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The enzyme glycogen synthase kinase-3
(GSK-3) isadirect target of lithium. While origi-
nally recognized as an important moleculein a
limited number of cellular processes, with unclear
significance for the treatment of bipolar disorder,
recent evidence suggests it has critically impor-
tant cellular functions in the adult brain. GSK-3
has an essential role in anumber of signaling
pathways and regul ates the function of adiverse
number of proteins, notably transcription factors
and cytoskeletal elements. The most important
functions of the enzyme in regard to bipolar dis-
order may be critical effects on cellular resilience
and neuronal plasticity. Thereis tremendous inter-
est in GSK-3 inhibitors as novel therapeutic
agents, and selective, small-molecule compounds
arerapidly being developed for a broad range of
other maladies including diabetes, Alzheimer’s
disease, stroke, and inflammatory conditions. In
this perspectives article, we provide an overview
of the molecular targets of lithium, focusing on
GSK-3—regulated signaling pathways and the
important functions of GSK-3 that may have
relevance for the treatment of bipolar disorder.
We conclude with a discussion of the GSK-3
inhibitors furthest in development and the
clinical trials that may emerge.

(J Clin Psychiatry 2004;65:10-21)

Received Mar. 2, 2003; accepted June 20, 2003. From the Laboratory
of Molecular Pathophysiology, National Institute of Mental Health,
Bethesda, Md.

This research was supported by the Intramural Research Program of
the National Institute of Mental Health, Bethesda, Md., and the Sanley
Medical Research Ingtitute, Bethesda, Md.

Due to space limitations, the authors often cited review papers and
apologize to those authors whose original data were not included.

Corresponding author and reprints; Todd D. Gould, M.D.,
Laboratory of Molecular Pathophysiology, Bldg. 49, Rm. B1EE16,
NIMH, NIH, Bethesda, MD 20892-4405
(e-mail: gouldt@intra.nimh.nih.gov).

J Clin Psychiatry 65:1, January 2004

I n recent years, there has been a growing appreciation

that bipolar disorder—once regarded as a remitting
disorder with a generally favorable long-term outcome—
can be adevastating and life-threatening illness. A number
of studies and analyses have now shown that for a large
percentage of patients, outcome is quite poor, with high
rates of relapse, chronicity, lingering residual symptoms,
subsyndromes, cognitive and functional impairment, and
psychosocial disability.”® Furthermore, suicide is esti-
mated to be the cause of death in approximately 15% of
individuals with severe bipolar disorder,®” and in addition
to suicide, many other deleterious health-related effects
are increasingly being recognized.**° The costs associ-
ated with disability and premature death represent an eco-
nomic burden of billions of dollars annually in the United
States alone.®™ It is thus not altogether surprising that the
Global Burden of Disease study identified bipolar disorder
as the sixth leading cause of disability worldwide and as
anillnessthat islikely to represent an increasingly greater
health, societal, and economic problem in the coming
years.*?

The discovery of lithium’s efficacy as an antimanic
agent just over 50 years ago revolutionized our ability to
treat patients with bipolar disorder.”* Perhaps the single
most important finding about the efficacy of lithium
that has influenced American psychiatry is the fact that
lithium, given over long periods of time, reduces the fre-
guency and severity of subsequent mood episodes in bi-
polar disorder.* This recurrent pattern of illness has been
elogquently argued to be central to the illness and hence
should be in the forefront of our framing questions about
etiology and treatment.® After more than 50 years, lithium
continues to be one of the mainstays of treatment for this
disorder, both for the acute manic phase and as prophy-
laxis for recurrent manic and depressive episodes.™® How-
ever, lithium is clearly far from the perfect medication,
and increasing evidence suggests that a significant number
of patients do not respond adequately and/or are intolerant
of itsside effects. Similarly, other mood stabilizers such as
valproate and carbamazepine are ineffective or intolerable
for asignificant proportion of patients. The recognition of
the significant morbidity and mortality of patientswith se-
vere mood disorders, as well as the growing appreciation
that a significant percentage of patients respond poorly to
existing treatments, has made the task of discovering new
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therapeutic agents that are both efficacious and have few
side effects increasingly more important.

In recent years, there has been an increase in the num-
ber of options available for the treatment of recurrent
mood disorders with a paralel and unprecedented in-
crease of interest in the treatment of bipolar disorder by
pharmaceutical companies, clinicians, researchers, and
the general public. A number of newer pharmacologic
agents are rapidly being introduced into the market
and used by clinicians for the management of bipolar
patients'®; however, amost without exception, all of
the new agents are simply central nervous system (CNS)-
penetrant drugs that have been developed for other disor-
ders, most notably epilepsy and schizophrenia. Many of
these agents have little clinical evidence to support their
use. Almost as rapidly as the anticonvulsants are intro-
duced into the market for the management of epilepsy and
atypical antipsychotic drugs are introduced for the treat-
ment of schizophrenia, these drugs are used by clinicians
for the treatment of bipolar disorder. This practice has un-
doubtedly resulted in large part from the appalling dearth
of pharmacologic agents specifically developed for the
treatment of bipolar disorder. While the ever-increasing
number of agents in our therapeutic armamentarium has
markedly increased our ability to treat alarger number of
patients symptomatically, there is a clear need to develop
agents that are more specific for treating the fundamental
core aspects of bipolar disorder.

In this perspectives article, we review the exciting
recent data, which suggest that an enzyme—glycogen
synthase kinase—may represent a therapeutically rel-
evant target for lithium's actions. Furthermore, because
thisimportant signaling molecule may also beinvolved in
the pathophysiology and/or treatment of Alzheimer’s dis-
ease and stroke, there is concerted effort in industry and
academia to develop novel, selective, brain-penetrant
glycogen synthase kinase-3 (GSK-3) inhibitors. Selective
GSK-3 inhibitors may not only represent truly novel
classes of drugs for bipolar disorder, but may also help
unravel the complexities and underlying pathophysiology
of thisdisorder. We would like to emphasize that excellent
reviews have been published recently that deal with many
aspects of the biochemical functions of GSK-3, and the
interested reader is referred to these.'*™ We focus on
those aspects of the function of GSK-3 that are most rel-
evant for bipolar disorder and have tailored this review
for clinical psychiatrists, since GSK-3 inhibitors may rep-
resent a new lead in the development of agents specifi-
cally for the treatment of bipolar disorder.

HOW DOES LITHIUM EXERT
ITS THERAPEUTIC EFFECTS?

Despite decades of research, there is no compelling
evidence that lithium binds to an extracellular “lithium
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receptor,” and the preponderance of the data suggest that
lithium exerts its effects by directly targeting intracellular
enzymes.®?! Lithium has a hydrated ionic radius very
similar to that of magnesium, a necessary cofactor for
many enzymes. It has been found that lithium inhibits
some enzymes through competition for this required co-
factor.?>? The mechanism of the therapeutic action of lith-
ium is not known. However, since the therapeutic effects
of lithium are only observed after days or weeks of treat-
ment, many investigators feel that initial inhibitory effects
on enzyme(s) produce a cascade of critical genomic, cellu-
lar, and neuronal circuit-level changes, which ultimately
treats the underlying pathology and thus resultsin modula-
tion of the diverse constellation of signs and symptoms
seen in the disorder.?-%2

Although lithium is documented to have some degree
of inhibition of a number of enzymes® only a few are
significantly inhibited at therapeutic lithium concentra-
tions (0.6-1.2 mM).?*#3 |n mammalian systems, lithium
inhibits a group of at least 4 related phosphomonoester-
ases (the best-known of which is inositol monophospha-
tase [IMPasg]),* the metabolic enzyme phosphoglu-
comutase,** and GSK-3.34%

The phosphomonoesterases are a group of magnesium-
dependent, lithium-sensitive phosphatases that includes
inositol polyphosphate 1-phosphatase (IPPase), |M Pase,
fructose 1,6-bisphosphastase 1-phosphatase (FBPase),
and bisphosphate nucleotidase (BPNase, aso referred
to as 3'-phosphoadenosine-5'-phosphate [PAP] phos-
phatase). Of these enzymes, IMPase has received the
greatest attention as a therapeutically relevant target of
lithium; readers interested in a more thorough discussion
of lithium's effects on FBPase and BPNase are referred to
recent review articles.**

