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Abstract
Lithium has been and continues to be the mainstay of bipolar disorder (BD) pharmacotherapy for
acute mood episodes, switch prevention, prophylactic treatment, and suicide prevention. Lithium is
also the definitive proof-of-concept agent in BD, although it has recently been studied in other
psychoses as well as diverse neurodegenerative disorders. Its neurotrophic effects can be viewed as
a unifying model to explain several integrated aspects of the pathophysiology of mood disorders and
putative therapeutics for those disorders. Enhancing neuroprotection (which directly involves
neurotrophic effects) is a therapeutic strategy intended to slow or halt the progression of neuronal
loss, thus producing long-term benefits by favorably influencing outcome and preventing either the
onset of disease or clinical decline. The present article: (i) reviews what has been learned regarding
lithium’s neurotrophic effects since Cade’s original studies with this compound; (ii) presents human
data supporting the presence of cellular atrophy and death in BD as well as neurotrophic effects
associated with lithium in human studies; (iii) describes key direct targets of lithium involved in these
neurotrophic effects, including neurotrophins, glycogen synthase kinase 3 (GSK-3), and
mitochondrial/endoplasmic reticulum key proteins; and (iv) discusses lithium’s neurotrophic effects
in models of apoptosis and excitotoxicity as well as its potential neurotrophic effects in models of
neurological disorders. Taken together, the evidence reviewed here suggests that lithium’s
neurotrophic effects in BD are an example of an old molecule acting as a new proof-of-concept agent.
Continued work to decipher lithium’s molecular actions will likely lead to the development of not
only improved therapeutics for BD, but to neurotrophic enhancers that could prove useful in the
treatment of many other illnesses.
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Bipolar disorder (BD) is one of the most severe of the major mental illnesses, and recent
estimates place its lifetime prevalence (including BD spectrum) at about 4.4% in the U.S.
population (1). Several pathophysiological findings in BD associated with loss of neurotrophic

© 2009 John Wiley & Sons A/S
Corresponding author: Carlos A. Zarate, Jr., M.D., Mood and Anxiety Disorders Research Program, National Institute of Mental Health,
Mark O. Hatfield Clinical Research Center, 10 Center Drive, CRC, Unit 7 Southeast, Room 7-3445, Bethesda, MD, 20892, USA, Fax:
(301) 402-9360, zaratec@mail.nih.gov.
The authors of this paper do not have any commercial associations that might pose a conflict of interest in connection with this manuscript.

NIH Public Access
Author Manuscript
Bipolar Disord. Author manuscript; available in PMC 2010 January 1.

Published in final edited form as:
Bipolar Disord. 2009 June ; 11(Suppl 2): 92–109. doi:10.1111/j.1399-5618.2009.00714.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effects and consequent cellular injury have been widely described in different targets regulated
by a wide range of specific mechanisms [reviewed in (2,3)].

The mood stabilizer lithium has been the standard pharmacological treatment for BD for over
60 years. Its introduction led to an immediate improvement in outcome for many patients
suffering from this illness whose treatment options had, until that point, been quite bleak.
Lithium was found be effective in treating acute manic and depressive episodes, as well as in
reducing the recurrence of mood episodes and minimizing the risk of suicidal behaviors (4,
5).

Lithium is the lightest of all metals, with a density only half that of water. It induces multiple
biochemical and molecular effects on neurotransmitter/receptor-mediated signaling, signal
transduction cascades, hormonal and circadian regulation, ion transport, and gene expression
(6). These effects have been widely associated with the activation of neurotrophic pathways
involved in the pathophysiology of BD. Indeed, since John Cade’s preclinical studies using
lithium to protect against urea toxicity (7), protection has been the most expected and replicated
biological effect associated with lithium use in both human and preclinical studies. Briefly,
enhancing neuroprotection (which directly involves neurotrophic effects) is a therapeutic
strategy intended to slow or halt the progression of neuronal loss (8) or pharmacological
interventions that produce long-term benefits by favorably influencing underlying etiology or
pathogenesis, and thereby preventing onset of disease or clinical decline (9). In other words,
a neurotrophic therapy is expected to act on the pathophysiological mechanisms underlying
the clinical presentation of the disease, thus altering its natural course and outcome. It is also
logical to assume that a neurotrophic therapy capable of concomitantly preventing and
reversing dysfunctional cellular and molecular effects in diverse targets may represent the
standard treatment for the illness. In this context, converging evidence has supported
neurotrophic effects as a unifying hypothesis for lithium’s efficacy in treating BD. Lithium
would act by limiting or reversing disease progression directly associated with the activation
of neurotrophic effects; these have been widely described in studies evaluating targets such as
neurotransmitters, second messengers, signaling pathways, hormones, neurotrophic factors,
ion channels, organelles, genes, and others.

It is important to emphasize that lithium has already demonstrated diverse molecular effects
reversing well-described pathophysiological changes such as increased oxidative stress,
programmed cell death (apoptosis), inflammation, environmental stress, glial dysfunction,
neurotrophic factor dysfunction, excitotoxicity, mitochondrial and endoplasmic reticulum
(ER) dysfunction, and disruption in epigenetic mechanisms. All these changes strongly suggest
molecular imbalances that trigger the cellular stress, atrophy, and death described over the
course of BD.

In this article, we discuss lithium’s neurotrophic properties and review their potential clinical
implications for the development of therapeutics that are more effective than existing ones.
First, human studies showing evidence for neural cell atrophy and loss in BD are described, as
well as lithium’s ability to reverse these pathological findings. Second, the potential roles of
intracellular cascade systems in BD are described; these have been shown to directly regulate
cell survival/death pathways and are directly targeted by lithium. Yucel et al. showed increased
bilateral hippocampal volume after 2–4 years of lithium treatment in previously drug-naïve
BD subjects (10). Also, a recent study using high-resolution volumetric MRI showed a direct
therapeutic relevance of lithium neurotrophic effects in BD. It was observed that only lithium-
responders showed increases in gray matter in the prefrontal areas (11). Third, the neurotrophic
effects of lithium are described in preclinical models in vivo and in vitro and in clinical studies,
demonstrating lithium’s clinical relevance not only in BD, but as a potential neurotrophic agent
for use in several neurological disorders. We anticipate that understanding lithium’s relevant
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therapeutic molecular targets will eventually enable us to develop novel and improved drugs
with lithium-mimetic properties.

Cellular stress, atrophy, and loss in BD: therapeutic targets for lithium
Cellular stress, atrophy, and/or loss in BD: data from human studies

Although BD is not a typical neurodegenerative disorder, several postmortem morphometric
and brain imaging studies [structural imaging and magnetic resonance spectroscopy (MRS)]
have demonstrated the presence of neuronal/glial stress, atrophy, and death associated with the
illness [reviewed in (2)].

