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Lithium is a monovalent cation that was introduced in 1949 by John Cade
for the treatment of bipolar disorder. Clinical reports and subsequent stud-
ies confirmed this application and the beneficial effects of this compound.
However, over the last 15 years, various authors have also demonstrated the
neuroprotective effects of lithium against several neurotoxic paradigms. Thus,
experimental studies in neuronal cell cultures and animal models of Alzheimer
disease and others pathologies have provided strong evidence for the poten-
tial benefits of lithium. The main mechanism underlying its neuroprotective
effects is thought to be inhibition of glycogen synthase kinase-3 (GSK-3), al-
though other biochemical pathways in the brain could also be affected. In this
review, the main mechanisms of lithium action are summarized, including the
modulation of glutamate receptors, effects on arachidonic acid metabolism, its
role with respect to AKT, and other potential mechanisms. In addition, its ef-
fects on neuroprotective proteins such as Bcl-2 and p53 are also discussed.
Although the cellular and molecular biological effects of lithium may consti-
tute an effective therapeutic strategy for Alzheimer disease, further clinical and
experimental studies with this drug and specific GSK-3 inhibitors are necessary
to confirm the use of lithium in therapeutic approaches to neurodegenerative
diseases.
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(PD), Huntington disease (HD), and amyotrophic lateral

Introduction

The main clinical pharmacological application of lithium
is currently in the treatment of manic-depressive ill-
ness, by means of its well-documented mood- stabiliz-
ing effects [1]. However, recent experimental data sug-
gest that lithium also shows neuroprotective effects in
preventing programmed neuronal cell death in different
paradigms [2-6]. The vast majority of these studies sug-
gest that the neuroprotective effects of lithium are pro-
vided through the modulation of multiple mechanisms;
however, it seems that the enzyme glycogen synthase
kinase-3 (GSK-3) is probably the main target involved in
lithium’s neuroprotective effects [4,7]. Thus, GSK-3 in-
hibition could account for the potential benefits of this
ion in the treatment of chronic neurodegenerative dis-
eases such as Alzheimer disease (AD), Parkinson disease
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sclerosis (ALS) [1,4,7]. However, a distinction needs to
be made, at least in neuronal cell cultures, between the
effects of acute versus chronic treatment with lithium.
Thus, whereas GSK-3 inhibition by lithium occurs rapidly
and constitutes an acute effect, the long-term ameliora-
tive effects of lithium have been attributed to Bcl-2, p53,
and Bax regulation, events that may also be dependent
on c-Jun modulation by lithium and changes in the ex-
pression of all these proteins will be discussed below, as
they may explain the neuroprotective effects of this com-
pound in chronic treatments.

Inhibition of GSK-3 by Lithium

Research has demonstrated that lithium at therapeutic
concentrations (1-2 mM) inhibits GSK-3 [1,8-10]. This
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enzyme has two isoforms: « and 8. Although it was ini-
tially identified as a regulator of glycogen synthesis, it is
now known to play a key role in the central nervous
system by regulating various processes or transcription
factors, for example, in tau phosphorylation, regulation
of c-jun, the nuclear translocation of g-catenin and nu-
clear export of the nuclear factor of activated T cells (NF-
Atc), nuclear factor kappa B (NFkB), pCreb and the my-
ocyte enhancer factor (MEF2), a prosurvival transcription
factor [1,9-13]. Moreover, GSK-3 is currently attracting
widespread interest as a regulator of neuronal apopto-
sis [4—6]. In this regard, it has been widely demonstrated
that inhibition of GSK-3 prevents apoptosis, whereas in-
creased activity is proapoptotic [14]. However, it has only
recently been shown that GSK-3 may represent a possi-
ble therapeutic target of lithium. In addition, a range of
evidence suggests that the behavioral effects of lithium
in rodent models of mania may be due to inhibition of
GSK-3 [13,15]. One of the well-characterized mecha-
nisms of GSK-3 inhibition by lithium is through direct
competition for a magnesium-binding site with GSK-38.
Thus, studies performed in cultures of cerebellar gran-
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ule neurons (CGNs) lend support to the hypothesis that
acute administration of lithium in a millimolar range
inhibits GSK-38 activity [16]. Moreover, lithium indi-
rectly regulates GSK-3 activity, which is regulated neg-
atively by phosphorylation of serine-9 in the pseudo-
substrate domain through the activation of Akt (also
called protein kinase B). This is important because the
activation of Akt suggests that this drug has additional
neuroprotective effects that are probably due to mod-
ulation of targets downstream of Akt, such as FOXO,
Bad, and murine double minute (MDM2) [13,15,17]
(Fig. 1). Thus, our group demonstrated that after depri-
vation of serum and potassium as proapoptotic stimuli,
CGNs died through an apoptotic process, which included
the activation of the classical intrinsic mitochondrial
route [18]. In this context, mitochondrial proteins such
as cytochrome C are released as a result of these apop-
totic stimuli and caspase-3 is activated. Likewise, lithium
was able to inhibit caspase-3 activation, which is a key
enzyme involved in the apoptotic process [19]. One
question that remains to be clarified is whether selec-
tive GSK-3 inhibitors such as SB-415286, which have