IMPase is an important “recycling enzyme” in the
phosphoinositide signaling pathway. This second messen-
ger system, once activated (by, for example, various mus-
carinic, serotonergic, or glutamatergic receptors), yields 2
second messengers, inositol 1,4,5-trisphosphate (1P;) and
diacylglycerol (DAG). IP;isthen sequentially dephospho-
rylated (“recycled”) to yield inositol (in particular aform
known as myo-inositol), which can be utilized to form the
starting material of the phosphoinositide signaling path-
way. The enzyme that removes the last phosphate group
from IP; to yield myo-inositol is the lithium-inhibitable
enzyme IMPase® (Figure 1). The finding that lithium
inhibits IMPase®* |ed to the heuristic inositol depletion
hypothesis, which posited that lithium, via inhibition of
IMPase, would decrease the availability of myo-inositol
and thus ultimately the amount of phosphatidylinositol
4,5-bisphosphate (PIP,) (the starting material for the sig-
naling pathway), thereby putting a “brake” on this path-
way.® It is further suggested that the brain is uniquely
susceptible to inositol depletion since it has limited ca-
pacity to derive inositol.* | PPase, mentioned above as an-
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Figure 1. Cellular Pathways Mediated by Glycogen Synthase Kinase-3 (GSK-3) and/or Lithium
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GSK-3 functions as an intermediary in a number of signaling pathways including neurotrophic signaling pathways, the insulin/Pl 5 kinase pathway,
and the Wnt pathway. Its function while active in many of these pathways is pro-apoptotic. Inhibiting GSK-3, for example with lithium, is
generally anti-apoptotic. Many GSK-3 targets are transcription factors (3-catenin, c-Jun, HSF-1, CREB) and cytoskeletal elements (tau, MAP1B)
(see Table 1). The influence of neurotrophic factors (such as BDNF) on cell survival is mediated—in part—Dby activation of the MAP kinase
cascade. In this pathway, activation of neurotrophic factor receptors (Trks, TrkB for BDNF) results in activation of the MAP kinase cascade via
several intermediate steps. The resultant activation of the small guanosine triphosphate-binding protein Ras (via adapter proteins GRB2 and Sos)
leads to activation of a cascade of serine/threonine kinases. These include Raf, MEK, and MAP kinase (also referred to as extracellular signal -
regulated kinase, or ERK). One target of ERK is Rsk, a kinase that can phosphorylate and deactivate GSK-3. Ras can also activate Pl kinase,
akinase that is activated by insulin signaling as well, and inactivates GSK-3 via phosphorylation. In this pathway, GSK-3 inhibition activates
glycogen synthase. GSK-3 is also an important intermediary in the Wnt signaling pathway. Viathe frizzled family of receptors, Wnt-secreted
glycoproteins activate disheveled. Disheveled activation results in inhibition of GSK-3 viainteractions within a complex that contains the proteins
APC, axin, and FRAT1. Under normal conditions, phosphorylation of -catenin by GSK-3 results in its degradation by ubiquitin. Following GSK-3
inhibition, nondegraded (nonphosphorylated) 3-catenin binds to Lef/Tcf transcription factors, targeting transcription of specific genes. GSK-3
can beinhibited by at least the following 5 different mechanisms, which are relevant for the development of novel GSK-3 inhibitors (see Table 2).
(1) Lithium appears to be competitive for amagnesium binding site on GSK-3.232% (2) In the Wnt pathway, GSK -3 isinhibited by interacting
with specific proteins that are part of alarger protein complex. Proteins that inhibit GSK-3 in this manner are axin and FRAT1.5%% (3) In the other
cellular pathways that inhibit GSK-3 activity, GSK-3 isinactivated by phosphorylation of one of its serine residues (by kinases Akt, PO9ORsk, P70
S6, PKC, and PKA).*"18 (4) Most small-molecule synthetic inhibitors compete with ATP for a binding site. These include indirubins,*?®
SmithKline Beecham compounds SB-415286 and SB-21676,%%131133 and Chiron compounds.** (5) Recently, synthetic small-molecule GSK-3
inhibitors, which are not ATP competitive, have been devel oped that compete with substrate binding.*****® The upper left portion of the figure
depicts lithium’s actions on the phosphoinositol signaling pathway. Activation of some G proteins induces phospholipase C hydrolysis of PIP,
to DAG and IP;. DAG activates PKC. |P; binds to the | P; receptor that aso functions as a calcium channel in the cell. Thisinteraction resultsin
the release of intracellular calcium reservoirs from the endoplasmic reticulum; calcium is an activator of many enzymes and plays a prominent
rolein many cellular signaling events. P, is recycled back to PIP, by the enzymes IMPase and | PPase, both of which are inhibited by lithium.%
Theinositol depletion hypothesis suggests that lithium exerts its therapeutic actions by depleting free inositol and thus dampening the activation
of downstream signaling pathways in neurons.*

Abbreviations: APC = adenomatous polyposis coli, ATP = adenosine triphosphate, BDNF = brain-derived neurotrophic factor, CREB = cyclic AMP
response element binding protein, DAG = diacylglycerol, ERK = extracellular signal-regulated kinase, FRAT1 = frequently rearranged in advanced
T-cell lymphomas 1, G = G protein, GDP = guanosine diphosphate, GRB2 = growth factor receptor-bound protein 2, GS = glycogen synthase,
GTP = guanosine triphosphate, HSF-1 = heat shock factor-1, IMPase = inositol monophosphatase, 1ns(1,4,5)p; and |P; = inositol 1,4,
5-triphosphate, | PPase = inositol polyphosphate 1-phosphatase, MAP1B = microtubule-associated protein 1B, MEK = MAP kinase
kinase, P = phosphate groups, Pl = phosphoinositide, Pl kinase = phosphatidylinositol 3-kinase, PIP = phosphatidylinositol phosphate,

PIP, = phosphatidylinositol 4,5-bisphosphate, PIP;= phosphatidylinositol 3,4,5-trisphosphate, PKC = protein kinase C, PLC = phospholipase C,
Rsk = ribosomal protein S6 kinase, Trk = tyrosine receptor kinase.
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other lithium-inhibitable enzyme, acts prior to IMPase in
the inositol recycling pathway, and inhibition of 1PPase
would most likely have similar effects®* (Figure 1).
While lithium has been shown to decrease free inositol
levelsin brain sectionsin vitro and in the brains of rodents
treated chronically with lithium,*** far less consistent ef-
fects have been observed for PIP,, and those positive re-
sults that exist suggest a small effect.***? Lithium has also
been shown to decrease myo-inositol in human subjects;
however, the myo-inositol reduction was observed after
only 5 days of treatment, suggesting that any decrease in
PIP, signaling occurs prior to clinically relevant effects
that generally occur after longer treatment.”* Perhaps
more relevant as direct mediators of a clinical response
may be the effects of lithium on downstream targets of
phosphoinositol signaling (that may be due to inhibition of
IMPase/l PPase). Lithium (and valproate) has been shown
in cultured cells and in the rodent brain to cause selective
reductions of protein kinase C (PKC) isozymes; in the
case of lithium, this reduction appears to result from the
depletion of inositol.* PKC is a major downstream target
of the phosphoinositide signaling pathway (Figure 1). The
selective lithium-induced inositol-dependent reduction of
PKC isoenzymes* led to a “proof-of-concept” study in
which tamoxifen—a PKC inhibitor at high concentra-
tions—was examined in an open-label clinical trid; initial
results are promising and have led to the initiation of a
larger double-blind, placebo-controlled trial.*

Theinositol depletion hypothesis remains a viable sup-
position.*® However, it is likely that true validation will
only come from the successful development of brain-
penetrant small-molecule inhibitors of IMPase.*® Past in-
dustry efforts have attempted to develop a brain-penetrant
IMPase inhibitor by altering the primary substrate of
IMPase, inositol monophosphate.*” Compounds with suf-
ficient inhibition were developed but thus far have failed
to advance through clinical trials because they are highly
charged® or extremely lipophilic, both of which limited
the bioavailability in the brain (see Atack® for review).
The published crystal structure and modeling studies
of IMPase may help in the development of novel inhibi-
tors.>03!

GLYCOGEN SYNTHASE KINASE-3

A Newer Target For Lithium

Approximately 7 years ago, developmental biologists
working with Xenopus oocytes made the novel observa-
tion that lithium inhibited GSK-3 in a noncompetitive
manner.3* It currently appears to be the only kinase sig-
nificantly directly inhibited by lithium at therapeutic
concentrations.”*** When thisintriguing observation was
made in 1996, GSK-3 was only well recognized as an im-
portant enzyme in a limited number of cellular pro-
cesses—namely in the Wnt signaling pathway and as an
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inhibitor of glycogen synthase (acting as an important in-
termediary in the insulin signaling pathway; Figure 1).
Since then, however, evidence of the role of GSK-3
in regulating important CNS functions, and also dysfunc-
tion, has increased at a tremendous rate, leading to the
possibility of clinical trials of selective GSK-3 inhibitors
in classical neurodegenerative disorders (e.g., Alzhei-
mer’s disease, stroke) and in bipolar disorder (see discus-
sion in the fina section describing the development of
GSK-3inhibitors).

The K; for lithium’s inhibition of GSK-3 was initially
reported by 2 laboratories as 2 mM* or between 1 and 2
mM.* Therapeutic plasma lithium concentrations in pa-
tients generally range from 0.6 to 1.2 mM, whereas hu-
man brain concentrations may be lower.> However, lith-
ium is now known to inhibit GSK-3 through competition
for magnesium,?? and the aforementioned studies esti-
mated lithium’sability to inhibit GSK-3 in the presence of
10 mM magnesium, which is considerably higher than
physiologic levels. The use of such nonphysiologic condi-
tions results in an underestimation of lithium's ability to
inhibit GSK-3 in vivo. While brain intracellular magne-
sium concentrations are not precisely known, they are es-
timated to be between 0.2 mM and 1.2 mM.*** This
range suggests that the concentration of lithium required
to significantly inhibit GSK-3 is considerably lower than
1to 2 mM. In support of such a contention, it has recently
been demonstrated that chronic lithium at therapeutic
concentrations (~0.6 mM in plasma) significantly in-
creases protein levels of adirect GSK-3 target, f-catenin,
in the rat brain.® Inhibition of GSK-3 leads to an up-
regulation of B-catenin,®® and thus B-catenin is often
quantitated as a readout of in vivo GSK-3 inhibition.
Interestingly, lithium has also been shown to increase
phosphorylation of GSK-3 at the inhibitory serine site
in treated cells and in the brains of mice.®*" Recent
work suggests that this finding is specific to lithium’'s
direct inhibition of GSK-3 (as opposed to modulation
of other enzymes or signaling pathways) and that this ac-
tion may be mediated by the GSK-3-dependent protein
phosphatase-1/inhibitor-2 complex.*

What Is It?