Postmortem studies evaluating BD subjects matched to healthy controls have shown a
significant decrease in brain volume in areas directly involved in mood regulation, mostly
characterized by reduced number, density, and/or size of neurons and glial cells, with consistent
evidence for the prefrontal and anterior cingulate cortices and amygdala [reviewed in (12,
13)]. For instance, Öngur and colleagues (14) described a significant decrease (41.2%) in glial
cell density in the subgenual prefrontal cortex in BD subjects with a positive family history of
mood disorders.

Changes in brain volume and structure, as well as altered energy parameters in specific brain
areas related to mood regulation, have been described in neuroimaging studies evaluating
individuals with BD. It has consistently been shown that there is decreased gray matter volume
in diverse neural areas that regulate cognitive and emotional processing in BD, such as ventral/
orbital/medial prefrontal cortex and amygdala [reviewed in (15,16)]. In a seminal study,
Drevets and colleagues (17) observed an approximate 40% reduction in subgenual prefrontal
cortex volumes in familial mood disorder subjects. In addition, MRS studies showed regional
abnormalities of N-acetyl-aspartate (NAA), choline, and myoinositol in BD, especially in the
prefrontal and anterior cingulate cortices, hippocampus, and basal ganglia [reviewed in (18)].
These markers are related to the regulation of neurotrophic pathways (described elsewhere)
and responded to lithium treatment (see next section), making them potential state-dependent
markers. For instance, BD subjects showed abnormally high myoinositol levels in diverse brain
areas during manic and depressive episodes; such levels were not observed during euthymia,
in healthy controls, or after lithium treatment in BD subjects [reviewed in (19)].

Notably, while BD is not considered a classic neurodegenerative disorder based on the absence
of gliosis (a marker of neurdegeneration), it has specific patterns of glial loss possibly
associated with the decreased NAA and elevated choline levels described above in BD subjects
(18,20,21). Furthermore, NAA synthesis occurs in the mitochondria, which are implicated in
the altered cell energy regulation (e.g., decreased pH and increased lactate levels) described in
the pathophysiology of BD (22,23) (see “Mitochondrial and ER regulation of oxidative stress
and apoptosis: a role for Bcl-2, IP3, and calcium”, p. 99); this has been hypothesized to be
critical to the altered oxidative stress parameters, apoptosis, and disruption in gene expression
that lead to loss of neurotrophic effects.

Lithium’s neurotrophic effects in BD: data from human studies
The most replicated finding from structural neuroimaging studies is an association between
lithium treatment and increased gray matter volume in brain areas implicated in emotional
processing and cognitive control, such as the anterior cingulate gyrus, amygdala, and
hippocampus, which suggests that lithium has considerable neurotrophic effects (24,25). One
study found that patients with BD who were not treated with lithium had significantly reduced
left anterior cingulate volumes compared to healthy volunteers and lithium-treated patients
(26). Additional magnetic resonance imaging (MRI) studies examined the gray and white
matter volumes of 12 untreated and 17 lithium-treated patients with BD and 46 healthy controls
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and found that total gray matter volumes were significantly increased in lithium-treated relative
to untreated patients and healthy controls (27). Another study found that gray matter density
was significantly greater in patients with BD relative to healthy controls in diffuse cortical
regions (28). In an MRI study of the hippocampus conducted in 33 patients with BD (21 treated
with lithium and 12 unmedicated) and 62 matched healthy controls, investigators found that
total hippocampal volume was significantly greater in lithium-treated patients with BD
compared with healthy controls (by 10%) and unmedicated patients (by 14%) (29).

As noted above, MRS studies have evaluated the potential effects of lithium treatment in BD
subjects on abnormal concentrations of markers of neuronal integrity, including NAA and
myoinositol (see also “Mitochondrial and ER regulation of oxidative stress and apoptosis: a
role for Bcl-2, IP3, and calcium”, p. 99). Increased NAA levels were observed after four weeks
of lithium treatment in different brain areas (30,31), and decreased choline and myoinositol
were reported after chronic lithium treatment in individuals with BD [(32), reviewed in (19)].
Despite some limitations, including the potential for a Type I or II error and negative findings
in specific brain areas, human postmortem and imaging studies in BD suggest that neurotrophic
effects play a critical role in lithium’s therapeutic effects.

Direct targets of lithium involving neuroprotection: potential relevance in the
pathophysiology and treatment of BD
Glycogen synthase kinase 3 (GSK-3)

General aspects of GSK-3 and integration with other neurotrophic pathways—
GSK-3 is a serine/threonine kinase that regulates diverse cellular processes and directly
regulates cell apoptosis. Interest in GSK-3 as a target for BD drug development arose from
findings that it is key to a number of central functions, such as glycogen synthesis, gene
transcription, synaptic plasticity, apoptosis (cell death), cellular structure and resilience, and
the circadian cycle (33); notably, all of these functions are significantly implicated in the
pathophysiology of severe recurrent mood disorders. Indeed, Benedetti and colleagues (34)
showed that a polymorphism in the GSK-3 gene was associated with earlier onset of BD.

Activation of GSK-3β functionally inhibits cyclic AMP response element binding protein
(CREB), β-catenin, and other survival-promoting transcription factors. GSK-3 is also directly
regulated by signals originating from a number of different signaling pathways including the
Wnt pathway, the PI-3kinase (PI3K) pathway, protein kinase A (PKA), and protein kinase C
(PKC) (see Fig. 1). For instance, certain PKC isoforms have been shown to phosphorylate and
inactivate GSK-3β in vitro (35). Modulation of GSK-3 by these and other signaling pathways
fine-tunes the activity of this critical enzyme. The downstream targets of GSK-3 are many, and
the resulting functional consequences of GSK-3 activation or inhibition often depend on the
signaling pathway targeted. For example, GSK inhibition by the Wnt pathway activates the
transcription factor β -catenin (an important component of memory consolidation). Other
targets of GSK-3 include transcription factors like c-Jun, proteins bound to microtubules [Tau,
microtubule-associated protein (MAP)-1B, kinesin light chain], cell cycle mediators (cyclin
D), and regulators of metabolism (glycogen synthase, pyruvate dehydrogenase) (36). GSK-3
also directly regulates different neurotransmitter systems involved in the pathophysiology of
BD, such as the dopaminergic, glutamatergic, and serotonergic systems [reviewed in (37,38)].