é(}ell cycle

Survival signals
Figure 1 Networkintegrating the potential neuroprotective effects of lithium in neurons. Thus, activation of Akt by lithium suggests that neuroprotective

effects of this drug are also probably due to modulation of downstream targets of Akt such as Bad, FOXO, CREB, and NF-« 8. Furthermore, lithium inhibits
directly GSK-38 and modulates NMDA receptor.
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Table 1 Examples of the neuroprotective effects of lithium in neuronal cell cultures or models for studies of specific aspects of different experimental

neuropathological processes

Neuropathological process (disorder) Neurotoxin Cellitissue culture/experimental model References
Alzheimer disease Amyloid beta-peptide Hippocampal neurons and PC12 cells [4]
Transgenic mouse model of AD hippocampus [7,20,25]
Amyotrophic lateral sclerosis Mouse model [3,6]
Parkinson disease MPTP Rat treatment [64]
Huntington disease Huntingtin overexpression Caenorhabditis elegans [68]
3-Nitropropionic acid Rat treatment [28]
Cerebral ischemia Model of ischemia Rat [81]
Epilepsy Kainic acid Rat [76]
Aging C. elegans [86]
SAMP-8 (40,90]

shown neuroprotective effects in different paradigms, are
indeed useful for the treatment of neurodegenerative
diseases.

Furthermore, with respect to AD, the amyloid cascade
hypothesis suggests an explicit role for GSK-38 through
tau phosphorylation [20-22]. Thus, the inhibition of this
enzyme constitutes a potential therapeutic target in this
disease. Interestingly, lithium ameliorated symptoms in
an AD study [23].

More recently, it was reported that a reduction in
GSK-3«a levels reduced the production of amyloid beta
(AB), whereas a reduction in GSK-38 increased its
production [24]. Different studies have postulated that
lithium decreases the production of Ag from its precur-
sor, amyloid precursor protein (APP), and can thus be
considered a powerful therapeutic agent for treating AD
[20-26]. However, Feyt et al. demonstrated in two cell
types expressing human APP695 that lithium at noncy-
totoxic concentrations increases the production of Ag by
increasing f-secretase activity [27].

These results, coupled with the fact that lithium can
inhibit both GSK-3 isoforms, suggest that the effect of
lithium on ApB protein production could be unrelated
to its inhibition of GSK-3 [21,24]. Clinical studies have
demonstrated that lithium could be used as a preventive
treatment for AD, although further clinical studies are ob-
viously needed to confirm its action [23]. In this context,
inhibition of GSK-3 levels by lithium has been proposed
as a possible therapy for various diseases, not only AD dis-
ease but also other neurodegenerative disorders [28-30]
(Table 1).

The possible involvement of cell cycle activation in
neuronal apoptosis has been extensively investigated in
recent years [31-33]. Studies carried out on brains of AD
patients demonstrated that the expression of cell cycle
proteins and DNA synthesis both increase in this pathol-
ogy [32,33]. Further, phosphorylation of the retinoblas-
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toma protein (Rb) increases in the brains of PD patients
[32]. Thus, both in vivo and in vitro data from neuronal cell
cultures suggest that reentry into the cell cycle is a poten-
tial step in the neuronal apoptotic cascade. In this process
of cell cycle reentry, the phosphorylation of Rb by cyclin-
dependent kinases (CDKs) is a key step, as unphospho-
rylated Rb can block cell cycle progression by binding to
the transcription factor E2F-1 [34-36]. However, recent
studies suggest that Rb could be phosphorylated by other
kinases such as CDKS5 in neuronal cells and GSK-38 in
nonneuronal cells [35-38]. Our group demonstrated that
Rb is rapidly phosphorylated in CGNs under serum- and
potassium-deprivation conditions (a well-known apop-
totic model). Since pRb phosphorylation was prevented
in the presence of GSK-38 inhibitors, we suggested that
targeting GSK-38 could be involved in the inhibition of
cell cycle reentry mediated by lithium. This would also
explain the neuroprotective properties of this drug and
its application to the treatment of neurodegenerative dis-
eases. Lithium can inhibit two key features of AD, namely
the process of cell cycle reentry and tau phosphorylation
[39-40].

Lithium Modulates Neuronal
Growth Factors

A possible explanation for lithium’s neuroprotective
effects after chronic treatment is through an in-
crease in the levels of neurotrophic factors [41]. Us-
ing a pharmacological approach with the compound
K252a, a Trk tyrosine kinase inhibitor and a brain de-
rived neurotrophic factor (BDNF)-neutralizing antibody,
lithium-induced neuroprotection against excitotoxicity
was also suppressed [14]. These data strongly implicate
BDNF/TrkB activation in lithium’s neuroprotection. Fur-
ther evidence in support of this hypothesis comes from

335



Prevention of Neurodegenerative Diseases by Lithium

studies performed in cortical neurons, where lithium
transiently increased intracellular BDNF followed by
an increase in levels of phosphorylated TrkB. There-
fore, long-term lithium treatment enhances BDNF ex-
pression, secretion, and subsequent activation of TrkB
receptors [2,4,9]. Furthermore, this hypothesis is con-
firmed using cortical neurons derived from either het-
erozygous (+/—) or homozygous (—/—) BDNF knockout
mice, because lithium does not protect them from gluta-
mate excitotoxic cell death, whereas it does protect cul-
tures derived from wild-type mice [1].