GSK-3isaregulator of a number of cellular signaling
pathways that are active both during development and in
adult organisms. As we discuss later, the most critical
function of GSK-3 relevant for the treatment of bipolar
disorder may be its role in regulating apoptosis (pro-
grammed cell death) in neurons. In humans, GSK-3 is
found in 2 nearly identical forms, o and 3. These forms
share anearly identical amino acid sequencein their cata-
lytic domain, generally appear to be regulated by the same
signaling pathways, and have similar specificity in regard
to targets. Both forms are constitutively active in cells
and are deactivated by phosphorylation of a serineresidue
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or by interactions among proteins within the Wnt signal-
ing pathway.'"*® It is this constitutive activity—and intra-
cellular signal-mediated inactivation—that makes GSK-3
unique among kinases; the majority of kinases are quies-
cent and inactive in cells and are activated by specific sig-
nals (often phosphorylation).

GSK-3 was named based on its originally described
function as a kinase that inactivates glycogen synthase.
Following insulin receptor stimulation, phosphatidylinosi-
tol 3-kinase (PI;) and Akt (also protein kinase B) are acti-
vated, resulting in the phosphorylation and concomitant
inactivation of GSK-3. Inactivated GSK-3 no longer phos-
phorylates glycogen synthase, allowing the formation of
glycogen from glucose'"*® (Figure 1). GSK-3 is also akey
modulator of signaling in the Wnt signaling pathway.**
In mammals, secreted Wnt glycoproteins bind to the
frizzled family of receptors. Wnt pathway activation
results in dissociation of GSK-3 from f3-catenin, prevent-
ing p-catenin phosphorylation that serves as a mark
for its degradation. The nonphosphorylated, and thus
nondegraded, (3-catenin is then able to enter the nucleus
and act as a transcription factor in concert with Tcf
(also called Lef) transcription factors to regulate gene
transcription®® (Figure 1). Interestingly, dissociation
of GSK-3 from f-catenin does not appear to require
phosphorylation-mediated deactivation, but rather critical
interactions within a protein complex (GSK-3, adeno-
matous polyposis coli [APC], frequently rearranged in ad-
vanced T-cell lymphomas 1 [FRAT1], axin, and dishev-
eled).

In addition to regulation by Akt and Wnt signaling,
other kinases including p70 S6 kinase, Rsk, PKC, and cy-
clic adenosine monophosphate (CAM P)-dependent protein
kinase (PKA) appear to deactivate GSK-3 by phosphory-
lation of a serine residue (Figure 1). Signals from growth
factors such as brain-derived neurotrophic factor (BDNF)
are propagated via both Rsk (via the extracellular signal-
regulated kinase [ERK] mitogen-activated protein [MAP]
kinase pathway)® "2 and Akt (Pl kinase pathway).” As
recently reviewed by Frame and Cohen,® GSK-3 has
multiple targets within the cell that can be grouped into 6
categories. transcription factors, enzymes that regulate
metabolism, proteins bound to microtubules, scaffolding
proteins, components of the cell division cycle machinery,
and proteins involved in cell adhesion (Table 1). The ef-
fect of GSK-3 on numerous transcription factors such as
c-Jun, heat shock factor-1 (HSF-1), and nuclear factor
of activated T cells has drawn considerable interest and is
particularly noteworthy.”® Generally, but not exclusively,
GSK-3 activity results in suppression of the activity of
transcription. Conversely, inactivation of GSK-3—for ex-
ample, by lithium—appears to activate these transcription
factors.® Asis clear (Figure 1), GSK-3 has a central role
as a multifunctional mediator of many cellular processes
and regulates the function of many important cellular tar-
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Table 1. Targets of Glycogen Synthase Kinase-3*
Transcription factors Proteins bound to microtubules

C/EBPB APC
HSF-1 MAP1B
c-Jun MAP2
Myc Human dynamin-like protein
NFATc Kinesin light chain
C/EBPa. Tau
CREB Scaffolding proteins
MITF Axin
f3-Catenin Presenilin-1
Regulation of metabolism Components involved in cell division
elF2B Cyclin D
Glycogen synthase Human ninein
ATP citrate lyase Proteins involved in cell adhesion
Cyclic AMP—dependent kinase B-Catenin
Pyruvate dehydrogenase DF3/MUC1

Neural cell-adhesion protein

&The table shows many of the targets of GSK-3 (see Frame and
Cohen'® for a complete review). Some targets have only been
validated in vitro and thus require in vivo validation.’6% It is
believed that GSK-3 plays a central role in regulating apoptosis and
cell viability, which may be relevant to the treatment of severe mood
disorders, as enhancing cellular resilience and neuroplasticity may
underlie some of the effects of mood stabilizers and
antidepressants.*®11%2 Generally, the active state of GSK-3 increases
apoptosis and decreases the activity of multiple transcription factors.
Thus, inhibiting GSK-3 generally activates transcription factors and
iS neuroprotective.

Abbreviations: APC = adenomatous polyposis coli, ATP = adenosine
triphosphate, C/EBP = CCAAT/enhancer binding protein,

CREB = cyclic AMP response element binding protein,

el F2B = eukaryotic translation initiation factor 2B,

HSF-1 = heat shock factor-1, MAP1B = microtubul e-associated
protein 1B, MAP2 = microtubule-associated protein 2,

MITF = microphthalmia-associated transcription factor,

NFATCc = nuclear factor of activated T-cells.

gets. In the next section, we describe the data suggesting
that impairments in the regulation of cellular resilience
and neuroplasticity may underlie the pathogenesis and/or
pathophysiology of mood disorders. This section is fol-
lowed by a description of the data suggesting that lithium
(and GSK-3inhibition) isinvolved in regulating neuronal
death and cellular resilience to injury.

FUNCTIONAL RELEVANCE OF GSK-3 INHIBITION
IN THE TREATMENT OF BIPOLAR DISORDER

Is Modulation in Neuronal Plasticity
and Cellular Resilience Relevant to the
Pathophysiology of Bipolar Disorder?

A growing body of data suggests that severe mood dis-
orders are associated with impairments of structural plas-
ticity and resilience and, furthermore, that these changes
are not simply the deleterious consequences of repeated
affective episodes per se. There is now evidence from a
variety of sources demonstrating regional reductions in
CNS volume,"" as well as reductions in the numbers
and/or sizes of gliaand neurons in discrete brain areas in
severe, recurrent mood disorders.”™

Functional imaging studies have revealed multiple
abnormalities of regional cerebral blood flow and
glucose metabolism in limbic and prefrontal cortica
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(PFC) structures in mood disorders.”"" These abnor-
malities implicate limbic-thalamic-cortical and limbic-
cortical-striatal-pallidal-thalamic circuits, involving the
amygdala, orbital and medial PFC, and anatomically
related parts of the striatum and thalamus in the patho-
physiology of mood disorders. Structural imaging studies
have demonstrated reduced gray matter volumes in areas
of the orbital and medial PFC, ventra striatum, and
hippocampus and enlargement of the third ventriclein pa-
tients with mood disorders relative to heathy con-
trols.”~"" Also consistent is that white matter hyperinten-
sities are found at an increased rate in the brains of
patients with bipolar disorder compared with control
populations.2® Complementary postmortem neuropatho-
logic studies have shown abnormal reductions in cortex
volume, glial cell counts, and/or neuronal densities/sizes
in the subgenual PFC, orbital cortex, and dorsal anterolat-
eral PFC.78™

Many of these clinical findings are preliminary reports
and, while extremely interesting, require further replica-
tion. Thus, it isnot presently known whether this evidence
of neuronal deficits constitutes developmental abnormali-
ties that may confer vulnerability to abnormal mood epi-
sodes, compensatory changes to other pathogenic pro-
cesses, the sequelae of recurrent affective episodes per
se, or other factors that are difficult to control in patient
populations. Understanding these issues will depend on
extensive replication and experiments that delineate the
onset of such abnormalities within the illness course and
determine whether they antedate depressive episodes in
individuals at high familial risk for mood disorders.®*

The recent data suggesting neurotrophic effects of lith-
ium in cellular paradigms, animal models, and the brains
of patients suggest the possibility that treatment may pre-
vent, or possibly even reverse, impairments in structural
plasticity and cellular resilience. In support of this hy-
pothesis, Drevets and colleagues have reanalyzed data
from 1997 describing an ~40% reduction in subgenual
PFC gray matter volumes in the brains of patients with
mood disorders.® They found that the decrease in volume
was restricted to patients who were not receiving lithium
or vaproic acid, that patients receiving these drugs had
asignificantly larger volume than other patients, and that
the subgenual PFC volumes of patients chronically on
lithium or valproic acid were not statistically different
from control subjects (W. Drevets, personal communica-
tion; article in preparation).