Lithium’s neurotrophic effects targeting at GSK-3 pathways—GSK-3 inhibition is
commonly associated with the neurotrophic effects of different survival factors. GSK-3
inhibition directly influences gene transcription, leading to anti-apoptotic effects and improved
cell structural stability (39). Notably, GSK-3 was shown to be downregulated by lithium in
diverse studies, inducing direct neuronal protection against different injuries (40) and providing
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new insights into lithium’s neurotrophic effects [reviewed in (41)]. Indeed, GSK-3 is potently
inhibited by chronic administration of lithium (42–44); specifically, lithium inhibits GSK-3
with an enzyme inhibition constant (Ki) of 1–2 mM (serum therapeutic range 0.6–1.2 mM)
(44–46). In rats, lithium increases cytosolic protein levels of β-catenin, a transcription factor
regulated directly by GSK-3 (42), and in mouse brain it activates β-catenin-dependent
transcription (47), and decreases the quantity of amyloid-β peptide (an animal model of
Alzheimer’s disease) (48) (see also “Lithium’s neurotrophic effects: potential therapeutic
relevance in other psychiatric and neurological disorders”, p. 100). More recently, lithium was
found to modulate GSK-3 transcription in vitro and in vivo (49). Akt activation and indirect
inhibition of GSK-3 by lithium have also been demonstrated after acute or chronic treatment
with therapeutically relevant levels of lithium [reviewed in (50)]. In addition, GSK-3
modulation is either the direct or downstream target of action for other mood stabilizers (36).

In behavioral models, O’Brien and collaborators (47) demonstrated that knocking out a single
copy of the GSK-3β gene in mice resulted in antidepressant-like effects that were analogous
to lithium administration. Also, peripheral administration of a GSK-3 inhibitor decreased
amphetamine-induced hyperactivity in rats (51). More recently, transgenic mice
overexpressing β-catenin demonstrated changes comparable to those observed following the
administration of lithium, including decreased immobility time in the forced swim test and the
inhibition of d-amphetamine-induced hyperlocomotion. These findings are consistent with the
hypothesis that the behavioral effects of lithium are mediated through its direct inhibition of
GSK-3 and the consequent increase in β-catenin (52).

In summary, these findings suggest that GSK-3 inhibition is key to lithium’s antimanic and
antidepressant effects, and offers a promising target in the pursuit of drug development for BD.
Although there are currently no available GSK-3 inhibitors for clinical testing in BD, a number
of inhibitors of this enzyme are currently in various stages of development for other illnesses,
including diabetes, Alzheimer’s disease, other neurodegenerative disorders, and stroke (48,
53–60); presumably, GSK-3 is also involved in their pathophysiology. Currently, there is a
growing interest in the regulatory effects on GSK-3 on cell survival/death because several
conditions that cause apoptosis in association with GSK-3 activation are also counteracted by
lithium; furthermore, newly developed GSK-3 inhibitors have a similar neurotrophic profile
to lithium (61). However, because isozymes of GSK-3 are a target in several organ systems
(more than 40 proteins are phosphorylated by GSK-3, including over a dozen transcription
factors) (33), caution is needed when developing such compounds due to the possibility of
congenital defects (36,62).

The phosphoinositol (PI) cycle, PKC, and myristoylated alanine-rich C-kinase substrate
(MARCKS)

General aspects of the PI cycle, PKC, and MARCKS: relevance for BD
pathophysiology—Phospholipids are precursors for many signaling molecules. Inositol
phospholipids play a key role in receptor-mediated signal-transduction pathways, and are
implicated in a variety of responses such as cell division, secretion, neuronal excitability, and
responsiveness. The PI pathway is initiated by the activation of G-protein-coupled receptors,
which couple neurotransmitter receptors to multiple types of intracellular effector proteins.
M1, M2, M3, α1, and serotonin receptors coupled to G α q/11 induce phospholipase C (PLC),
which hydrolyzes phosphatidylinositol- 4,5-bisphosphate (PIP2) to yield two second
messengers: inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG), which is an
endogenous activator of PKC. IP3 binds to the IP3 receptor, facilitating the release of calcium
from intracellular stores, in particular the ER (63,64) (see also “Mitochondrial and ER
regulation of oxidative stress and apoptosis: a role for Bcl-2, IP3, and calcium”, p. 99).
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PKC comprises a family of 12 structurally related isozymes subspecies with a heterogeneous
distribution throughout the body (65,66). PKC isoforms differ in structure, subcellular
localization, tissue specificity, mode of activation, and substrate specificity (67). These are
classically divided into conventional (α, βI, βII, γ), novel (δ, ε, η, θ, μ), and atypical (ζ, λ/ι)
isoforms based on their molecular structure enzyme characterization and activation
requirements. PKC is a primary target of DAG, and as such has been the object of intense
research. PKC is a ubiquitous enzyme, highly enriched in the brain, where it plays a significant
role in regulating both pre- and postsynaptic aspects of neurotransmission (68). In addition,
PKC is active in many other cellular processes, including transmembrane glucose transport,
secretion, exocytosis, long-term alterations in gene expression and plasticity, modulation of
ion conductance, cell proliferation, and desensitization of extracellular receptors (68). The
ratios of platelet membrane bound to cytosolic PKC activities were found to be elevated in
subjects experiencing a manic episode (69). In addition, serotonin-elicited platelet PKC
translocation, as well as PKC isozyme levels, activity, and translocation, were found to be
enhanced in postmortem brain tissue of patients with BD (70). Certain PKC isoforms have
been also shown to phosphorylate and inactivate GSK-3 in vitro (35).

The protein MARCKS, a downstream target for PI/PKC signaling, is a fundamental substrate
of PKC, and has been implicated in signaling and neuroplastic events associated with
cytoskeletal architecture (71,72). Indeed, activation of PKC results in the post-translational
phosphorylation of various proteins, but MARCKS is its major substrate in the brain (73).

Lithium’s neurotrophic effects targeting at the PI cycle, PKC, and MARCKS:
general aspects—In the PI cycle, lithium blocks inositol monophosphatase (IMPase),
preventing conversion of inositol-1-phosphate (IP1) to myoinositol. This leads to accumulation
of inositol monophosphates and depletion of myoinositol, which reduces PIP2 and its cleavage
products—IP3 and DAG. Dampening the PI cycle with lithium treatment downregulates PKC
isozymes. Among PKC substrates, MARCKS is particularly relevant (Fig. 1). MARCKS is an
actin-binding protein expressed in neurites and implicated in cytoskeletal restructuring; its
expression is downregulated by lithium, thereby stabilizing the neuronal membrane and
representing an important target for its neurotrophic effects.

