996)
or thapsigargin (Jean et al.,, 1998). Additionally, multiple reports suggest that CREB
promotes cell survival by up-regulating the expression of antiapoptotic proteins such as
bel-2 (Ji et al., 1996; Wilson et al., 1996; Pugazhenthi et al., 1999; Riccio et al., 1999).
These and other findings indicate that the regulation of CREB activity is critical for cell
survival and other functions (Walton and Dragunow, 2000).

Phosphorylation of CREB at serine-133 creates a consensus site for
phosphorylation by GSK3p at serine-129 (Fiol et al., 1987, 1994; Wang et al., 1994,
Bullock and Habener, 1998). Two studies have addressed the functional consequences of
this hierarchical phosphorylation of CREB by GSK3p, but the two reached opposite
conclusions. Fiol et al. (1994) reported that activation of CREB in response to cyclic
AMP was potentiated in F9 cells overexpressing wild-type GSK3p and was impaired in
PC12 cells expressing CREB with a mutation in the GSK3p phosphorylation site,
suggesting that GSK3p facilitated activation of CREB. In contrast, Bullock and Habener
(1998) found that phosphorylation of CREB by GSK3p attenuated protein kinase A-
induced CREB DNA binding activity. Thus, although there is a consensus that CREB is

phosphorylated by GSK3p, the functional outcome of this modification remains to be
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clarified. Therefore, this study investigated the regulatory effects of GSK3p on CREB in
human neuroblastoma SH-SY5Y cells. Based on several experimental paradigms, the
results show that GSK3p negatively regulates CREB DNA binding activity and that

lithium and sodium valproate, inhibitors of GSK3p, facilitate CREB activation.

MATERIALS AND METHODS

Cell Culture

Human neuroblastoma SH-SYSY cells were grown on Corning 100-mm-diameter
tissue culture dishes (Corning, NY, U.S.A.) in continuous culture RPMI 1640 medium
(Cellgro, Herndon, VA, U.S.A.) containing 10% horse serum (Life Technologies,
Gaithersburg, MD, U.S.A.), 5% fetal clone II (Hyclone, Logan, UT, US.A), 2 mM L-
glutamine, 100 U/ml penicillin, and 100 pug/ml streptomycin (Life Technologies). SH-
SYSY cells were differentiated to a neuronal phenotype as described previously (Sayas et
al.,, 1999) by maintaining cells in neurobasal medium supplemented with B-27 (Life
Technologies) for 3.5 days. On the third day, serum was withdrawn, and cells were
maintained in neurobasal medium without B-27 for 24 h. Stably transfected SH-SY5Y
cells overexpressing HA-tagged GSK3P were described previously (Bijur et al., 2000)
and were maintained in medium containing 100 pug/ml G418 (Geneticin, Alexis
Biochemicals, San Diego, CA). Cells were maintained in humidified, 37°C chambers
with 5% CO,. For all experiments, cells were plated at a density of 10° cells per 100-
mm-diameter dish, serum was withdrawn after 24 h (unless stated otherwise), and cells

were harvested ~24 h later, following treatments described in Results. Cyclic AMP
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levels were measured with a kit according to the supplier's instructions (Amersham,

Arlington Heights, IL, U.S.A)).

Immunoblotting and Immunoprecipitation

Cells were washed twice with phosphate-buffered saline and were lysed with 500
ul of lysis buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM EDTA, 2 mM EGTA,
0.2% NP-40, | mM sodium orthovanadate, 100 uM phenylmethanesulfonyl fluoride, 0.2
mAM okadaic acid, and 10 pg/ml each of leupeptin, aprotinin, and pepstatin]. The lysates
were collected in microcentrifuge tubes, sonicated for 10 s, and centrifuged at 20,800 g
for 15 min. Protein concentrations in the supernatants were determined using the
bicinchoninic acid (BCA) method (Pierce, Rockford, IL, U.S.A.). The lysates were
stored at -80°C until used for immunoblotting.

Cell lysates were mixed with Laemmli sample buffer {2% sodium dodecyl sulfate
(SDS)] and placed in a boiling water bath for 10 min. Proteins were separated in 8%
SDS-polyacrylamide gels, and the proteins were transferred to nitrocellulose. Blots were
probed with antibodies to Akt, phospho-Akt, CREB, phospho-CREB (Cell Signaling
Technology, Beverly, MA, U.S.A.), GSK3f (Pharminger/Transduction Laboratories, San
Diego. CA, U.S.A.), or CBP (Santa Cruz Biotechnology, CA, U.S.A.), followed by
incubation with horseradish peroxidase-conjugated secondary antibodies (Bio-Rad,
Hercules, CA, US.A)). Blots were developed using peroxidase substrate
chemiluminescence (Amersham-Pharmacia, Piscataway, NJ, U.S.A.) and analyzed with a

PhosphorImager (Molecular Dynamics, Sunnyvale, CA, U.S.A.).
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To measure levels of phospho-serine-9-GSK3p, cell lysates were incubated with 2
ng of phospho-serine-9-GSK3f polyclonal antibody (Biosource, Camarillo, CA, U.S.A))
overnight at 4°C and incubated with 60 ul of protein A sepharose beads (Sigma, St.
Louis, MO, U.S.A)) for 1 h at 4°C with gentle agitation. Immune complexes were
washed and incubated in a boiling water bath, proteins were separated by SDS
polyacrylamide gel electrophoresis (PAGE), and immunoblots were obtained using a
GSK3p monoclonal antibody (Pharmigen/Transduction Laboratories).

For coimmunoprecipitation experiments, cell lysates were incubated with 2 ug of
CBP monoclonal antibody (Pharmingen) overnight at 4°C. Samples were incubated with
60 ul of protein G sepharose beads (Amersham-Pharmacia) for 1 h at 4°C with gentle
agitation. The immune complexes were washed three times with lysis buffer without
protease and phosphatase inhibitors. Samples in Laemmli buffer were placed in a boiling
water bath, proteins were separated by SDS-PAGE, and samples were immunoblotted for

phospho-CREB or CBP.