GSK-3 Plays a Critical Role in Neuroprotection

GSK-3 appears to be a major protein involved in reg-
ulating apoptosis in neurons. Overal, the data suggest
that active GSK-3 facilitates apoptosis while inhibition
of GSK-3 attenuates cellular apoptosis. For example,
increased activity of GSK-3 in a number of cell types
increases apoptosis or is correlated with apoptosis in
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neuronal cells.®¥ Conversely, decreasing GSK -3 activity
with a protein inhibitor, antisense nucleotides, an inacti-
vated form of GSK-3, or administration of lithium pre-
vents these effects.®® GSK-3 activity also increases
in the rat cortex following focal cerebral ischemia.®? A
recently developed class of maleimides (novel GSK-3
inhibitors, discussed later in the section on GSK-3 inhibi-
tors)® has also been shown to protect both central and pe-
ripheral neurons in culture from cell death.® Thus, accu-
mulating evidence in neurons suggests that GSK-3 has a
paramount role in regulating apoptosis and that inhibition
or down-regulation of GSK-3 has the effect of preventing
cell death. Recent work also shows that a novel inhibitor
of GSK-3isableto induce neuronal differentiation in em-
bryonic stem cells.®

Research on the role of Wnt glycoproteins and Wnt
signaling in the adult nervous system is still initsinfancy,
but there is evidence that they may play an important part
in synaptic plasticity and neuronal survival.** Further-
more, recent research on the role of p-catenin in brain
development has found that up-regulation of this protein
is sufficient to cause the formation of gyri and sulci in the
mouse brain, a finding observed only in higher mammals
and suggestive of an important role in higher mammalian
cognitive functions.®® Another recent study, consistent
with these results, reports that overexpression of GSK-3
(which would be expected to decrease -catenin levels) in
the neonatal mouse results in smaller overall brain vol-
ume.”” However, in thislatter study it should be noted that
increasing GSK-3 would have other effects in addition to
decreasing [3-catenin.

Preclinical evidence both in cell culture and in animal
models shows that lithium also has neuroprotective prop-
erties.’®%* | jthium has been demonstrated to protect
against the deleterious effects of glutamate, N-methyl-
p-aspartate receptor activation, aging, serum or nerve
growth factor deprivation, low potassium, ouabain (agly-
coside; inhibits the sodium potassium adenosinetriphos-
phatase), thapsigargin (mobilizes intracellular calcium),
1-methyl-4-phenylpyridinium, and g-amyloid in vitro (re-
viewed in Manji et al.* and Chuang et al.*®). More impor-
tantly, lithium’s neurotrophic and cytoprotective effects
have also been demonstrated in the rodent brain in vivo.
In a rat model of stroke using middle cerebral artery
occlusion, lithium markedly reduced neurologic deficits
and decreased brain infarct size when given prior to'® or
following' middle cerebral artery occlusion. In a rat
Huntington's disease model, lithium significantly reduced
brain lesions resulting from infusion of quinolinic acid, an
excitotoxin.'®* Lithium al so enhances hippocampal neuro-
genesis in the adult rodent hippocampus'®**® and in pri-
mary cell culture.’®

On the basis of these preclinical data suggesting pos-
sible neurotrophic actions of lithium, the effects of lithium
on neuroimaging measures related to neuronal viability
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were addressed in longitudinal studies using magnetic
resonance spectroscopy (MRS) to quantitate N-acetyl-
aspartate (NAA, a putative marker of neuronal viability
that is decreased in many neurologic diseases) levels and
magnetic resonance imaging (MRI) to quantitate total
brain gray matter. Measurements of bipolar patients were
made at baseline (medication free, after a minimum
14-day washout) and then repeated after 4 weeks of
lithium treatment at therapeutic doses. It was found that
chronic lithium increased NAA concentration in the hu-
man brain in vivo.!® It was additionally noted that there
was an ~0.97 correlation between lithium-induced NAA
increases and regional voxel gray matter content, suggest-
ing that possible neurotrophic effects of lithium may
be restricted primarily to brain gray metter. In a second
longitudinal study, brain tissue volumes were examined
using high-resolution 3-dimensional MRI and validated
by quantitative brain tissue segmentation methodol ogy to
identify and quantify the various components by volume,
including total brain white and gray matter content.™®’
This study revealed that chronic lithium significantly in-
creases total gray matter content in the human brain of pa-
tients with bipolar disorder. No significant changes were
observed in brain white matter volume or in quantitative
measures of regional cerebral water content, thereby pro-
viding strong evidence that the observed increasesin gray
matter content are most likely due to neurotrophic effects
as opposed to any possible cell swelling and/or osmotic
effects associated with lithium treatment. Recently, the
gray matter findings have been corroborated in a cross-
sectional MRI study'® and the NAA findings have been
corroborated in cross-sectional MRS Lithium’s inhib-
ition of GSK-3 may be, at least in part, responsible for
both the preclinical and clinical neurotrophic actions of
lithium.

GSK-3 May Also Regulate Circadian Rhythms

Recent evidence suggests that lithium may also regu-
late circadian cycles through inhibition of GSK-3. A great
deal of evidence—hormonal, physiologic, and behav-
ioral—suggests that dysregulation of circadian rhythmsis
present in patients with both bipolar disorder and unipolar
depression.”™® For example, severe disruption in sleep-
wake patterns is often observed in bipolar disorder (i.e.,
decreased need for sleep during manic periods or an in-
creased or decreased ability to sleep during depressive
episodes). Furthermore, treatment modalities that most
likely modulate circadian rhythms, such as sleep depriva-
tion, clearly have efficacy in the treatment of mood disor-
ders.™™ ™2 For a complete review of the role of circadian
factors in the pathogenesis, pathophysiology, and treat-
ment of bipolar disorder, we refer the reader to a number
of excellent reviews 581013

It has been known for some time that lithium treatment
has an effect of lengthening the circadian period in diverse
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species, ranging in complexity from individua cells to
humans, suggesting that there is a single evolutionarily
conserved target for this action.*** However, the cellular
target for lithium’s effect on circadian cycles has re-
mained unknown. Of relevance may be a recent preclini-
cal finding in Drosophila suggesting that GSK-3 is an
important mediator of the circadian cycle. Martinek et
al.™™® identified the Drosophila orthologue of GSK-3p,
SHAGGY, as a component of the circadian cyclesin this
species. Activation of this Drosophila GSK-3 appears to
advance the entry of the TIMELESS protein into the
nucleus, an action, based on the central role of TIME-
LESS in advancing the circadian day, that would be
expected to advance the circadian cycle. Indeed, over-
expression of SHAGGY significantly lengthened the
Drosophila free-running circadian cycle.*> Additionally,
gene targeting resulting in a decrease in SHAGGY activ-
ity increases circadian period length,*® precisely the ef-
fect (increase in circadian period) that has been noted in
numerous species, including Drosophila, after treatment
with lithium.™* While there are many differences between
the molecular components of circadian cycles in mam-
mals and Drosophila (including the lack of atrue TIME-
LESS orthologue), there are also many similarities, ™58
It is therefore interesting to speculate that GSK-3 has a
similar general—and evolutionarily conserved—action in
the function of the mammalian circadian clock.*® This pu-
tative function of GSK-3 thus represents a possible mo-
lecular target for the effect of lithium on circadian cycles.

Together, the clinical and preclinical data suggest that
lithium may regulate circadian cycles via its effects on
GSK-3 and that these effects may represent an important
mechanism by which this monovalent cation brings about
long-term stabilization of mood.

THE DEVELOPMENT OF SMALL-MOLECULE,
SELECTIVE, CNS-PENETRANT GSK-3 INHIBITORS:
RAPID PROGRESS

The data reviewed thus far clearly suggest that selec-
tive GSK-3 inhibitors may have considerable utility in the
treatment of bipolar disorder. Validation of any potential
therapeutic value of inhibiting GSK-3 will come from
clinical trials of novel, brain-penetrant inhibitors. It is
noteworthy that many pharmaceutical companies are ac-
tively developing these molecules. Much of the emphasis
is for the treatment of diabetes, Alzheimer’'s disease,
stroke, and inflammation.’**8 |t is beyond the scope of
this review to describe in complete detail the reasons for
these interests; however, the interested reader is referred
to the following references.’®*#*° Briefly, GSK-3's role
as a kinase that deactivates glycogen synthase may be
useful in lowering blood sugar and treating diabetes.® A
former name for GSK-3 was tau kinase, and phospho-
rylation of tau by GSK-3 may advance the formation of
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Table 2. Mechanisms by Which Glycogen Synthase Kinase-3
(GSK-3) Is Inhibited

Endogenous Exogenous
Prevention of activating Magnesium competitive
phosphorylation at tyrosine site Lithium
Unidentified inhibitors ATP competitive
Inhibitory phosphorylation Most novel compounds
A number of signaling developed thus far belong
pathways act on a GSK-3 to this class
serine site in this manner Substrate competitive
(ie, PKC/Akt/Rsk1) Design based on peptide
Protein complex inhibitors substrates (ie, glycogen
Act within Wnt signaling pathway synthase)

(ie, FRATL, axin peptides) Synthesized small molecules
Abbreviations: ATP = adenosine triphosphate, FRAT1 = frequently
rearranged in advanced T-cell lymphomas 1, PKC = protein kinase
C, Rsk1 = ribosomal protein S6 kinase-1.

neurofibrillary tangles.® Recent evidence also suggests a
role of GSK-3 in the formation of amyloid-f} peptidesin
cell culture,®*> and also in transgenic mice expressing
an amyloid-p peptide mutation.’® Thus, active GSK-3
may play arolein both the formation of hyperphosphory-
lated tau and amyloid deposition, two pathologic pro-
cesses associated with the development of Alzheimer’s
disease. GSK-3's general effects on apoptosis and regula-
tion of NF-xB may have utility for the treatment of stroke
and inflammation.*®* Recent evidence also suggests arole
for GSK-3 inhibitors in inhibiting ischemic damage in a
model of cardiac reperfusion injury.* It islikely that any
small-molecule, brain-penetrant inhibitors that are devel-
oped for these maladies will also undergo clinical trials
for the treatment of bipolar disorder.