Lithium’s neurotrophic effects on the PI cycle: It has been proposed that lithium induces its
therapeutic effects in BD by reducing cellular levels of myoinositol and PIP2 concentrations
(see Fig. 1), but data are not homogeneous, and depend largely on the model/cell under
investigation and the sample size (74–79). IMPase is the final, common step for conversion of
monophosphorylated inositols into myoinositol, and thus inhibition of IMPase can decrease
myoinositol levels. Indeed, lithium’s inhibition of these enzymes led to the inositol depletion
hypothesis of lithium’s action, which suggests that lithium, via inhibition of IMPase, decreases
the availability of myoinositol, and thus the amount of PIP2 available for G-protein-mediated
signaling events that rely upon this pathway (80); this has not been well established using in
vivo studies.

A significant decrease in myoinositol levels in the right frontal lobe induced by lithium in BD
subjects prior to clinical response was described using MRS (32). Inhibition of IMPase and
the consequent reduction of myoinositol levels have been observed after lithium treatment.
Also, lithium-induced reductions of myoinositol levels were found in children and adults with
BD in brain regions previously implicated in this disorder (32,81,82). Another recent study
using lithium-7 and proton magnetic resonance spectroscopy (1H-MRS) evaluated the effects
of brain lithium on NAA and myoinositol levels in older adults with BD treated with lithium.
In this cross-sectional study, lithium treatment was associated with higher NAA levels and
higher myoinositol levels. Mitochondrial NAA is a key regulator of neuronal viability; thus,
the investigators suggested that the elevated NAA levels after lithium treatment supports
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lithium’s mitochondrial-enhancing properties (see also “General aspects of mitochondrial and
ER regulation of oxidative stress and apoptosis: relevance for BD pathophysiology”, p. 99),
in addition to its neurotrophic effects (83).

Hypothetically, the brain would be particularly sensitive to lithium because of inositol’s
relatively poor penetration across the blood-brain barrier (84), or because of the reduced ability
of specific neuronal populations to transport inositol across their cell membranes (74). Notably,
lithium was also found to reduce free inositol levels in brain sections and in the brains of rodents
(85). However, at least one recent study challenges this hypothesis; investigators found that
the reduced intracellular inositol associated with brain sodium–myoinositol transporter
(SMIT1) knockout in mice had no effect on PI levels (86).

Lithium’s neurotrophic effects at the PKC/MARCKS pathways: Lithium has been shown
to alter signaling pathways that also directly regulate neurotrophic effects (3,69,87–90). In
particular, chronic treatment with lithium in rats significantly decreased PKC stimulation-
induced release with phorbol esters in cortex, hypothalamus, and hippocampus. In addition,
chronic lithium administration resulted in reduced isoforms of PKC α and ε (91). Interestingly,
addition of inositol reverses the lithium-induced downregulation of MARCKS, suggesting that
MARCKS downregulation was regulated by the PI pathway (72). Further support for the
involvement of the PKC signaling pathway in the pathophysiology of BD comes from two
independent genome-wide association studies that identified diacylglycerol kinase eta
(DGKH) as a risk gene for BD (92). DGKH is a major regulator of DAG, which activates all
known conventional and novel isoforms of PKC, but may also involve non-PKC targets.

With regard to MARCKS regulation, studies have shown that despite being structurally
dissimilar, both lithium and valproate (VPA) have very similar effects on MARCKS (88,93).
Lithium-induced decrease of MARCKS protein was followed by downregulation of MARCKS
messenger ribonucleic acid (mRNA) (70). Also, synthesis of nascent RNA for MARCKS and
its promoter Macs were significantly reduced in chronic, but not acute, lithium-treated
immortalized hippocampal cells (70), suggesting a neurotrophic effect through this pathway
only after chronic lithium treatment.

Neurotrophic signaling cascades
General aspects of neurotrophic signaling cascades: relevance for BD
pathophysiology—Neurotrophic factors not only increase cell survival by providing
necessary trophic support, but also play an important role in inhibiting apoptosis cascades and
activating cell survival pathways. The cascade reactions of the two major cell survival pathways
—the extracellular regulated kinase (ERK)/mitogen activated protein kinase (MAPK)
signaling pathway and the PI3K–Akt pathway—are known to critically regulate cell survival
and growth of neurons during development and the survival and function of adult neurons, as
well as modulate synaptic transmission and plasticity. p90 ribosomal S6 kinase (RSK) also
activates transcription factors that positively influence survival, and its upstream target, ERK,
is activated by Raf and MAPK (Fig. 1).

Members of the neurotrophin family include brain derived neurotrophic factor (BDNF), nerve
growth factor (NGF), neurotrophin (NT)-3, NT-4, NT-5, and NT-6. BDNF and other
neurotrophic factors are essential for neuronal survival and functioning; thus, it is possible that
a continuous diminution of these factors could affect neuronal viability [reviewed in (94,95)].
BDNF also has acute effects on synaptic plasticity and on the facilitation of glutamate, γ-
aminobutyric acid (GABA), dopamine, and serotonin release. In vitro and in vivo studies have
shown that CREB and BDNF act together to mediate the neurotrophic and therapeutic effects
of lithium (discussed in the next section).
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One key issue is that dysregulation at any target in the BDNF-ERK-CREB elements (such as
by unrelenting cellular stress) could possibly explain the consequent atrophic processes in a
selective subpopulation of vulnerable neurons and/or distal neurons. It is therefore possible
that the exact kinetics of ERK and CREB activation will ultimately determine whether the
activated kinases participate in a cell survival- or death-promoting pathway. Chronic stress
(i.e., foot shock, an animal model of depression) in rats resulted in ERK1/2
hyperphosphorylation in dendrites of the higher prefrontal cortical layers of rat brains, whereas
phospho-CREB was reduced in several cortical regions including the frontal cortex (96).
Because CREB is phosphorylated and activated by phospho-ERK1/2 directly, this phospho-
CREB decrease indicates that chronic stress could downregulate CREB phosphorylation
indirectly, and subsequently decrease the transcription of neurotrophic genes such as BDNF.
Indeed, a number of human studies reported decreased BDNF levels in manic and depressive
episodes, also considered a potential biomarker of neuronal dysfunction and chronic stress
[reviewed in (97)].

Lithium’s neurotrophic effects targeting neurotrophic signaling cascades—In
the ERK/MAPK signaling cascade, ERK activation results in enhanced transcription of
neurogenesis and cell survival factors such as the anti-apoptotic protein B-cell lymphoma 2
(Bcl-2) (described in the next section) and BDNF. Lithium activated the ERK/MAPK cascade
in human neuroblastoma SH-SY5Y cells (98). In vivo, chronic lithium increased activated ERK
levels in the frontal cortex and hippocampus (99). Lithium also activated ERK1/2 after
ischemia, and significantly increased cell proliferation in the hippocampal dentate gyrus
(100).