Electrophoretic Mobility Shift Assay (EMSA)

Cells were washed two times with 4 ml of phosphate-buffered saline and lysed
with 500 pl of Nonidet P-40 lysis buffer [10 mM Tris-Cl (pH 7.4), 3 mM MgCl,, 10 mM
NaCl, and 0.5% Nonidet P-40]. Cell lysates were centrifuged at 4,000 g for 5 min at 4°C.
The pellet was resuspended in 50 pl of buffer [20 mM HEPES (pH 7.9), 20% glycerol,
0.3 M NaCl, 1.5 mM MgCl;,, 0.2 mM EDTA, 1 mM dithiothreitol, 0.1 mM §-
glycerophosphate, 0.5 mM vanadate, | mM phenylmethanesulfonyl fluoride, and 1 pg/ml

each of pepstatin A, leupeptin, and aprotinin]. After a 30-min extraction on ice, samples
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were centrifuged at 16,000 g for 15 min at 4°C. The supernatant containing nuclear
extracts was transferred to a sterile microcentrifuge tube, and protein concentrations were
determined by the method of Bradford (1976).

A 17-bp double-stranded oligonucleotide containing the consensus sequence for
CREB 5'«(TCG AGC TGA CGT CAG AG)-3' was used for EMSAs (Integrated DNA
Technologies, Coralville, IA, U.S.A.). Double-stranded oligonucleotide (200 pmol) was
radiolabeled by incubating for 1 h at 37°C in 20 ul containing reaction buffer
(Amersham-Pharmacia), DNA polymerase I (Klenow Enzyme; Amersham-Pharmacia),
and 100 pCi of [a’*P]dCTP (Amersham, Arlington Heights, IL, U.S.A.). After
incubation, samples were diluted to 50 ul with sterile TE buffer [10 mM Tris-HCI (pH
§.0) and 1 mM EDTA], and free probe was removed by centrifugation at 3,000 rpm for 2
min through ProbeQuant G-50 microcolumns (Amersham-Pharmacia).

DNA binding was measured by incubating nuclear extracts (10 ug of protein) in
20 ul of binding buffer containing 20 mM HEPES (pH 7.0), 4% glycerol, 500 mA KCl, 1
mM MgCl,, 0.5 mM dithiothreitol, 1 mg of poly(dI-dC), and ~12,000 cpm of radiolabeled
oligonucleotide for 30 min at 4°C. For supershift experiments, nuclear extracts were
incubated with an antibody (0.5 pg) to CREB (Cell Signaling Technology), Fos
(Calbiochem, La Jolla, CA, U.S.A.), or Egr-1 (Santa Cruz Biotechnology) for 30 min
before incubation with binding buffer. Reaction mixtures were electrophoresed on 6%
nondenaturing polyacrylamide gels in 0.25X TBE (22.3 mM Tris, 22.3 mM boric acid,
and 0.5 mM EDTA) for 1.5 h at 150 V. The gels were then vacuum-dried, exposed to a

phosphorscreen overnight, and quantitated using a Phosphorlmager (Molecular
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Dynamics, Sunnyvale, CA, U.S.A.). All experiments were carried out at least three times,

and statistical significance was determined by ANOVA.

GSK3p Activity Assay

The activity of GSK3p was measured essentially as described previously (Lesort
et al., 1999). Cells were lysed in immunoprecipitation lysis buffer [20 mM Tris (pH 7.5),
0.2% Nonidet P-40, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM sodium
orthovanadate, 100 uM phenylmethanesulfonyl fluoride, 1 nM okadaic acid, and 10
ug/ml each of leupeptin, aprotinin, and pepstatin]. The lysates were sonicated in
microcentrifuge tubes for 10 s on ice and centrifuged at 20,800 g for 15 min. Lysates
were precleared with 40 ul of protein G-Sepharose beads (Amersham-Pharamcia) for 15
min at 4°C, protein concentrations were determined, and 100 pg of protein (1 pg/ul) was
incubated with 1.5 pg of monoclonal GSK3B antibody (Pharmingen/Transduction
Laboratories) for 2 h at 4°C with gentle agitation. Lysates were then incubated with 60
ul of protein G-sepharose for 1 h at 4°C. The immobilized immune complexes were
washed twice with immunoprecipitation lysis buffer and twice with kinase buffer {20 mAM
Tris (pH 7.5). 5 mM MgCly, and 1 mM dithiothreitol]. Kinase activity was measured by
mixing immunoprecipitated GSK3p with 25 ul of kinase buffer containing 20 mM Tris
(pH 7.5), 5 mM MgCls, | mM dithiothreitol, 250 uM ATP, 1.4 uCi of [y->"P]ATP
(Amersham), varying concentrations of lithium (when indicated), and 0.1 pg/ul of
recombinant tau protein (provided by Dr. Gail V. W. Johnson, University of Alabama at
Birmingham). The samples were incubated at 30°C for 15 min, and 25 ul of Laemmli

sample buffer (2% SDS) was added to each sample to stop the reaction. Samples were
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placed in a boiling water bath for 10 min, and proteins were separated in 8% SDS-
polyacrylamide gels. The gels were vacuum-dried, exposed to a phosphorscreen
overnight, and quantitated using a Phosphorlmager (Molecular Dynamics). The
efficiency of GSK3p immunoprecipitation was determined by immunoblotting for

GSK3B.

RESULTS
Reduction of GSK3[ activity increases CREB DNA binding activity

To determine if GSK3p has an inhibitory influence on CREB DNA binding
activity, two treatment protocols were used to reduce the activity of GSK3p in wild-type
SH-SYS35Y cells. First, GSK3p activity was reduced indirectly by using serum to
stimulate the activation of Akt, which inhibits GSK3p activity by phosphorylating serine-
9 of GSK3B (Cross et al., 1995). Second, GSK3p activity was reduced directly by
treating cells with lithium, a selective inhibitor of GSK3fB (Klein and Melton, 1996;
Stambolic et al., 1996).