GSK-3 Inhibitors Currently Under Development

Lithium is an inhibitor of GSK-3 activity** that
appears to exert its actions by competition for a mag-
nesium bhinding site.?# In the cell, GSK-3 is inhibited
either by phosphorylation of one of its serine residues (by
the kinases Akt, Rsk, PKA, p70 S6 kinase, and PKC,
among others)*"*8 or by protein inhibitors (namely axin or
FRAT1) as part of a large multimeric protein complex
within the Wnt signaling pathway.**® While the mecha-
nisms involved are unclear, GSK-3 can aso be activated
by phosphorylation of atyrosine site, and thus inhibition
of this process would be expected to inhibit GSK-3
activity (Table 2, Figure 1).

As mentioned, specific, brain-penetrant GSK-3 inhib-
itors are actively under devel opment by a number of phar-
maceutical companies. In this regard, Dorronsoro and
colleagues'® recently reviewed the exponential increase
in the development of GSK-3 inhibitors over the last
4 years (they report more than 45 patents). A number
of drug compounds, including the genera classes of
hymenialdisines, paullones, indirubins, maleimides, and
thiadiazolidinones, have been developed as GSK-3 inhib-
itors; the majority of these appear to exert their actions by
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being competitive with ATP (Table 2). For a complete
review, see Dorronsoro et a.*® and Martinez et al.,**" both
of which are excellent references. We selectively review
some of these compounds here in more detail.

Indirubin is an active ingredient of danggui longhui
wan, which is a traditional Chinese herbal medicine.
Recently, indirubin was identified as a potent inhibitor of
GSK-3 with significant inhibition in the nanomolar
range.*® Indirubins inhibit GSK-3 by competing with
ATP binding to the catalytic site."”® Of the novel GSK-3
inhibitor compounds under development, indirubins are
the only group for which there are published data on
blood-brain barrier penetration and toxicologic data in
animals and humans. In thisregard, certain indirubins ap-
pear to readily pass the blood-brain barrier (reviewed in
Ma and Yao'®). Based on reasonable toxicity studies,
indirubin has been approved in China for clinical trials
to treat chronic myelocytic and chronic granulocytic
leukemia; however, while currently in drug trials, indi-
rubins are not entirely specific for GSK-3, also inhibiting
cyclin-dependent kinases (the rationale for their use in
leukemia).™*°

Maleimides are also potent and direct inhibitors of
GSK-3 that show significant inhibition in the nanomolar
range.® SmithKline Beecham identified a number of
maleimide derivatives as potent inhibitors of GSK-3.2%
The maleimide derivatives SB-415286 and SB-216763
are structurally distinct compounds that inhibit GSK-3 ac-
tivity by competing for the ATP binding site.**** These
compounds have been utilized in some of the preclinica
studies described earlier in this review; for example, they
are potent promoters of the survival of cerebellar granule
neurons following survival factor withdrawal, or inhibi-
tion of Pl; kinase activity,® and thus have represented
a valuable tool in elucidating the role of GSK-3 in cell
signaling pathways.*®

The newly developed small thiadiazolidinones repre-
sent the first ATP-noncompetitive GSK-3 inhibitors re-
ported to date.** A wide range of thiadiazolidinone com-
pounds inhibit GSK-3 at micromolar concentrations.*
The fact that these compounds represent noncompetitive
inhibitors may prove particularly useful.

It has been suggested that inhibitors of the substrate
binding site may provide substrate specificity to GSK-
3-mediated phosphorylation.*”*?” In other words, most
GSK-3 inhibitors compete with ATP for a binding site
on GSK-3 and therefore block the phosphorylation of ev-
ery GSK-3 substrate, not just those involved in, for in-
stance, insulin signaling and tau phosphorylation. Thus,
medications that inhibit GSK-3 in a substrate-specific
manner may have utility in the treatment of various dis-
ease processes that may be modulated by specific actions
of GSK-3. In this regard, the protein glycogen synthase
has been utilized to develop phosphorylated peptide
inhibitors of GSK-3, which increased glycogen synthase
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activity in cell culture and improved glucose tolerance
test performance of normal mice and in a diabetic mouse
model.*®® The recent discovery of the way in which sub-
strates bind to GSK-3 may assist in the development of
substrate-specific inhibitory compounds.** Future medi-
cations are also expected to take advantage of interactions
of GSK-3 in large complexes such as those that regulate
Whnt signaling (Figure 1).

As a consequence of the multiple functions of GSK-3
in cells, inhibition of GSK-3 has the potential to affect
abroad range of cellular processes including cell growth,
gene transcription, and glycogen metabolism; thus, in ad-
dition to achieving selectivity for GSK-3 inhibition, it is
critical to avoid widespread side effects in a potentially
therapeutic treatment. In this regard, GSK-3 inhibitors
that are not substrate-specific may require narrow dosing
in patient trials. Furthermore, there are some specific pos-
sible side effects for these promising drugs. For example,
in the heart, active GSK -3 appears to suppress cardiac hy-
pertrophy.**"*3 There is also a concern that specific GSK -
3 inhibitors may have carcinogenic properties (due to
up-regulation of the Wnt pathway, which is common
in human cancers).!6-1811912%.1% However, epidemiologic
studies on the effect of lithium on cancer risks are
strongly negative to date,**° and preliminary rodent stud-
ieswithin our group and by others do not suggest a major
effect.* Nevertheless, careful testing in animals will
need to be accomplished prior to human trials of more po-
tent GSK-3 inhibitors. In summary, a large number of
compounds with GSK-3—inhibitory properties are rapidly
being developed, offering the promise of GSK-3 inhibi-
tors that are highly potent and specific. Such novel com-
pounds will permit the opportunity to investigate the util-
ity of GSK-3 inhibition in the treatment of bipolar
disorder. While lithium is known most commonly for its
efficacy in treating mania, it possesses antidepressant
properties as both a monotherapy®* and an adjunct
therapy™*®; thus, any forthcoming clinical trials will have
to address potential antimanic and antidepressant (not to
mention prophylactic) properties.

CONCLUDING REMARKS

As discussed, al of the pharmacologic agents that are
currently available for the treatment of bipolar disorder
have been obtained by serendipity or by testing an already
approved drug for another indication in patients with bi-
polar disorder (e.g., anticonvulsants and antipsychotic
drugs). This dearth in development of novel medications
is largely due to the lack of understanding of the patho-
physiology of bipolar disorder combined with a lack of
knowledge regarding the true cellular targets of mood-
stabilizing medications.* The inhibitory effect of lithium
on GSK-3 provides us with a unique opportunity to test a
novel hypothesis regarding a potential therapeutic target.
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GSK-3 has a number of functions within the nervous
system that evidence suggests may be critically important
for the treatment of bipolar disorder. A multiplicity of cel-
lular processes are ascribed to GSK-3. Many of these cel-
lular processes are undoubtedly involved in regulating the
cellular and neuronal circuitsinvolved in the regulation of
complex neurologic functions with relevance to the clini-
cal phenotype of bipolar disorder, the sleep, appetite, and
energy changes that make up the neurovegetative profile
of bipolar disorder and endophenotypes common in pa-
tients with bipolar disorder.2>** Thus far, studies of GSK-
3 in postmortem brains of bipolar subjects have been
negative.**#"1% However, a number of signaling path-
ways (with which GSK-3 is involved) have been associ-
ated with the disorder.*?

A number of cellular actions of lithium have beeniden-
tified over the past few decades. These include—among
many others—increased activity of basal activator bind-
ing protein 1, regulation of PKC and its substrates, reduc-
tion of arachidonic acid turnover, and increased expres-
sion of the neuroprotective protein B-cell lymphoma/
leukemia-2 (bcl-2) (see Gould et al. for review). It is
quite likely that many of these pathways may play im-
portant roles in treating various facets of this complex
illness.** Eventually, the multiple effects of lithium and,
more generally, other mood stabilizers on biological sys-
tems will be traced back to fewer initiating events. It is
likely that by understanding the identity of the lithium
target enzyme(s) that lead to these events, we will better
understand the pathophysiology of bipolar disorder and
be able to—using a hypothesi s-driven approach—attempt
to treat patients with a selective enzyme inhibitor(s). In
thisregard, anumber of GSK-3 inhibitors are actively un-
der development, and it is anticipated that these will un-
dergo trials for the treatment of bipolar disorder.

Drug names: carbamazepine (Tegretol and others), tamoxifen
(Nolvadex and others), valproic acid (Depakene and others).