Lithium’s effects on CREB phosphorylation and activity have been investigated in several
preclinical studies, with mixed results (99,101,102). Postmortem studies in BD subjects have
noted reduced CREB phosphorylation in lithium-treated BD subjects (103,104), but the
instability of phosphorylated proteins postmortem is well known and of concern in such reports.
Also, chronic lithium treatment prevented stress-induced decreases in dendritic length, as well
as stress-induced increases in CREB phosphorylation in the hippocampus (105). CREB is also
modulated by the MAPK signaling pathway (Fig. 1). Thus, it is difficult to distinguish whether
lithium’s actions result from either CREB or MAPK signaling pathways. Regarding other
transcription factors, lithium increased the transactivation of AP-1, and also enhanced DNA
binding (106).

Regarding BDNF regulation by lithium, its chronic administration increased BDNF expression
in the rodent brain (99,107), particularly in the hippocampus (108) and frontal cortex (109).
Specifically, a recent study found that chronic treatment of cultured rat cortical neurons with
therapeutic concentrations of lithium selectively increased the levels of exon IV-containing
BDNF mRNA, and the activity of BDNF promoter IV (110). Also, a recent microarray gene
expression study of the molecular pharmacology of lithium on mouse brain mRNA supports
the importance of BDNF to lithium’s molecular effects (111). However, another study found
that BDNF was not upregulated by chronic lithium treatment in therapeutically relevant doses
(112). It is important to note that recent evidence suggests that the neurotrophic effect of lithium
in cortical neurons requires BDNF expression (113).

Finally, human studies have also described decreased BDNF levels in lymphoblasts from
patients with BD who responded to lithium compared with matched healthy controls and their
unaffected relatives (114). Another study examining lithium response and BDNF gene
polymorphism found that the Val/Met genotype of Val66Met polymorphism may be associated
with degree of prophylactic response to lithium; there was a trend for a higher incidence of the
Met allele in positive responders to lithium than in nonresponders (115).
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Similar to BDNF, treatment with lithium for six weeks altered brain concentrations of NGF
and glial cell line-derived neurotrophic factor in a rat model of depression (116). In another
study, chronic (14 days) but not acute (one day) administration of lithium in adult rats at various
doses (levels of 0.72 mM) significantly increased NGF concentrations in the frontal cortex
(+23%), limbic forebrain (+47%), hippocampus (+72%), and amygdala (+74%) (117).
Correspondingly, lithium increased serum and hippocampal NT-3 levels in an animal model
of mania (118). Recent studies have also pointed to the potential role of vascular endothelial
growth factor (VEGF) in lithium’s neurotrophic effects. VEGF, which is considered to be a
neurotrophic factor, has been implicated in neuronal survival, neurotrophic effects,
regeneration, growth, and differentiation. A recent study found that lithium upregulated VEGF
in brain endothelial cells and astrocytes (119); it also significantly attenuated the decreased
expression of VEGF in the hippocampus in stressed animals (120).

Mitochondrial and ER regulation of oxidative stress and apoptosis: a role for Bcl-2, IP3, and
calcium

General aspects of mitochondrial and ER regulation of oxidative stress and
apoptosis: relevance for BD pathophysiology—The widely described presence of
apoptosis in neural cells from individuals with BD occurs through diverse mechanisms. Two
important pathophysiological effects in BD are increased oxidative stress parameters directly
regulated by mitochondrial Bcl-2 and NAA (see “Cellular stress, atrophy, and loss in BD:
therapeutic targets for lithium”, p. 93); these are associated with altered intracellular calcium
levels through specific ER calcium regulation that occurs via the IP3 receptors (IP3R) and
Bcl-2. Indeed, the primary function of IP3 is the release of calcium from the ER. IP3, along
with DAG, is formed by members of the PI-PLC family through cleavage of PIP2 (Fig. 1)
[described in “The phosphoinositol (PI) cycle, PKC, and myristoylated alanine-rich C-kinase
substrate (MARCKS)”, p. 96]. The release of calcium from the ER is an important signaling
event in all cells (63,64). In this context, it is important to note that altered calcium dynamics
has been the most reproducible biological measure in the pathophysiology of BD [for an
excellent review, see (121)].

A large movement of calcium into the mitochondria will exceed mitochondrial capacity to
export protons, potentially interrupting adenosine triphosphate (ATP) synthesis and the
activation of the permeability transition pore with release of cytochrome c, thus initiating
cellular apoptosis. In addition, excessive production of reactive oxygen species (ROS, or free
radicals) triggered by mitochondrial dysfunction (whether or not this is related to lower
antioxidant capacity) may lead to oxidative stress. Glutathione is the main antioxidant substrate
in all tissues, and its production is rate-limited by its precursor, cysteine; notably, glutathione
alterations have been reported in BD (122,123). Furthermore, a recent study evaluated
oxidative stress parameters in unmedicated and treated BD subjects during an initial manic
episode; the investigators found that the end products of lipid peroxidation, thiobarbituric acid
reactive substances (TBARS) and antioxidant enzyme activity [superoxide dismutase (SOD)
and catalase (CAT)] were increased in unmedicated manic patients compared to healthy
controls (124).

With regard to Bcl-2, it has been shown to attenuate cell death in the ER and mitochondria by
limiting calcium overload and cytochrome c release, sequestering proforms of death-inducing
caspase enzymes, and controlling mitochondrial calcium release. Severe stress has been shown
to aggravate stroke outcome by suppressing Bcl-2 expression (125); mice in a situation of
aggressive social stress showed a significantly lower (approximately 70%) expression of Bcl-2
mRNA compared to unstressed mice following ischemia. In addition, stress significantly
worsened the size of the infarct area in control mice, but not in transgenic mice that
constitutively express increased Bcl-2, which appears to be a neuronal neurotrophic factor.
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Lithium’s neurotrophic effects targeting the mitochondrial and ER regulation of
oxidative stress and apoptosis—Lithium’s regulatory effects on apoptosis-controlling
proteins appear to occur in both the mitochondria and ER (126–128). Specifically, lithium’s
neurotrophic effects against thapsigargin-induced intracellular calcium increase has been
described, with elevated expression of the molecular chaperones GRP78, Bcl-2, and AP-1
(129). In another study, lithium also enhanced the expression of ER chaperones proteins
GRP78, GRP94, and calreticulin, thus protecting against the deleterious effects of malfolded
proteins (130). Interestingly, depletion of neuronal IP3 (located in the ER) represents a direct
effect by lithium and other mood stabilizers to increase neuronal growth-cone area, and was
reversed by inositol (131).