The activation state of Akt was modulated by maintaining cells in growth media
containing serum for comparison with results obtained in serum-withdrawn (24 h) cells.
The phosphorylated, active form of Akt was 3.7-fold higher in cells maintained in
medium containing serum compared with cells that were serum-starved for 24 h,
although total Akt levels remained unchanged (Fig. 1A). The greater amount of active,
phosphorylated Akt in cells in serum-containing medium was associated with more of the
inhibited phospho-serine-9 form of GSK3p, which was 200 + 12% of the level in serum-

starved cells (Fig. 1B), and a level of GSK3p activity that was 38 £ 10% of the activity in
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FIG. 1. Serum decreases GSK3p activity and increases CREB DNA binding activity
in SH-SYS5Y cells. SH-SYS3Y cells were serum-starved for 24 h unless stated
otherwise. A: Phosphorylated and total levels of Akt were measured in lysates from
cells incubated without or with serum by immunoblot analysis. Quantitative values
are expressed as percentages of phosphorylated Akt levels in serum-starved cells.
Data are mean * SEM (bars) values (n = 4). B: Phosphorylated serine-9-GSK3p
levels were measured in lysates from cells incubated without or with serum by
immunoprecipitating  phospho-serine-9-GSK3B and immunoblotting GSK3p.
Quantitative values are expressed as percentages of phosphorylated serine-9-GSK3f in
serum-starved cells. Data are mean + SEM (bars) values (n = 3). C: GSK3p activity
was measured by immunoprecipitating GSK3p from cells incubated without or with
serum, incubating the immunoprecipitated GSK3p with recombinant human tau and
[>*PJATP, and measuring the phosphorylation of tau, as described in Materials and
Methods. Quantitative values are expressed as percentages of GSK3p activity in
serum-starved cells. Data are mean + SEM (bars) values (n = 4). D: CREB DNA
binding activity was measured in nuclear extracts from cells incubated without or with
serum and treated without or with lithium (1 mM for 1 h). Quantitative values are
expressed as percentages of CREB DNA binding activity in serum-starved cells. Data
are mean £ SEM (bars) values (n = 4).
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serum-starved cells (Fig. 1C). In association with the decreased activity of GSK3p in
cells maintained in serum, CREB DNA binding activity was 232 + 58% of that in serum-
starved cells (Fig. 1D). Thus, in cells maintained in serum, compared with serum-starved
cells, Akt activity was higher, GSK3f activity was lower, and CREB DNA binding
activity was higher. These results are consistent with the hypothesis that GSK3p is an
inhibitory modulator of CREB DNA binding activity.

To test whether the higher GSK3p activity contributed to the lower CREB DNA
binding activity in serum-withdrawn cells compared with cells maintained in serum,
GSK3p was inhibited directly by treating cells with 1 mM lithium for 30 min. In serum-
starved cells, which contained greater GSK3f activity and less of the inactive phospho-
serine-9-GSK3P, this treatment with lithium to inhibit GSK3p increased CREB DNA
binding activity 2-fold (Fig. 1D). In contrast, lithium treatment did not have a discernable
effect on CREB DNA binding activity in serum-treated cells in which GSK3pB was
already inhibited by the active Akt, supporting the conclusion that lithium increased
CREB DNA binding activity through its inhibitory effect on GSK3p.

Supershift analyses were used to confirm the identity of the CREB DNA binding
activity obtained with the EMSA (Fig. 2). Using cells from which serum was withdrawn
for 24 h, an antibody specific for CREB completely supershifted the CREB DNA binding
activity to a slower mobility in nuclear extracts from both untreated cells and from cells
in which CREB was activated by treatment with 1 mAM lithium for 30 min. In contrast,

Fos and Egr-l1 antibodies did not affect the CREB DNA binding band intensity or

mobility.
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FIG. 2. Supershift analysis of CREB DNA binding activity in
SH-SYSY cells. CREB DNA binding activity was measured by
EMSA in nuclear extracts prepared from serum-starved (24 h)
SH-SYSY cells incubated without (Basal) or with lithium (1 mM
for 1 h). For supershift (ss) analysis, nuclear extracts were
incubated with antibody (0.5 pug) to CREB, Fos, or Egr-1 before
incubation with radiolabeled oligonucleotide.
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To examine if the inverse relationship between GSK3p and CREB DNA binding
activity was maintained in nonproliferating cells, SH-SYS5Y cells were differentiated for
3.5 days, as described previously (Sayas et al.,, 1999), followed by serum withdrawal.
Inhibition of GSK3p with lithium (1 mM; for 1 h) increased CREB DNA binding activity
in serum-starved differentiated SH-SYSY cells (Fig. 3) but had no effect in serum-
containing cells, indicating that these responses are not limited to proliferating cells.
Taken together, these results indicate that GSK3p has an inhibitory influence on CREB
DNA binding activity and that inhibition of GSK3[p either by activation of Akt or with

lithium increased CREB DNA binding activity.

Stimulation of phospho-CREB-CBP complex formation and CREB DNA binding activity
To examine the modulatory effects of GSK3f in further experiments, treatments
were identified that activate CREB using two assessments: the formation of complexes
containing phospho-CREB and CBP, and CREB DNA binding activity. Phosphorylation
of CREB at serine-133 enables complex formation with CREB-binding protein (CBP),
and recruitment of CBP by CREB has been shown to be sufficient for transcriptional
activation (Cardinaux et al., 2000). This complex formation was examined by measuring
the amount of phospho-CREB that coimmunoprecipitated with CBP. In serum-starved
wild-type SH-SYSY cells, treatment with EGF or IGF-1 increased the amount of
phospho-CREB that coimmunoprecipitated with CBP (Fig. 4A). Additionally, treatment
with lithium (10 mM for 30 min) to inhibit GSK3p increased the coimmunoprecipitation
of phospho-CREB with CBP (Fig. 4A). Measurements of CREB DNA binding activity