REFERENCES

1. Kusznir A, Cooke RG, Young LT. The correlates of community function-
ing in patients with bipolar disorder. JAffect Disord 2000;61:81-85

2. Ozer S, Ulusahin A, Batur S, et d. Outcome measures of interepisode
bipolar patientsin a Turkish sample. Soc Psychiatry Psychiatr Epidemiol
2002;37:31-37

3. Woods SW. The economic burden of bipolar disease. J Clin Psychiatry
2000;61(suppl 13):38-41

4. Judd LL, Akiskal HS. The prevaence and disability of bipolar spectrum
disordersin the US population: re-analysis of the ECA database taking
into account subthreshold cases. JAffect Disord 2003;73:123-131

5. Calabrese JR, Hirschfeld RM, Reed M, et al. Impact of bipolar disorder
on aUS community sample. J Clin Psychiatry 2003;64:425-432

6. Goodwin FK, Jamison KR. Manic-Depressive llIness. New York, NY:
Oxford University Press; 1990:938

7. Jamison KR. Suicide and bipolar disorder. J Clin Psychiatry
2000;61(suppl 9):47-51

8. Ciechanowski PS, Katon WJ, Russo JE. Depression and diabetes:
impact of depressive symptoms on adherence, function, and costs.
Arch Intern Med 2000;160:3278-3285

18



Gould et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

35.

36.

37.

38.

19

. Musselman DL, Evans DL, Nemeroff CB. The relationship of depression

to cardiovascular disease: epidemiology, biology, and treatment. Arch
Gen Psychiatry 1998;55:580-592

Michelson D, Stratakis C, Hill L, et a. Bone mineral density in women
with depression. N Engl J Med 1996;335:1176-1181

Begley CE, Annegers JF, Swann AC, et a. The lifetime cost of bipolar
disorder in the US: an estimate for new casesin 1998.
Pharmacoeconomics 2001;19:483-495

Murray CJL, Lopez AD. The Globa Burden of Disease Summary.
Cambridge, MA: Harvard School of Public Health; 1996

Cade JFJ. Lithium saltsin the treatment of psychotic excitement.

Med JAust 1949;2:349-352

Goodwin FK. Retionale for long-term treatment of bipolar disorder

and evidence for long-term lithium treatment. J Clin Psychiatry
2002;63(suppl 10):5-12

Baldessarini RJ. Treatment research in bipolar disorder: issues and
recommendations. CNS Drugs 2002;16:721-729

Frame S, Cohen P. GSK 3 takes centre stage more than 20 years after its
discovery. Biochem J2001;359:1-16

Cohen P, Frame S. The renaissance of GSK3. Nat Rev Mol Cell Biol
2001;2:769-776

Woodgett JR. Judging a protein by more than its name: GSK-3.

Sci STKE [seria online] Sept 18, 2001:RE12

Grimes CA, Jope RS. The multifaceted roles of glycogen synthase kinase
3bin cellular signaling. Prog Neurobiol 2001;65:391-426

Phiel CJ, Klein PS. Molecular targets of lithium action. Annu Rev
Pharmacol Toxicol 2001;41:789-813

Gould TD, Chen G, Manji HK. Mood stabilizer psychopharmacology.
Clin Neurosci Res 2002;2:193-212

Amari L, Layden B, Rong Q, et a. Comparison of fluorescence, (31)P
NMR, and (7)Li NMR spectroscopic methods for investigating Li(+)/
Mg(2+) competition for biomolecules. Anal Biochem 1999;272:1-7
Ryves WJ, Harwood AJ. Lithium inhibits glycogen synthase kinase-3
by competition for magnesium. Biochem Biophys Res Commun
2001,280:720-725

York JD, Ponder JW, Majerus PW. Definition of a metal-dependent/
Li(+)-inhibited phosphomonoesterase protein family based upon a
conserved three-dimensional core structure. Proc Natl Acad Sci U SA
1995;92:5149-5153

Gurvich N, Klein PS. Lithium and valproic acid: parallels and contrasts
in diverse signaling contexts. Pharmacol Ther 2002;96:45-66

Wang JF, Young LT, Li PR, et a. Signd transduction abnormalitiesin
bipolar disorder. In: Young LT, Joffe RT, eds. Bipolar Disorder: Biologi-
cal Modelsand Their Clinical Application. New York, NY: Dekker; 1997
Jope RS. Anti-bipolar therapy: mechanism of action of lithium.

Mol Psychiatry 1999;4:117-128

Lenox RH, Hahn CG. Overview of the mechanism of action of lithium
in the brain: fifty-year update. J Clin Psychiatry 2000;61(suppl 9):5-15
Davies SP, Reddy H, Caivano M, et d. Specificity and mechanism of
action of some commonly used protein kinase inhibitors. Biochem J
2000;351:95-105

ShaldubinaA, Agam G, Belmaker RH. The mechanism of lithium action:
state of the art, ten years later. Prog Neuropsychopharmacol Biol Psychi-
atry 2001;25:855-866

Masuda CA, Xavier MA, Mattos KA, et a. Phosphoglucomutase is
aninvivo lithium target in yeast. JBiol Chem 2001;276:37794-37801
Rhyu GI, Ray WJ Jr, Markley JL. Enzyme-bound intermediatesin the
conversion of glucose 1-phosphate to glucose 6-phosphate by phospho-
glucomutase: phosphorus NMR studies. Biochemistry 1984;23:252-260
Ray WJJr, Szymanki ES, Ng L. The binding of lithium and of anionic
metabolites to phosphoglucomutase. Biochim BiophysActa
1978;522:434-442

. Klein PS, Melton DA. A molecular mechanism for the effect of lithium

on development. Proc Natl Acad Sci U SA 1996;93:8455-8459
Stambolic V, Ruel L, Woodgett JR. Lithium inhibits glycogen synthase
kinase-3 activity and mimicswingless signalling in intact cells.

Curr Biol 1996;6:1664-1668

Majerus PW. Inositol phosphate biochemistry. Annu Rev Biochem
1992,61:225-250

Naccarato WF, Ray RE, Wells WW. Biosynthesis of myo-inositol in rat
mammary gland: isolation and properties of the enzymes. Arch Biochem
Biophys 1974;164:194-201

Hallcher LM, Sherman WR. The effects of lithium ion and other agents

39.

41.

42.

46.

47.

49.

51

52.

56.

57.

59.

61.

62.

on the activity of myo-inositol-1-phosphatase from bovine brain. J Biol
Chem 1980;255:10896-10901

Berridge MJ, Downes CP, Hanley MR. Neurd and devel opmental
actions of lithium: a unifying hypothesis. Cell 1989;59:411-419

. Atack JR. Lithium, phosphatidylinositol signaling, and bipolar disorder.

In: Manji HK, Bowden CL, Belmaker RH, eds. Bipolar Medications:
Mechanism of Action. Washington, DC: American Psychiatric Press,
2000

Allison JH, Stewart MA. Reduced brain inositol in lithium-treated rats.
Nat New Biol 1971;233:267-268

Gould TD, Manji HK. Signaling networks in the pathophysiology and
treatment of mood disorders. J Psychosom Res 2002;53:687-697

. Moore GJ, Bebchuk JM, Parrish JK, et . Tempora dissociation between

lithium-induced changes in frontal lobe myo-inositol and clinical
response in manic-depressive illness. Am J Psychiatry 1999;156:
1902-1908

. Manji HK, Lenox RH. Ziskind-Somerfeld Research Award. Protein

kinase C signaling in the brain: molecular transduction of mood
stabilization in the treatment of manic-depressive illness. Biol Psychiatry
1999;46:1328-1351

. Bebchuk IM, Arfken CL, Dolan-Manji S, et a. A preliminary investiga-

tion of aprotein kinase C inhibitor in the treatment of acute mania
[letter]. Arch Gen Psychiatry 2000;57:95-97

Fauroux CM, Freeman S. Inhibitors of inositol monophosphatase.

JEnzyme Inhib 1999;14:97-108

Atack JR. Inositol monophosphatase inhibitors: lithium mimetics?
Med Res Rev 1997;17:215-224

. Atack JR, Cook SM, Watt AR, et al. In vitro and in vivo inhibition

of inositol monophosphatase by the bisphosphonate L-690,330.

J Neurochem 1993;60:652-658

Atack JR, Prior AM, Fletcher SR, et a. Effects of L-690,488: a prodrug
of the bisphosphonate inositol monophosphatase inhibitor L-690,330,
on phosphatidylinositol cycle markers. J Pharmacol Exp Ther 1994;270:
70-76

. Pollack SJ, Atack JR, Knowles MR, et a. Mechanism of inositol mono-

phosphatase: the putative target of lithium therapy. Proc Natl Acad Sci U
SA 1994;91:5766-5770

Bone R, Springer JP, Atack JR. Structure of inositol monophosphatase:
the putative target of lithium therapy. Proc Natl Acad Sci U SA
1992;89:10031-10035

Moore CM, Demopulos CM, Henry ME, et al. Brain-to-serum lithium
ratio and age: an in vivo magnetic resonance spectroscopy study.