Increasing evidence exists that mood disorders are associated with oxidative stress and DNA
damage, making lithium’s purported antioxidant properties particularly important. Chronic
treatment with lithium also inhibited reactive oxygen metabolite H2O2-induced cell death and
increased glutathione levels in primary cultured rat cerebral cortical cells (132). Chronic
lithium treatment directly inhibited oxidative damage to lipids and proteins (133). It also
increased mRNA and protein levels of the cytosolic glutathione s-transferase (GST)
isoenyzmes and inhibited H2O2-induced cell death and DNA fragmentation (134). In bipolar
mania, acute treatment with lithium significantly increased CAT levels and reduced TBARS
levels, demonstrating antioxidant effects. The authors concluded that initial manic episodes
are associated with both increased oxidative stress parameters and activated antioxidant
defenses, which may be related to energy metabolism and neuroplasticity pathway dysfunction
(124).

Several biochemical changes have been hypothesized for lithium’s neurotrophic properties
against oxidative stress and apoptosis, including its ability to regulate Bcl-2. Bcl-2 levels were
robustly increased in frontal cortex after lithium treatment, particularly in layers II and III
(135). Also, long-term, but not acute, treatment with lithium of cultured cerebellar granule cells
induced concentration-dependent decreases in mRNA of p53 and protein levels of Bax (both
of which are pro-apoptotic); conversely, Bcl-2 mRNA and protein levels increased
considerably. It was estimated that the Bcl-2/Bax protein-level ratio increased approximately
fivefold after lithium treatment for five to seven days (136). In addition, chronic treatment with
lithium in drinking water prevented the aluminum-induced translocation of cytochrome c,
upregulating Bcl-2 and Bcl-X(L), and thus reducing DNA damage.

Lithium’s neurotrophic effects: potential therapeutic relevance in other
psychiatric and neurological disorders
Preclinical models of apoptosis and excitotoxicity

Because of its neuroprotective effects against a variety of insults, lithium has garnered
considerable interest as a neuroprotective drug for a broad range of central nervous system
disorders. Indeed, a number of in vitro models have been used to evaluate lithium’s
neuroprotective properties against excitotoxicity or apoptosis, including glutamate-induced
excitotoxicity, C2-ceramide, oxygen and glucose deprivation, aluminum, low potassium
medium, ouabain, β-bungarotoxin, and pilocarpine-induced mossy-fiber sprouting.

Over a decade ago, Nonaka and colleagues (137) reported that chronic, but not acute, lithium
treatment at therapeutic doses robustly protected neurons against glutamate excitotoxicity by
inhibiting N-methyl-D-aspartate (NMDA) receptor-mediated calcium influx. Lithium also
markedly reduced the level of NR2B phosphorylation at Tyr1472, which inactivated NMDA
receptors (NMDAR) and contributed to neuroprotective effects against excitotoxicity (138).
Similarly, inhibition of NR2A tyrosine phosphorylation and its interactions with Src and Fyn
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mediated by postsynaptic density (PSD)-95 may contribute to the lithium-induced
neuroprotective effects against NMDAR excitotoxicity (139).

Regulation of c-Jun N-terminal kinase, p38 kinase and activator protein-1 (AP-1) DNA binding
also appear to be relevant to lithium’s neuroprotective effects against glutamate excitotoxicity.
Pretreatment with lithium blocked glutamate-induced effects and apoptosis in rat cerebellar
granule cells by preventing the rapid activation of c-Jun N-terminal kinase and p38 kinase, and
by increasing AP-1 binding. These neuroprotective effects were also mediated in part by
suppressing NMDAR-mediated activation of the MAPK pathway (140). Additional studies
have demonstrated that chronic treatment with lithium at therapeutically relevant
concentrations attenuated NMDA-mediated cytoplasmic vacuolization in primary rat
hippocampal neurons (141). Similarly, lithium in combination with a GSK inhibitor and VPA
blocked against glutamate-induced cell excitotoxicity in aging cerebellar granule cells (127).

High doses of lithium (5 mM) had neuroprotective effects against C2-ceramide (N-acetyl-
sphingosine)-induced apoptosis in primary cultures of cerebellar granule neurons (142),
presumably by blocking the dephosphorylation of both protein kinase B (PKB) and GSK
(143); however, the doses used in this study would be toxic for humans. In cultures exposed
to oxygen and glucose deprivation in a model of ischemia, lithium treatment (0.2–1.2 mM)
had neuroprotective effects in hippocampal slices at different doses (144) (see next section).
In another model of excitotoxicity using ouabain (a potent inhibitor of sodium-potassium
adenosine triphosphatase), lithium pretreatment in human neuroblastoma SH-SY5Y cells at 1
mM diminished ouabain-induced lactate dehydrogenase (LDH, a measure of cellular damage)
(145).

Lithium also prevented colchicine-induced apoptosis in rat cerebellar granule neurons (146).
Finally, in another cell culture model of neurotoxicity, therapeutically relevant concentrations
of lithium (1.2 mM) protected against β-bungarotoxin in primary cultured granular neurons.
The investigators hypothesized that the neuroprotective effects of lithium were due to its ability
to attenuate intracellular calcium overload (147). Indeed, one study suggested that lithium
selectively prevents apoptosis in cortical neurons by increasing calcium through activation of
PI3-K and PLC (148). Treatment with therapeutic doses of lithium was also neuroprotective
against ATP-induced cell death in hippocampal slices of adult rats (149).

As is clear from the evidence reviewed above, lithium’s neuroprotective properties occur via
diverse mechanisms. Furthermore, some of the mechanisms involved in lithium’s
neuroprotective effects are not shared by other mood stabilizers. For instance, lithium and VPA
were found to have dissimilar effects on the PI3-K/PKB pathways; in addition, only lithium
(and not VPA) protected against C2-ceramide-induced apoptosis, presumably due to the
inhibition of PKB (150). Similarly, lithium (but not VPA) reduced ouabain-induced LDH
release (145).

Lithium’s neuroprotective effects: modeling other psychiatric and neurological disorders
In this section, we review the neuroprotective effects of lithium in a series of models of brain
ischemia, injury (especially spinal cord and optic nerve injury), infection, irradiation,
neurodegeneration, and neuroinflammation [e.g., cerebral ischemia, Alzheimer’s disease,
Huntington’s disease, amyotrophic lateral sclerosis (ALS), human immunodeficiency virus
(HIV)-associated cognitive impairments, spinocerebellar ataxia, and cranial irradiation].