demonstrated that treatment with EGF, IGF-1, or forskolin, an activator of adenylyl
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FIG. 3. Lithium stimulates CREB DNA binding activity
following serum withdrawal in differentiated SH-SYSY cells.
SH-SYSY cells were differentiated to a neuronal-like
phenotype by maintaining cells in neurobasal medium,
supplemented with B27, for 3.5 days. To withdraw serum,
B27 supplement was removed 24 h before preparation of
nuclear extracts. CREB DNA binding activity was measured
by EMSA in nuclear extracts prepared from serum-containing
or serum-starved cells treated without or with lithium (1 maf;
1 h).
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FIG. 4. EGF. IGF-1. and forskolin stimulate CREB DNA binding
activity in serum-starved SH-SYSY cells. A: The association of
phospho-CREB with CBP was measured by immunoprecipitating CBP
from serum-starved (24 h) wild-type SH-SYSY cells treated without or
with lithium (Li, 10 mM for 30 min), EGF (50 ng/ml for 30 min), or IGF-
I (50 ng/ml for 30 min) and immunoblotting phospho-CREB, as
described in Materials and Methods. B: CREB DNA binding activity
was measured by EMSA in nuclear extracts prepared from SH-SYSY
cells incubated without (24 h) and treated without (Basal) or with EGF
(50 ng/ml for 1 h), IGF-1 (50 ng/ml for 1 h), or forskolin (Fsk; 10 uM for
1 h) following preincubation without or with lithium (Li; 5 mM; 1 h).
Quantitative values are expressed as percentages of basal CREB DNA
binding activity in serum-starved cells. Data are mean + SEM (bars)
values (n = 4-6). C: Supershift (ss) analysis of CREB DNA binding
activity. Nuclear extracts prepared from serum-starved (24 h) cells
treated without (Basal) or with EGF (50 ng/ml for 1 h), IGF-1 (50 ng/ml
for 1 h), or forskolin (Fsk; 10 uM for 1 h) were incubated with antibody
to CREB (0.5 ug).
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cyclase, increased CREB DNA binding activity to 314 + 15%, 381 + 18%, and 258 +
19%, respectively, of the basal CREB DNA binding activity (Fig. 4B). Pretreatment with
lithium (1 mM for 1 h) did not alter activation of CREB DNA binding activity induced by
any of these stimuli (Fig. 4B). Incubation with an antibody specific for CREB
supershifted the CREB DNA binding activity to a slower mobility in nuclear extracts

from cells treated with each of the stimulants (Fig. 4C).

Increased GSK3 B activity inhibits stimulation of CREB DNA binding activity

To complement the experiments that showed that inhibition of GSK3p was
associated with increased CREB DNA binding activity, experiments were carried out to
determine whether increased GSK3p activity inhibits the activation of CREB. Since no
specific activators of GSK3p are known, these experiments used stable lines of SH-SY35Y
cells overexpressing GSK3p (Bijur et al., 2000). These GSK3p-transfected SH-SY5Y
stable cell lines have been shown to have 3- to 4-fold higher levels (Fig. 5A) and
activities (Bijur et al., 2000) of GSK3p than wild-type SH-SYSY cells. Initial signaling
induced by EGF and IGF-1, as deduced from measurements of stimulant-induced
increases in Akt phosphorylation, were identical in control and GSK3[3-overexpressing
cells (Fig. 5B). Additionally, treatment with EGF, IGF-1, or lithium increased the
coimmunoprecipitation of phospho-CREB with CBP in GSK3B-overexpressing cells
(Fig. 5C). This is in accordance with the findings of Bullock and Habener (1998) that the
inhibitory action of GSK3f should not influence the association of phospho-CREB with

CBP, but should only inhibit CREB DNA binding activity. This was found to be the
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FIG. 5. Stimulation of CREB DNA binding activity is impaired in SH-SY5Y cells
overexpressing GSK3f. A: Cell lysates from wild-type SH-SY5Y cells (wt), vector-
transfected SH-SYS5Y cells (Vec). and four cell lines stably overexpressing HA-
GSK3pB (1. 3, 7, and 9) were immunoblotted for GSK3p. B: Serum-starved (24 h)
wild-type SH-SYS3Y cells and GSK3f-overexpressing cells were treated without
(Basal) or with EGF (50 ng/ml for 1 h) or IGF-1 (50 ng/ml for 1 h), and lysates were
immunoblotted for phosphorylated Akt. C: The association of phospho-CREB with
CBP was measured by immunoprecipitating CBP from serum-starved (24 h) GSK3p-
overexpiessing SH-SYS5Y cells treated without or with lithium (20 mM for 30 min),
EGF (50 ng/ml for 30 min), or IGF-1 (50 ng/ml for 30 min) and immunoblotting
phospho-CREB, as described in Materials and Methods. D: CREB DNA binding
activity was measured by EMSA in nuclear extracts prepared from wild-type and
GSK3B-overexpressing cells incubated without serum (24 h) and treated without
(Basal) or with EGF (50 ng/ml for 1 h), IGF-1 (50 ng/ml for 1 h). or forskolin (Fsk;
10 uM for 1 h). Quantitative values are expressed as percentages of basal CREB
DNA binding activity in serum-starved cells. Data are mean £ SEM (bars) values (n
= 4-6).
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case, as in cells overexpressing GSK3p, EGF-, IGF-1-, and forskolin-stimulated CREB
DNA binding activity was almost completely blocked (Fig. 5D). To ensure that the
impaired responses in cells overexpressing GSK3p were not clone-specific, three
additional SH-SYS5Y cell lines overexpressing GSK3B were tested. In each of these cell
lines, stimulation of CREB DNA binding activity by EGF, IGF-1, or forskolin was
blocked (Fig. 5D). These results further support the conclusion that GSK3p is an
inhibitory modulator of CREB.To confirm that the GSK3f overexpression-induced
inhibition of growth factor-stimulation of CREB was not specific to one time point of
treatment, the time courses of IGF-1- and EGF-stimulated CREB DNA binding activity
were measured in wild-type, vector-transfected, and GSK3f-overexpressing cells.
Treatment of wild-type and vector-transfected SH-SYS5Y cells with EGF or IGF-1
resulted in robust, time-dependent increases in CREB DNA binding activity, which
increased 3- to 5-fold within 15 min of treatment and remained significantly elevated for
at least 60 min (Fig. 6A). In contrast, in SH-SYSY cells overexpressing GSK3p,
stimulation of CREB DNA binding activity in response to EGF or IGF-1 was completely
blocked throughout 60 min of treatment. To further confirm that the impaired activation
of CREB DNA binding activity could be due to inadequate inhibition of GSK3p
following growth factor treatments, GSK3P activity was measured in GSK38-
overexpressing SH-SYSY cells before and after treatments with EGF or IGF-1. EGF and
[GF-1 treatment reduced GSK3§ activity in GSK3{-overexpressing cells, but the activity
of GSK3p remained well above the activity levels in control cells (Fig. 6B). This finding