Am J Psychiatry 2002;159:1240-1242

. Gee JB II, Corbett RJ, Perlman JM, et a. Hypermagnesemia does not

increase brain intracellular magnesium in newborn swine. Pediatr Neurol
2001;25:304-308

. Gotoh H, Kgjikawva M, Kato H, et a. Intracellular Mg2+ surge follows

Ca2+ increase during depolarization in cultured neurons. Brain Res
1999;828:163-168

. Li-SmerinY, Levitan ES, Johnson JW. Freeintracellular Mg(2+)

concentration and inhibition of NMDA responses in cultured rat

neurons. J Physiol 2001;533:729-743

Brocard JB, Rajdev S, Reynolds 1J. Glutamate-induced increasesin intra-
cellular free Mg2+ in cultured cortical neurons. Neuron 1993;11:751-757
Amari L, Layden B, Nikolakopoulos J, et a. Competition between Li+
and Mg2+ in neuroblastoma SH-SY5Y cells: afluorescence and 31P

NMR study. Biophys J 1999;76:2934-2942

. Gould TD, Chen G, Manji HK. Invivo evidence in the brain for lithium

inhibition of glycogen synthase kinase-3. Neuropsychopharmacol ogy
[serial online] Aug 27, 2003

Cadigan KM, Nusse R. Wnt signaling: acommon theme in animal
development. Genes Dev 1997;11:3286-3305

. Moon RT, Bowerman B, Boutros M, et a. The promise and perils of Wnt

signaling through f3-catenin. Science 2002;296:1644-1646

Lee CW, Lau KF, Miller CC, et a. Glycogen synthase kinase-3-
mediated tau phosphorylation in cultured cell lines. Neuroreport
2003;14:257-260

Bhat RV, Shanley J, Correll MP, et a. Regulation and localization of
tyrosine216 phosphorylation of glycogen synthase kinase-3p in cellular
and animal models of neuronal degeneration. Proc Natl Acad Sci U SA
2000;97:11074-11079

. De Sarno P, Li X, Jope RS. Regulation of Akt and glycogen synthase

kinase-3p phosphorylation by sodium valproate and lithium. Neuro-

J Clin Psychiatry 65:1, January 2004



65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

8L

82.

83.

85.

86.

87.

88.

pharmacology 2002;43:1158-1164

. Zhang F, Phiel CJ, SpeceL, et d. Inhibitory phosphorylation of glycogen

synthase kinase-3 (GSK-3) in response to lithium: evidence for autoregu-
lation of GSK-3. JBiol Chem 2003;278:33067-33077
Chalecka-Franaszek E, Chuang DM. Lithium activates the serine/
threonine kinase Akt-1 and suppresses glutamate-induced inhibition of
Akt-1 activity in neurons. Proc Natl Acad Sci U SA 1999;96:8745-8750
Hall AC, Brennan A, Goold RG, et a. Vaproate regulates GSK-3-
mediated axona remodeling and synapsin | clustering in developing
neurons. Mol Cell Neurosci 2002;20:257-270

Lochhead PA, Coghlan M, Rice SQ, et a. Inhibition of GSK-3
selectively reduces glucose-6-phosphatase and phosphatase and
phosphoenol pyruvate carboxykinase gene expression. Diabetes
2001,50:937-946

Kleijn M, Proud CG. The activation of eukaryotic initiation factor
(elF)2B by growth factorsin PC12 cells requires MEK/ERK signalling.
FEBS Lett 2000;476:262-265

Deshois-Mouthon C, Cadoret A, Blivet-Van Eggelpoel MJ, et al. Insulin
and |GF-1 stimulate the -catenin pathway through two signalling
cascades involving GSK-3f inhibition and Ras activation. Oncogene
2001,20:252-259

Sutherland C, Leighton |A, Cohen P. Inactivation of glycogen synthase
kinase-3p by phosphorylation: new kinase connectionsin insulin and
growth-factor signalling. Biochem J 1993;296:15-19

Stambolic V, Woodgett JR. Mitogen inactivation of glycogen synthase
kinase-3p in intact cells via serine 9 phosphorylation. Biochem J
1994;303:701-704

Eldar-Finkelman H, Seger R, Vandenheede JR, et d. Inactivation of
glycogen synthase kinase-3 by epidermal growth factor is mediated by
mitogen-activated protein kinase/p90 ribosomal protein S6 kinase
signaling pathway in NIH/3T3 cells. JBiol Chem 1995;270:987-990
Russell DS, Duman RS. Neurotrophic factors and intracellular signal
transduction pathways. In: DavisKL, Charney DS, Coyle JT, et d, eds.
Neuropsychopharmacology: The Fifth Generation of Progress.
Philadelphia, Pa: Lippincott Williams & Wilkins, 2002

Beyer JL, Krishnan KR. Volumetric brain imaging findings in mood
disorders. Bipolar Disord 2002;4:89-104

Soares JC. Can brain-imaging studies provide a“mood stabilizer
signature”? Mol Psychiatry 2002;7(suppl 1):S64-S70

Drevets WC. Neuroimaging and neuropathological studies of depression:
implications for the cognitive-emotional features of mood disorders.
Curr Opin Neurobiol 2001;11:240-249

Sheline VI, Mintun MA. Structural and functional imaging of affective
disorders. In: DavisKL, Charney DS, Coyle JT, et a, eds. Psychophar-
macology: The Fifth Generation of Progress. Philadelphia, Pa: Lippincott
Williams & Wilkins; 2002

Harrison PJ. The neuropathology of primary mood disorder. Brain
2002;125:1428-1449

Rajkowska G. Postmortem studies in mood disorders indicate altered
numbers of neurons and glia cells. Biol Psychiatry 2000;48:766-777
Lenox RH, Gould TD, Manji HK. Endophenotypes in bipolar disorder.
Am JMed Genet 2002;114:391-406

Manji HK, Drevets WC, Charney DS. The cellular neurobiology of
depression. Nat Med 2001;7:541-547

Drevets WC, Price JL, Simpson JR Jr, et d. Subgenua prefrontal cortex
abnormalities in mood disorders. Nature 1997,386:824-827

Maggirwar SB, Tong N, Ramirez S, et a. HIV-1 Tat-mediated activation
of glycogen synthase kinase-3 contributes to Tat-mediated neurotoxic-
ity. J Neurochem 1999;73:578-586

. Hetman M, Cavanaugh JE, Kimelman D, et a. Role of glycogen syn-

thase kinase-3f3 in neurona apoptosisinduced by trophic withdrawal.
JNeurosci 2000;20:2567-2574

Bijur GN, Jope RS. Proapoptotic stimuli induce nuclear accumulation of
glycogen synthase kinase-33. J Biol Chem 2001;276:37436-37442

Pap M, Cooper GM. Role of glycogen synthase kinase-3 in the
phosphatidylinositol 3-kinase/Akt cell survival pathway. JBiol Chem
1998;273:19929-19932

TakashimaA, Noguchi K, Sato K, et a. Tau protein kinase | is essential
for amyloid beta-protein-induced neurotoxicity. Proc Natl Acad Sci U S
A 1993;90:7789-7793

Coghlan MP, Culbert AA, Cross DA, et a. Selective small molecule
inhibitors of glycogen synthase kinase-3 modulate glycogen metabolism
and gene transcription. Chem Biol 2000;7:793-803

J Clin Psychiatry 65:1, January 2004

89.

9L

92.

93.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112,

113

114.

115.

GSK-3: A Target for Bipolar Disorder Treatments

Cross DA, Culbert AA, Chalmers KA, et a. Selective small-molecule
inhibitors of glycogen synthase kinase-3 activity protect primary
neurones from death. J Neurochem 2001;77:94-102

. Ding S, WuTY, Brinker A, et al. Synthetic small molecules that control

stem cell fate. Proc Natl Acad Sci U SA 2003;100:7632-7637

Huang H, Mahler-Araujo BM, SankilaA, et . APC mutationsin
sporadic medulloblastomas. Am J Pathol 2000;156:433-437

Koch A, WahaA, Tonn JC, et a. Somatic mutations of WNT/wingless
signaling pathway components in primitive neuroectodermal tumors.
Int J Cancer 2001;93:445-449

Gould TD, Manji HK. The Wnt signaling pathway in bipolar disorder.
Neuroscientist 2002;8:497-511

. Sdlinas PC. Wnt factors in axonal remodelling and synaptogenesis.

Biochem Soc Symp 1999;65:101-109

Hall AC, Lucas FR, Salinas PC. Axona remodeling and synaptic differ-
entiation in the cerebellum is regulated by WNT-7a signaling. Cell
2000;100:525-535

Chenn A, Walsh CA. Regulation of cerebral cortical size by control of
cell cycle exit in neural precursors. Science 2002;297:365-369
Spittaels K, Van den Haute C, Van Dorpe J, et a. Neonatal neuronal
overexpression of glycogen synthase kinase-3b reduces brain sizein
transgenic mice. Neuroscience 2002;113:797-808

Manji HK, Moore GJ, Chen G. Lithium at 50: have the neuroprotective
effects of this unique cation been overlooked? Biol Psychiatry
1999;46:929-940

Chuang DM, Chen R, Chalecka-Franaszek E, et a. Neuroprotective
effects of lithium in cultured cells and animal models of diseases. Bi-
polar Disord 2002;4:129-136

Nonaka S, Chuang DM. Neuroprotective effects of chronic lithium

on focal cerebral ischemiain rats. Neuroreport 1998;9:2081-2084
Ren M, Senatorov V'V, Chen RW, et a. Postinsult treatment with
lithium reduces brain damage and facilitates neurological recovery

in arat ischemia/reperfusion model. Proc Natl Acad Sci U SA
2003;100:6210-6215

Wei H, Qin ZH, Senatorov V'V, et al. Lithium suppresses excitotoxicity-
induced striatal lesionsin arat model of Huntington's disease. Neuro-
science 2001;106:603-612

Chen G, Rajkowska G, Du F, et a. Enhancement of hippocampal
neurogenesis by lithium. J Neurochem 2000;75:1729-1734

SonH, YulIT, Hwang SJ, et a. Lithium enhances long-term
potentiation independently of hippocampal neurogenesisin the rat
dentate gyrus. J Neurochem 2003;85:872-881