Nonaka and Chuang (151) examined the effects of chronic lithium pretreatment (16 days) on
neurological deficits and brain infarcts induced by left middle cerebral artery occlusion
(MCAO, a model of brain ischemia) in rats. Lithium significantly improved neurological
deficits, including abnormal posture and hemiplegia and reduced the size of ischemic infarct
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by nearly 60%, measured 24 h after MCAO. Another study (152) similarly showed that
neurological deficits resulting from cerebral ischemia induced by MCAO were decreased in
rats treated with lithium 25 and 48 h after ischemia; reduced infarct volume, ischemia-induced
caspase-3 immunoreactivity, and AP-1 protein expression were also observed after lithium
administration. Lithium also attenuated brain damage and facilitated neurological recovery in
rats with cerebral ischemia following MCAO, suggesting that lithium’s neuroprotective effects
were due to upregulation of cytoprotective heat shock protein 70 (HSP-70) (59). Chronic
lithium treatment also protected against hypoxia in frontal cortex, caudate putamen,
hippocampus, and cerebellum; expression of BDNF and phospho-CREB were higher in the
frontal cortex (153). Lithium also reduced ischemia-induced hippocampal CA1 damage and
behavioral deficits (memory impairment) in gerbils. These behavioral benefits were associated
with an increase in viable cells associated with downregulation of pro-apoptotic p53 in the
CA1, and upregulation of anti-apoptotic Bcl-2 and HSP-70 in the ischemic brain (154).

With regard to Alzheimer’s disease, diverse studies have suggested that lithium’s
neuroprotective effects may have a potential role in the therapeutics of this disease. Lithium
protected against the deposition of β-amyloid peptide, the hyperphosphorylation of tau protein,
and the death of neurons in certain brain regions, all of which are characteristic features of
Alzheimer’s disease. Specifically, lithium protected cultured neurons against β-amyloid-
induced cell death (i.e., neurodegeneration) (155). Moreover, lithium treatment abolished
GSK-3-mediated β-amyloid peptide increase and reduced the plaque burden in the brains of
GSK-3 transgenic mice (57). Lithium-mediated reductions in GSK-3β and cyclin-dependent
kinase 5 (cdk5) activity, tau phosphorylation, apoptotic activity, and cell death were observed,
and provide a strong rationale for the use of lithium as a potential treatment in
neurodegenerative diseases (156). Chronic lithium treatment was also effective in a transgenic
model (amyloid precursor protein transgenic mice) of Alzheimer’s disease, as indicated by
improved performance in the water maze paradigm, preservation of the dendritic structure in
the frontal cortex and hippocampus, and decreased tau phosphophylation (157). In humans,
ongoing clinical trials are evaluating lithium’s abilities to lower tau and β-amyloid levels in
the cerebrospinal fluid of Alzheimer’s patients (158). Exposure of cultured cortical neurons to
lithium decreased tau protein levels, a decrease associated with reduced tau mRNA levels
(159).

While lithium has obvious neuroprotective properties, it is not clear whether it also reduces or
prevents the risk of dementia. One recent study found that chronic lithium attenuated dementia
risk (160). More recently, a large, observational study evaluating subjects with dementia in
Denmark between 1995 and 2005 found that, while individuals who had used lithium at least
once had an increased rate of dementia compared to those not exposed to lithium, individuals
who used lithium continuously had similar rates of dementia to the general population (161).
More formal longitudinal trials are currently underway to provide further information on the
relevance of lithium’s neuroprotective effects in dementia disorders.

Lithium has been also tested in animal models of Huntington’s disease. Chronic lithium
significantly reduced the size of quinolinic acid-induced striatal lesions, potentially associated
with increased Bcl-2 protein levels (162). Correspondingly, Senatorov and colleagues (163)
proposed that the neuroprotective properties of lithium are not only due to its ability to inhibit
apoptosis but also its ability to stimulate neuronal and astroglial progenitor proliferation in the
quinolinic acid-injected striatum. Also, lithium reduced striatal neurodegeneration induced in
rats by 3-nitropropionic acid (3-NP) by inhibiting calpain and cdk5 activation, and consequent
cellular death (164). Lithium treatment also reduced the intracellular increase in calcium
induced by 3-NP (164). In another model of Huntington’s disease in which a mutation results
in progressively deteriorating motor function, chronic treatment with lithium significantly
improved motor performance when treatment was started post- but not presymptomatically
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(165). Such improvement suggests that lithium may improve motor symptoms in some patients
with Huntington’s disease.

In a model of Parkinson’s disease, four weeks of lithium treatment prevented N-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced dopaminergic neurotoxicity. MPTP
depletes striatal dopamine and its metabolites in mice. Because lithium treatment prevented
reduction of striatal Bcl-2 in MPTP-treated mice, but the opposite effect was seen with Bax,
this effect was hypothesized to be mediated by Bcl-2 and Bax (166).

Recently, Feng and colleagues (167) investigated the effects of lithium and VPA on symptom
onset, survival time, and neurological deficits in copper zinc superoxide dismutase (SOD1)
G93A mutant mice, a model of ALS; they observed delayed onset and decreased neurological
deficit after treatment. In a parallel study of G93A mice, lithium also delayed disease onset
and duration and augmented life span (168). Notably, there is also clinical evidence to support
the neuroprotective properties of lithium in ALS. A 15-month, parallel-group, randomized
study of adults with ALS found that none of the patients with ALS treated with lithium (n =
16) died; in contrast, 29% of ALS patients who received riluzole died. Furthermore, disease
progression was markedly attenuated in the lithium-treated group (168).

A study investigating the neuroprotective effects of lithium pretreatment against HIV-gp120-
mediated toxicity in SY5Y neuronal cells found that lithium pretreatment significantly reduced
gp120-associated neurotoxicity (169). However, post-treatment with lithium had minimal
neuroprotective effects against gp120, both in vivo and in vitro. The investigators raised the
possibility that prophylactic treatment with lithium may prevent the onset/progression of HIV-
associated cognitive impairments. The presumed mechanism for this neuroprotective effect
was hypothesized to be lithium’s ability to protect neurons from neurotoxic secretions of
HIV-1-infected monocyte-derived macrophages (MDMs). This neuroprotective effect is
believed to be mediated, in part, through the PI3K/Akt and GSK-3 pathways. In another study,
lithium restored HIV-1 encephalitis (HIVE)-associated loss of MAP-2-positive neurites and
synaptic density while reducing levels or activity of phospho-Tau Ser202, phospho-β-catenin,
and GSK-3β (170). These encouraging preclinical findings were extended to humans. In an
open-label study, 12 weeks of low-dose oral lithium (600–1200 mg/day) was associated with
improved HIV-associated neurocognitive impairment (171).