is consistent with the conclusion that GSK3f_negatively regulates CREB activity.
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FIG. 6. Growth factor stimulation of CREB DNA binding activity is blocked at
multiple time points in SH-SYSY cells overexpressing GSK3B8. A: CREB DNA
binding activity was measured in nuclear extracts prepared from wild-type, vector-
transfected, and HA-GSK3pB-overexpressing SH-SYSY cells incubated without serum
(24 h) and treated without or with EGF (50 ng/ml) or IGF-1 (50 ng/ml). Quantitative
values are expressed as percentages of basal CREB DNA binding activity in serum-
starved cells. Data are mean + SEM (bars) values (n = 3-4). B: In wild-type (wt) or
GSK3p-overexpressing SH-SYSY cells (GSK3p) incubated without serum (24 h) and
treated without (Basal) or with EGF (50 ng/ml for 1 h) or IGF-1 (50 ng/ml for 1 h),
GSK3p activity was measured by immunoprecipitating GSK3p, incubating the
immunoprecipitated GSK3f with recombinant human tau and [*’P]JATP, and
measuring the phosphorylation of tau, as described in Materials and Methods
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Inhibitors of GSK3[ restore stimulation of CREB DBA binding activity in cells
overexpressing GSK3p

To test further if increased GSK3p activity caused the attenuation of growth
factor-stimulated CREB activity in GSK3fB-overexpressing cells, experiments were
carried out with lithium to inhibit GSK3f. To determine the concentration of lithium
necessary to reduce the GSK3p activity to below that present in wild-type SH-SY5Y
cells, the lithium concentration-dependent inhibition of GSK3p activity was measured in
GSK3p immunoprecipitates from GSK3B-overexpressing SH-SYS3Y cells. As reported
previously (Klein and Melton, 1996), lithium directly inhibited GSK3p activity in these
in vitro assays (Fig. 7). The lithium concentration-dependent inhibition of GSK3p
revealed that in GSK3-overexpressing cells 20 mM lithium was needed to reduced the
GSK3p activity to a level below that in control untreated cells. On the basis of this
result, a concentration of 20 mM lithium was used to inhibit GSK3p activity in cells
overexpressing GSK3, although it is possible that the intracellular lithium concentration
is less than 20 m/f at the short incubation times used. Measurements of CREB DNA
binding activity in cells overexpressing GSK3f revealed that stimulation by EGF and
IGF-1 was restored by pretreatment with lithium (Fig. 8A and B). These findings indicate
that for EGF and IGF-1 to activate CREB DNA binding activity, inhibition of GSK3p
activity is a necessary component of the signaling cascade. In contrast to the results
obtained with EGF and [GF-1, lithium had no effect on the impaired forskolin-induced
stimulation of CREB DNA binding activity in cells overexpressing GSK3p (data not

shown), indicating that another mechanism accounted for deficient CREB activation
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FIG. 7. Lithium concentration-dependently inhibits GSK3p
activity  immunoprecipitated from  SH-SY5Y  cells
overexpressing GSK3B. GSK3B activity was measured by
immunoprecipitating GSK3p from serum-starved (24 h) wild-
type and GSK3B-overexpressing SH-SYSY cells; incubating the
immunoprecipitated GSK3p with recombinant human tau,
[>*P]ATP, and lithium; and measuring the phosphorylation of
tau, as described in Materials and Methods. Quantitative values
are expressed as percentages of GSK3P activity in wild-type
serum-starved cells. Data are mean + SEM (bars) values (n = 3).
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FIG. 8. Lithium restores growth factor stimulation of CREB DNA
binding activity in SH-SYSY cells overexpressing GSK3p. A: CREB
DNA binding activity was measured by EMSA in nuclear extracts
prepared from GSK3p-overexpressing cells incubated without serum (24
h) and treated without or with EGF (50 ng/ml for 1 h), or IGF-1 (50 ng/ml
for 1 h) alone or following preincubation with lithium (Li; 20 mM for 1
h). B: Quantitative values are expressed as percentages of basal CREB
DNA binding activity in serum-starved GSK3p-overexpressing cells.
Data are mean + SEM (bars) values (n = 4-6).
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induced by forskolin in GSK3B-overexpressing cells. To test whether this could result
from diminished production of cyclic AMP in these cells, cyclic AMP levels were
measured in control and GSK3B-overexpressing cells before and after treatment with 10
pM forskolin. In control SH-SYSY cells, cyclic AMP levels were increased 4.4-fold by
forskolin, from 48 + 4 to 213 £ 30 nmol/ug protein (n = 7). In contrast, in GSK38-

overexpressing cells the cyclic AMP level was increased only 2.1-fold by forskolin, to 79

I+

| from a basal level of 38 £ 1 nmol/ug protein (n =7, measurements made in clones 1,

(98 ]