Hashimoto R, Senatorov V, Kanai H, et d. Lithium stimulates progeni-
tor proliferation in cultured brain neurons. Neuroscience 2003;117:
55-61

Moore GJ, Bebchuk JM, Hasanat K, et a. Lithium increases
N-acetyl-aspartate in the human brain: in vivo evidence in support

of bl-2's neurotrophic effects? Biol Psychiatry 2000;48:1-8

Moore GJ, Bebchuk IM, Wilds 1B, et d. Lithium-induced increasein
human brain grey matter. Lancet 2000;356:1241-1242

Sass R, Nicoletti M, BrambillaPR, et a. Increased gray matter
volumein lithium-treated bipolar disorder patients. Neurosci Lett
2002;329:243-245

Silverstone PH, Wu RH, O’ Donnell T, et a. Chronic treatment with
lithium, but not sodium valproate, increases cortical N-acetyl-aspartate
concentrations in euthymic bipolar patients. Int Clin Psychopharmacol
2003;18:73-79

Wehr TA, Sack D, Rosenthal N, et al. Circadian rhythm disturbances
in manic-depressive illness. Fed Proc 1983;42:2809-2814
Wirz-Justice A, Van den Hoofdakker RH. Sleep deprivationin
depression: what do we know, where do we go? Biol Psychiatry
1999;46:445-453

Payne JL, Quiroz JA, Zarate CA Jr, et a. Timing is everything: does
the robust upregulation of noradrenergically regulated plasticity genes
underlie the rapid antidepressant effects of sleep deprivation? Biol
Psychiatry 2002;52:921-926

Wehr TA. Sleep loss: a preventable cause of mania and other excited
states. J Clin Psychiatry 1989;50(12, suppl):8-16, 45-47

Klemfuss H. Rhythms and the pharmacology of lithium. Pharmacol
Ther 1992,56:53-78

Martinek S, Inonog S, Manoukian AS, et a. A role for the segment
polarity gene shaggy/GSK -3 in the Drosophila circadian clock.

Cell 2001;105:769-779

20



Gould et al.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

21

Reppert SM, Weaver DR. Comparing clockworks: mouse versus fly.

J Biol Rhythms 2000;15:357-364

Wager-Smith K, Kay SA. Circadian rhythm genetics: from fliesto mice
to humans. Nat Genet 2000;26:23-27

Williams JA, Sehgal A. Molecular components of the circadian system
in Drosophila. Annu Rev Physiol 2001;63:729-755

Eldar-Finkelman H. Glycogen synthase kinase 3: an emerging
therapeutic target. Trends Mol Med 2002;8:126-132

Kaidanovich O, Eldar-Finkelman H. The role of glycogen synthase
kinase-3 in insulin resistance and type 2 diabetes. Expert Opin Ther
Targets 2002;6:555-561

Alvarez G, Munoz-Montano JR, Satrustegui J, et a. Regulation of tau
phosphorylation and protection against 3-amyloid-induced neurode
generation by lithium: possible implications for Alzheimer’s disease.
Bipolar Disord 2002;4:153-165

Sun X, Sato S, Murayama O, et al. Lithium inhibits amyloid secretion
in COSY cells transfected with amyloid precursor protein C100.
Neurosci Lett 2002;321:61-64

Phiel CJ, Wilson CA, Lee VM, et . GSK-3o. regulates production of
Alzheimer’s disease amyloid-p peptides. Nature 2003;423:435-439
Hoeflich KP, Luo J, Rubie EA, et a. Requirement for glycogen
synthase kinase-3( in cell survival and NF-kB activation. Nature
2000;406:86-90

Tong H, Imahashi K, Steenbergen C, et al. Phosphorylation of
glycogen synthase kinase-3(3 during preconditioning through a
phosphatidylinositol-3-kinase-dependent pathway is cardioprotective.
Circ Res 2002;90:377-379

Dorronsoro |, Castro A, Martinez A. Inhibitors of glycogen synthase
kinase-3: future therapy for unmet medical needs. Expert Opin Ther
Patents 2002;12:1527-1536

Martinez A, Cestro A, Dorronsoro |, et a. Glycogen synthase kinase 3
(GSK-3) inhihitors as new promising drugs for diabetes, neurodegener-
ation, cancer, and inflammation. Med Res Rev 2002;22:373-384
Leclerc S, Garnier M, Hoessel R, et a. Indirubinsinhibit glycogen
synthase kinase-3f and CDK5/p25, two protein kinases involved in
abnormal tau phosphorylation in Alzheimer’s disease: a property
common to most cyclin-dependent kinase inhibitors? J Biol Chem
2001;276:251-260

MaMZ, Yao BY. Progressin indirubin trestment of chronic myelocytic
leukemia. J Tradit Chin Med 1983;3:245-248

Hoessel R, Leclerc S, Endicott JA, et a. Indirubin, the active congtitu-
ent of a Chinese antileukaemia medicine, inhibits cyclin-dependent
kinases. Nat Cell Biol 1999;1:60-67

Hers|, Tavare M, Denton RM. The protein kinase C inhibitors
bisindolylmaleimide | (GF 109203x) and IX (Ro 31-8220) are potent
inhibitors of glycogen synthase kinase-3 activity. FEBS Lett
1999;460:433-436

Smith DG, Buffet M, Fenwick AE, et d. 3-Anilino-4-arylmaleimides:
potent and selective inhibitors of glycogen synthase kinase-3 (GSK-3).
Bioorg Med Chem Lett 2001;11:635-639

Culbert AA, Brown MJ, Frame S, et a. GSK-3 inhibition by adenoviral
FRAT1 overexpression is neuroprotective and induces Tau dephospho-
rylation and {3-catenin stabilisation without elevation of glycogen
synthase activity. FEBS Lett 2001;507:288-294

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Martinez A, Alonso M, Castro A, et al. First non-ATP competitive
glycogen synthase kinase 3p (GSK-3p) inhibitors: thiadiazolidinones
(TDZD) as potential drugs for the trestment of Alzheimer’s disease.
JMed Chem 2002;45:1292-1299

Plotkin B, Kaidanovich O, Talior I, et a. Insulin mimetic action of
synthetic phosphorylated peptide inhibitors of glycogen synthase
kinase-3. J Pharmacol Exp Ther 2003;305:974-980

Dajani R, Fraser E, Roe SM, et al. Crystal structure of glycogen
synthase kinase 3f: structural basis for phosphate-primed substrate
specificity and autoinhibition. Cell 2001;105:721-732

Hag S, Choukroun G, Lim H, et d. Differential activation of signa
transduction pathways in human hearts with hypertrophy versus
advanced heart failure. Circulation 2001;103:670-677

Hag S, Choukroun G, Kang ZB, et d. Glycogen synthase kinase-3(3
isanegative regulator of cardiomyocyte hypertrophy. JCell Biol
2000;151:117-130

De Strooper B, Woodgett J. Alzheimer’s disease: mental plague
removal. Nature 2003;423:392-393

CohenY, Chetrit A, Sirota P, et d. Cancer morbidity in psychiatric
patients: influence of lithium carbonate treatment. Med Oncol
1998;15:32-36

Gould TD, Gray NA, Manji HK. Effects of aglycogen synthase
kinase-3 inhibitor, lithium, in adenomatous polyposis coli mutant
mice. Pharmacol Res 2003;48:49-53

El-Domeiri AA, Messiha FS, HsaWC. Effect of alkali metal

saltson Sarcomal in A/Jmice. J Surg Oncol 1981;18:423-429
BalinA, Aladjem M, Banyash M, et d. The effect of lithium chloride
on tumour appearance and survival of melanoma-bearing mice.

Br J Cancer 1983;48:83-87

Zornberg GL, Pope HG Jr. Treatment of depression in bipolar disorder:
new directions for research. J Clin Psychopharmacol 1993;13:397-408
Fawcett JA. Lithium combinations in acute and maintenance treatment
of unipolar and bipolar depression. J Clin Psychiatry 2003;64

(suppl 5):32-37

Gottesman |1, Gould TD. The endophenotype concept in psychiatry:
etymology and strategic intentions. Am J Psychiatry 2003;160:636-645
Lesort M, Greendorfer A, Stockmelier C, et a. Glycogen synthase
kinase-3p, 3-catenin, and tau in postmortem bipolar brain. JNeura
Transm 1999;106:1217-1222

Kozlovsky N, Belmaker RH, Agam G. Low GSK-3 activity in frontal
cortex of schizophrenic patients. Schizophr Res 2001;52:101-105
Kozlovsky N, Belmaker RH, Agam G. Low GSK-33 immunoreactivity
in postmortem frontal cortex of schizophrenic patients. Am J Psychiatry
2000;157:831-833

Beadley C, Cotter D, Everall |. An investigation of the Wnt-signalling
pathway in the prefrontal cortex in schizophrenia, bipolar disorder

and major depressive disorder. Schizophr Res 2002;58:63-67

Manji HK, Moore GJ, Rajkowska G, et al. Neuroplasticity and cellular
resilience in mood disorders. Mol Psychiatry 2000;5:578-593
Coyle JT, Duman RS. Finding the intracellular signaling pathways
affected by mood disorder treatments. Neuron 2003;38:157-160
Nikoulina SE, Ciaraldi TP, Mudaliar S, et d. Inhibition of glycogen
synthase kinase 3 improves insulin action and glucose metabolism

in human skeletal muscle. Diabetes 2002;51:2190-2198

J Clin Psychiatry 65:1, January 2004



	Table of Contents