Spinocerebellar ataxia type 1 (SCA1) is a dominantly inherited neurodegenerative disorder
characterized by progressive motor and cognitive dysfunction. In a SCA1 mouse model,
chronic administration of lithium had a positive effect on multiple behavioral measures and
hippocampal neuropathology (172). Another type of brain injury, cranial irradiation, results in
lifelong neurocognitive deficiency in cancer survivors, in part due to radiation-induced
apoptosis and decreased neurogenesis in the subgranular zone of the hippocampus. A recent
investigation examined whether lithium treatment protects irradiated hippocampal neurons
from apoptosis and improves the cognitive performance of irradiated mice. As noted above,
lithium treatment of cultured mouse hippocampal neurons activated Akt, inhibited GSK-3β,
and increased Bcl-2 protein expression. These effects were sustained when cells were treated
with lithium combined with ionizing radiation. Lithium treatment before cranial irradiation
also improved performance in the Morris water maze paradigm, suggesting that lithium
attenuates the cognitive deficits that result from cranial irradiation (173).

Treatment with GSK-3 inhibitors, including lithium to rats with thoracic spinal cord lesion or
contusion injuries, induced significant sprouting in the caudal spinal cord and promoted
locomotor functional recovery (174). Similarly, in a rat model of optic nerve injury, chronic
treatment with lithium protected retinal ganglion cell survival and axon regeneration; an
increase in Bcl-2 immunoreactivity was seen with lithium treatment in retinal ganglion cells
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(175,176). Finally, a recent study reported that chronic treatment with lithium upregulated brain
arachidonic acid (AA) metabolism in an animal model of neuroinflammation; thus, lithium
could possibly be considered in the treatment of human brain diseases associated with
neuroinflammation [for a good review, see (177)].

Conclusions and perspectives
BD is a disorder that entails mood episodes as well as considerable structural impairment,
potentially secondary to changes in cellular plasticity and resilience. Indeed, a recent meta-
analysis and meta-regression of 98 structural studies in BD showed a robust change in brain
structure in BD, as well as evidence that lithium increases gray matter volume (178). Overall,
lithium seems to be an exogenous support that activates adaptive mechanisms in the brain.
Future effective treatments for BD possessing neurotrophic properties are expected to be (at
least partially) lithium-mimetic agents.

Neuroprotection is the most consistent biological outcome associated with lithium treatment
in both preclinical and clinical models of BD. Paradoxically, lithium is a simple metal with a
complex mechanism of action. It is a monovalent cation that is also a very light, reactive, wide-
spread, and unstable alkali metal, and thus it has outstanding and unique penetration in most
tissues and cells. Its ability to be potentially omnipresent explains its high sensitivity and low
specificity for biological effects targeting at neurotrophic pathways, as well as its potentially
wide range of clinical indications and undesirable side effects profile.

When evaluating lithium’s neurotrophic effects and their potential relevance in BD in
translational models, it is particularly important to consider only data obtained from studies
evaluating chronic lithium treatment at therapeutically relevant doses. Studies showing that
lithium has neurotrophic effects at doses that are extremely toxic (even lethal) for humans are
not uncommon, but these cannot be reliably translated to human diseases, especially BD.
Although not addressed by the present review, the study of lithium-responsive gene networks
related to neurotrophic effects are promising and may improve our understanding of critical
nuclear downstream targets expressing key proteins and peptides. Also, given that lithium has
a narrow therapeutic margin and well-known side effects, and that good response rates are
observed in only about half of patients, the search for biological predictors of better lithium
response has begun [see (179)], although such work needs further replication.

Overall, lithium has been associated with significant neurotrophic properties not only in BD
but also in a wide range of models for other brain and neurological disorders. Lithium’s
neurotrophic effects in BD are an example of an old molecule acting as a new proof-of-concept
agent. We are optimistic that recent novel insights into the mechanisms of action of lithium
will ultimately lead to a better understanding of clinically relevant pathophysiological targets,
and the consequent development of improved treatments for those who suffer from BD and
other devastating disorders.
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Fig. 1.
Targets for lithium’s neuroprotective effects. Targets shown in orange are mainly pro-apoptotic
proteins/receptors; lithium either significantly downregulates these proteins or decreases their
expression. Anti-apoptotic proteins are showed in blue. Lithium increases their expression and/
or levels, thus inducing neuroprotective and neurotrophic effects. Activation of brain
neurotransmitter-coupled G-proteins induces PLC hydrolysis of PIP2 to IP3 and DAG (not
shown), which activates PKC. IP3 binds to the IP3R, thus inducing the release of ER calcium
stores. Increased intracellular calcium levels have been described in bipolar disorder and may
increase the risk of apoptosis. The neuroprotective protein Bcl-2 downregulates ER calcium
release through an IP3R-dependent mechanism. The same effect is induced by lithium
treatment, which also increases Bcl-2 levels. IP3 is recycled by IMPase, another of lithium’s
targets. Cellular signaling through Wnt glycoproteins and frizzled receptors result in
GSK-3β inhibition, a critical cellular target and effector for diverse proteins. Inhibition of
GSK-3β prevents β-catenin phosphorylation and stimulates its translocation to the nucleus,
thus targeting transcription of specific genes activating neurotrophic effects and
synaptogenesis. Activation of the BDNF receptor (Trk-B) activates the ERK/MAPK pathway,
which inhibits GSK-3β and BAD. Activation of the ERK/MAPK pathway by BDNF increases
the expression of nuclear CREB, which facilitates the expression of neurotrophic/
neuroprotective proteins such as Bcl-2 and BDNF. BDNF also activates the PI3K pathway,
which indirectly inhibits GSK-3β and BAD. Mitochondrial Bcl-2 and Bcl-xl also inhibit pro-
apoptotic activation of BAD, as well as consequent mitochondrial increase of calcium influx
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and cytochrome C release. Bcl-2 = B-cell lymphoma-2; BDNF = brain-derived neurotrophic
factor; Ca2+ = calcium; CREB = cAMP response element binding protein; Cyt C = cytochrome
C; DAG = diacylglycerol; ER = endoplasmic reticulum; ERK = extracellular regulated kinase;
GSK = glycogen-synthase kinase; IMPase = inositol monophosphatase; IP3 = inositol 1,4,5-
triphosphate 3; IP3R = inositol 1,4,5-triphosphate 3 receptor; Mg2+ = magnesium; MAPK =
mitogen activated protein kinase; NMDA = N-methyl D-aspartate; NT = neurotransmitter;
PI3K = phosphatidylinositol-3 kinase; PIP2 = phosphoinositide 4,5-biphosphate; PKC =
protein kinase C; PLC = phospholipase C; PTP = permeability membrane pore; TrkB = tyrosine
receptor kinase B.
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