, and 7 of GSK3B-overexpressing cells). Thus, deficient forskolin-induced CREB
activation in GSK3pB-overexpressing cells resulted in part from impaired production of
cyclic AMP, rather than solely from an inhibitory effect of GSK3p on CREB. Therefore,
to examine whether cyclic AMP-induced stimulation of CREB DNA binding activity is
inhibited by GSK3p, the cyclic AMP analog, dibutyryl cyclic AMP (diBcAMP), was
used in both wild-type and GSK3B-overexpressing SH-SYSY cells to stimulate CREB
DNA binding activity. DiBcAMP stimulated CREB DNA binding activity in wild-type
SH-SYSY cells to 224 £ 16% of the basal activity (Fig. 9). However, diBcAMP
stimulation of CREB DNA binding was completely blocked in GSK3B-overexpressing
SH-SYSY cells, but pretreatment of these cells with 20 mM lithium restored diBcAMP
stimulation of CREB DNA binding activity (Fig. 9). These findings support the
conclusion that GSK3p inhibits cAMP-induced activation of CREB DNA binding
activity.

To confirm that the facilitation by lithium of CREB DNA binding activity in
GSK3B-overexpressing cells was due to its inhibition of GSK3p, another inhibitor of

GSK3B, sodium valproate (Chen et al.,, 1999) was used. In vitro, sodium valproate
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FIG. 9. Lithium restores cyclic AMP stimulation of

CREB DNA binding activity in SH-SYS5Y cells
overexpressing GSK3B. CREB DNA binding activity was
measured by EMSA in nuclear extracts prepared from
GSK3pB-overexpressing cells incubated without serum (24 h)
and treated without or with diBcAMP (100 pM for 1 h) alone
or following preincubation with lithium (20 mM for 1 h).
Quantitative values are expressed as percentages of basal
CREB DNA binding activity in serum-starved GSK3f-
overexpressing cells. Data are means + SEM (bars) values (n
=2-3).
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concentration-dependently inhibited GSK3p activity in GSK3p immunoprecipitates from
SH-SYSY cells overexpressing GSK3p (Fig. 10A). In accordance with the results
obtained using lithium, pretreatment of GSK3p-overexpressing cells with sodium
valproate restored EGF, IGF-1, and diBcAMP stimulation of CREB DNA binding
activity (Fig. 10B). These findings support the conclusion that CREB DNA binding
activity is negatively regulated by GSK3B and demonstrate that this inhibition is

reversible by two inhibitors of GSK3.

DISCUSSION

CREB is a key transcription factor involved in several critical functions of the
brain, including learning, plasticity, and cell survival (Struthers et al. 1991; Davis et al.,
1996; Deisseroth et al., 1996; Silva et al., 1998; Bevilaqua et al., 1999), but the complex
signaling systems that regulate the activity of CREB are incompletely defined. Although
CREB is known to be activated by several growth factors that activate the PI3K-Akt
signaling pathway, which leads to inhibition of GSK3f, it was unclear whether the
inhibition of GSK3p by Akt contributes to the regulation of CREB. The results of the
present investigation demonstrated with several experimental paradigms that GSK3p is
an inhibitory regulator of CREB, that inhibition of GSK3p is necessary for optimal
activation of CREB induced by growth factors or cyclic AMP, and that inhibition of
GSK3p by lithium can facilitate CREB activation.

Phosphorylation of CREB at serine-133 is required for activation of DNA
binding, complex formation with CBP, and transcription, since mutation of this residue

results in the complete loss of transcriptional activity and the mutated protein can act as a
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FIG. 10. Valproate concentration-dependently inhibits GSK3p
activity and restores growth factor and cyclic AMP stimulation of
CREB in SH-SYS5Y cells overexpressing GSK38. A: GSK3p activity
was measured by immunoprecipitating GSK3p from serum-starved
(24 h) GSK3p-overexpressing SH-SYSY cells; incubating the
immunoprecipitated GSK3p with recombinant human tau, [**PJATP,
and valproate; and measuring the phosphorylation of tau, as described
in Materials and Methods. Quantitative values are expressed as
percentages of GSK3p activity in serum-starved wild-type SH-SYSY
cells. Data are mean + SEM (bars) values (n = 3). B: CREB DNA
binding activity was measured by EMSA in nuclear extracts prepared
from GSK3p-overexpressing cells incubated without serum (24 h)
and treated without or with EGF (50 ng/ml for 1 h), IGF-1 (50 ng/ml
for 1 h), or diBcAMP (100 pM for 1 h) alone or following
preincubation with valproate (10 mAM for 1 h). Quantitative values
are expressed as percentages of basal CREB DNA binding activity in
serum-starved GSK3p-overexpressing cells. Data are mean £+ SEM
(bars) values (n = 3).
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negative regulator of phospho-CREB (Gonzalez and Montminy, 1989; Habener et al.,
1995). Phosphorylation of CREB at serine-133 also creates the consensus sequence,
SXXXS(P), for hierarchical phosphorylation by GSK3p of serine-129, whereas in the
absence of phosphorylation at serine-133, CREB is not phosphorylated by GSK3p (Fiol
et al., 1994; Wang et al., 1994). Many kinases, including protein kinase A, extracellular-
related kinases, protein kinase C, Ras-dependent protein kinase, RSK-2, and calcium
calmodulin-dependent protein kinase [V, have been shown to activate CREB by
phosphorylating serine-133 (Dash et al., 1991; Sheng et al., 1991; Ginty et al., 1994;
Xing et al, 1996), thus priming CREB as a substrate for GSK3f-mediated
phosphorylation. This raises the question of what effect secondary phosphorylation by
GSK3p has on CREB function. One possible function would be for the action of GSK3
to synergize with serine-133 phosphorylation to fully activate CREB. Another possibility
would be for phosphorylation by GSK3B to act as a signal for termination of CREB
activity. Evidence for each of these opposing actions has been reported in the only two
previous investigations of the functional consequences of GSK3B-mediated
phosphorylation of CREB. The data of Fiol et al. (1994) indicated that GSK3B-mediated
phosphorylation of CREB at serine-129 is necessary for CREB function, because
expression of CREB with a mutation of serine-129 to alanine in PC12 cells was
refractory to stimulation by cyclic AMP. Furthermore, activation of a Gal4-CREB
reporter was greatly induced by cotransfection of GSK3p in F9 cells (Fiol et al., 1994).
The findings of Bullock and Habener (1998) also demonstrated the hierarchical
phosphorylation of CREB by GSK38, but they reported an opposite functional outcome

of this phosphorylation. Phosphorylation of CREB by protein kinase A increased the
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DNA binding of CREB, whereas secondary phosphorylation of primed CREB by GSK3p
attenuated protein kinase A stimulation of CREB DNA binding activity, a finding that
was attributed to phosphorylation-mediated changes in structure and net charge of CREB
(Bullock and Habener, 1998). Bullock and Habener (1998) attributed the conflicting
results of Fiol et al. (1994) to methodological differences, although this does not entirely
explain the stimulatory effects of GSK3p that were observed. The results reported here
agree entirely with those of Bullock and Habener (1998), who concluded that
phosphorylation of serine-129 by GSK3f provides inhibitory regulation of CREB DNA
binding. This was evident in the present investigation from the increased CREB DNA
binding activity following treatments that indirectly inhibit GSK3f through activation of
the PI3K/Akt signaling pathway and with direct inhibition of GSK3p, and from the
decreased CREB DNA binding activity in cells with increased GSK3f activity that was
reversed by inhibition of GSK3B. Thus, these results support the conclusion that
phosphorylation of CREB by GSK3p causes inactivation of the transcription factor.

In 1996, lithium, the primary agent used in the treatment of manic-depressive
illness, was found to be a direct inhibitor of GSK3p, with an ICso of approximately 2
mM, a concentration near its therapeutic range (Klein and Melton, 1996; Stambolic et al.,
1996). This finding provided a possible mechanism for the therapeutic action of lithium
and initiated the now widespread use of lithium as an effective tool to identify specific
actions of GK3B. The further discovery that GSK3p is directly inhibited by sodium
valproate (Chen et al., 1999) provided a second agent with which the actions of GSK3f
could be verified and added further support to the possibility that inhibition of GSK38

may be therapeutically important in the treatment of bipolar disorder because sodium
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valproate is now widely used in the treatment of this illness. Thus, the findings that
treatment of cells with lithium or sodium valproate facilitated CREB DNA binding
activity support the conclusion that GSK3f is inhibitory. Previous findings of Ozaki and
Chuang (1997) are in accordance with this conclusion; they reported that lithium
treatment increased CREB DNA binding activity in cerebellar granule cells, although
based on the literature available at that time this effect was correlated to effects of lithium
on protein kinase C. However, in a similar study Wang et al. (1999) did not observe
increased CREB activation in SH-SYSY cells treated with lithium. This difference is
likely attributable to the use by Wang et al. (1999) of cells maintained in serum-
containing media, a condition that maintains a low level of GSK3p activity and a
condition in which we also found little effect of lithium. Thus, the present study found
that lithium increased CREB DNA binding activity only when GSK3B was not
adequately inhibited (i.e., in cells maintained in serum-free media and in cells
overexpressing GSK3B). Our findings that sodium valproate, which also inhibits
GSK3B, also facilitated CREB activation further support the conclusion that GSK3p is
inhibitory toward CREB activity. This common action of lithium and sodium valproate
further suggests that inhibition of GSK3p and the consequential facilitation of CREB
activation may be of therapeutic relevance since it identifies an outcome common to the
two most prevalently used agents to treat bipolar disorder.

The inhibitory effect of GSK3p on CREB should be considered in context with
other actions of GSK3p and potential outcomes on cell function. GSK3p has been
reported to negatively regulate, through phosphorylation, the activity of a diverse array of

transcription factors, including AP-1 (Boyle et al., 1991), heat shock factor-1 (He et al.,
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1998; Bijur and Jope, 2000), B-catenin (Rubinfeld et al., 1996; Yost et al., 1996), nuclear
factor of activated T-cells (Beals et al., 1997), Myc (Henrikkson et al., 1993), and NFxB
(Bournat et al., 2000). Thus, the control of GSK3p activity contributes to the regulation
of many transcription factors in addition to CREB and, therefore, must be a central figure
in the regulation of gene expression. From this, it appears likely that GSK3f-induced
down-regulation of these diverse transcription factors likely contributes to the multiple
modes of apoptosis that are facilitated by GSK3p (Pap and Cooper, 1998; Bijur et al.,
2000; Hetman et al., 2000) and to the protective effect of lithium against a remarkably
broad array of insults (reviewed in Jope, 1999). Additional studies are necessary to
further understand the role of CREB and other transcription factors regulated by GSK3p

in mood disorders and the potential protection by lithium of these proteins that contribute

to neuronal plasticity and cell survival.
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CONCLUSIONS

The studies within this dissertation focused on identifying mechanisms involved
in the regulation of transcription factor activity. Transcription factors are considered
critical targets of signal transduction events because they are responsible for transferring
information received by cells from the extracellular environment to the nucleus to
regulate numerous cellular functions. Transcription factors serve multiple critical roles in
the cell. acting as filters to limit the magnitude of signals reaching the nucleus, amplifiers
to increase the sensitivity of response to certain signals. integrators to prevent the
overlapping of conflicting signals, and interpreters to translate diverse types of signals.
Fulfilling these functions is the critical responsibility of transcription factors, proteins
that, when activated, bind specific DNA sequences to regulate transcription. Thus, the
regulation of transcription factors by signaling systems can tremendously affect cell
function.

A key cellular signaling system is the phosphoinositide signaling cascade that, in
response to external stimuli, transposes signals by generating second messengers that
activate protein kinases, initiate intracellular calcium release, and ultimately modulate
gene expression (reviewed in Jope and Williams, 1994; Pacheco and Jope, 1996). This
modulation of gene expression is often accomplished by regulating the activation state of
transcription factors. The first study in this dissertation revealed the robust, rapid, and

transient activation of the early growth response-1 (Egr-1) transcription factor in response
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to stimulation of cholinergic muscarinic receptors. The Egr-1 transcription factor has
recently received great interest because of its sensitive regulation by activation of
neuronal signaling and its involvement in the processes of learning and memory (Worley
et al., 1991; Fordyce et al., 1994). The present study found that the mood-stabilizing
drug valproate reduced signal-induced activation of Egr-1 DNA binding activity. This
finding might prove to be a useful tool in future studies to further characterize the role of
Egr-1 in neuronal function and to further identify the mechanism of action of valproate
on cell functions.

Another perhaps more intriguing signaling intermediate that regulates
transcription factor activation is glycogen synthase kinase-3p (GSK3f). Although many
individual actions of GSK3f have been reported, these have not been integrated into one
comprehensive scheme of the regulatory role of GSK3p on transcription factors. This
was accomplished in the second study. Notable aspects of GSK3p are that it is an
inhibitory regulator of a diverse array of transcription factors and that most of these
transcription factors stimulate the expression of genes critical to cell survival. For
instance, GSK3p has been demonstrated to phosphorylate and inhibit AP-1 (Boyle et al.,
1991), impair activation of HSF-1 (He et al., 1998; Bijur and Jope, 2000), phosphorylate
and inhibit NFxB (Bournat et al., 2000), and phosphorylate B-catenin, preventing its
nuclear translocation and regulation of Tcf/Lef-mediated transcription (Yost et al, 1996;
Rubinfeld et al., 1996). Each of these transcription factors has been shown to play
important roles in promoting cell survival; so, the widespread inhibitory control exerted

by GSK3p is likely to affect cell survival.
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Throughout the course of the second study, several intriguing questions emerged.
For instance, the facts that Wnt signaling is required for neuronal development

(McMahon and Bradley, 1990; Patapoutian and Reichardt, 2000) and that Wnt is
negatively regulated by GSK3p (Hart et al., 1998; Peifer and Polakis, 2000) raise the
question of how the negative regulation of GSK3p, or more specifically, the removal of
the negative influence of GSK3B on each of the regulated transcription factors,
contributes to cellular development. An additional question for future studies concerns
aspects of GSK3P regulation. GSK3p is regulated by three distinct mechanisms:

phosphorylation (reviewed in Plyte et al. 1992), protein complex formation (Ikeda et al.,
1998; Yamamoto et al., 1998; Yost et al., 1998), and intracellular localization (Diehl et
al.. 1998; Ragano-Caracciolo et al., 1998). However, it has yet to be addressed how these
regulatory mechanisms are integrated. Does phosphorylation of GSK3p affect protein
complex formation (e.g., the association of GSK3p with axin or GBP)? Does either
phosphorylation or protein complex formation affect the intracellular localization of
GSK3B? For example, does phosphorylation of GSK3p affect its nuclear import or
export? Another question raised by this study is whether transcription factors exhibit
different sensitivities to regulation by GSK3p. From our initial attempt to address this
question, results of the second study demonstrated that AP-1, CREB, B-catenin, and Myc
display different sensitivities to regulation by GSK3pB. Notably, of the four transcription
factors examined, CREB was the most sensitive to regulation by GSK3p.

CREB is one of the most widely studied transcription factors in neuronal systems
because of its extensive links with neuronal development and learning and memory

(Struthers et al., 1991; Davis et al., 1996; Silva et al., 1998). It was surprising that such a
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fundamental issue of how CREB is regulated by phosphorylation at serine-129 had not
been addressed except in two studies (Fiol et al., 1994; Bullock and Habener, 1998),
which established that CREB was subject to hierarchical phosphorylation by GSK3B but
left the functional consequence of this phosphorylation unclear. Although CREB is a key
component of several neuronal functions, the complex signaling systems that regulate the
activity of CREB have not been completely identified. CREB is known to be activated
by growth factors that activate the PI3K-Akt signaling pathway (Sheng et al., 1991;
Alberts et al., 1994; Ginty et al., 1994; Xing et al., 1996), but it is unknown whether the
inhibition of GSK3f by Akt contributes to the regulation of CREB.

The results of the third study demonstrated, through several experimental
paradigms, that GSK38 is an inhibitory regulator of CREB, that inhibition of CREB is
necessary for optimal activation of CREB induced by growth factors or cyclic AMP, and
that inhibition of GSK3p by lithium can facilitate CREB activation. Now that it is clear
that GSK3p is an inhibitory regulator of CREB, one possible direction for future studies
is to examine particular genes altered by CREB, GSK3p, and lithium to further delineate
their influences on cell function.

The finding that lithium and valproate, two structurally diverse drugs that
demonstrate efficacy in the treatment of bipolar disorder, inhibit GSK3f (Klein and
Melton, 1996; Stambolic et al., 1996; Chen et al., 1999) provides a basis for the concept
that GSK3f may be involved in bipolar disorder. The inhibition of GSK3p by lithium, as
well as by valproate, occurs at concentrations within the therapeutic range of these drugs,
indicating that therapeutic levels of either of these drugs would effectively dampen

signaling events mediated by GSK3B. It is reasonable that a mood stabilizer such as
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lithium or valproate may act by lessening the magnitude of signals without completely
blocking crucial signaling events (reviewed in Jope, 1999). This raises intriguing
possibilities: GSK3B may be a critical target for the therapeutic actions of mood
stabilizing drugs, GSK3p activity may be altered in psychiatric disorders such as bipolar
disorder, and dysfunctions in signaling systems that regulate the activity of GSK3p may
contribute to bipolar disorder. Continued study of these possibilities will enhance our
knowledge of the role of GSK3p in the underlying biochemical dysfunction of bipolar

disorder.
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