Modulation of the Excitotoxic Response
by Lithium

Chronic treatment of CGNs with lithium modulates glu-
tamate receptor hyperactivity, which might explain its
effects in the treatment of manic depression [42]. Al-
though the mechanism involved in this process is un-
known, studies in rat cortical neurons showed that
long-term lithium treatment decreased the activation of
Src kinase, which is involved in N-methyl-d-aspartate
(NMDA) receptor activation [15]. Interestingly, phos-
phorylation of NR2B tyrosine is modulated by two
kinases: Src and Fyn. In the many studies reported
on Src kinases, lithium has been shown to down-
regulate Src kinase activation and, therefore, inhibit
NR2B tyrosine phosphorylation, thus implicating lithium
in the regulation of the NMDA receptor. Another study
demonstrated that long-term lithium treatment in rats
caused decreases in Tyr-402 phosphorylation of Pyk2
and Tyr-416 phosphorylation of Src. The inhibition of
Pyk2 Tyr-402 phosphorylation in the rat hippocam-
pus was associated with a lithium-induced decrease in
NR2A/NR2B tyrosine phosphorylation and a loss of Src
kinase activity [4,14]. In addition, the effects of lithium
on changes in the phosphorylation state of NMDAR
subunits could prevent or modulate the NMDAR-
mediated intracellular calcium increase in neurons [42].

Thus, chronic lithium treatment, through the inhibi-
tion of Src tyrosine kinase-mediated pathways, may be
beneficial for the treatment of excitotoxicity-related neu-
rodegenerative diseases. By inhibiting NMDA receptor ac-
tivation, lithium down-regulates the brain arachidonic
acid (AA) cascade [43]. Cyclooxygenase-2 is responsible
for AA production in brain phospholipids, phospholypase
A2 (cPLA2) activities and an increase in the concentra-
tion of prostaglandin E2. Therefore, blocking NMDAR sig-
naling and cPLA2 could be important for lithium’s ther-
apeutic efficacy. Moreover, changes in the expression of
brain mRNA from NMDA receptor subunits have been
demonstrated in patients with bipolar disorders. More-
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over, lithium modulates AMPA GluR1/2 synaptic expres-
sion in the hippocampus; specifically, this expression was
shown to be down-regulated after chronic treatment with
therapeutically relevant concentrations of lithium, both
in vitro and in vivo [14,17]. Furthermore, electrophysio-
logical studies demonstrated that the AMPA/NMDA ra-
tio is decreased in hippocampal CA1 neurons in animals
treated chronically with lithium, and these findings sug-
gest a novel therapeutic strategy for the development
of new drugs to treat bipolar disorders and neurological
diseases [8].

Overall, these studies indicate that the neuroprotec-
tive and clinical effects of lithium could be mediated
by an interaction with NMDA and non-NMDA recep-
tors. These data are interesting because the clinical
drugs used currently for AD therapy are mainly NMDA-
receptor antagonists, for example, memantine that blocks
glutamate-mediated excitotoxicity [17]. However, acetyl-
cholinesterase inhibitors, which aim to stabilize acetyl-
choline levels in the synaptic cleft in order to main-
tain neurotransmission, are also used because it has been
hypothesized that cholinergic dysfunction in the pro-
cess of aging contributes to the development of AD [2].
The possibility that bipolar affective disorder is the result
of some abnormality of glutamatergic neurotransmission
thus warrants further investigation.

Lithium Is Involved in the Regulation
of Autophagy

Autophagy is a physiological process involved in the
degradation of proteins and also eliminates unwanted,
damaged cell structures or organelles. It has recently been
suggested that the potential benefits of lithium could
be due to the induction of autophagy [44-46]. Inter-
estingly, the role of lithium in autophagy was GSK-3
independent and research showed the prominent role
of inositol monophosphatase (IMPase) inhibition [45].
Moreover, carbamazepine and valproic acid drugs, which
induced inositol depletion, also increase autophagy. The
importance of autophagy in neurodegenerative diseases
is to decrease both aggregated substrates—huntingtin and
alpha-synuclein—proteins that are associated with HD
and some autosomal forms of PD, respectively. A recent
clinical study in human patients found that lithium ad-
ministration slows the progression of ALS. The potential
mechanism involved in this beneficial effect of lithium is
attributed to autophagy activation, since one of the fea-
tures of ALS is a defect in this pathway [6]. Because au-
tophagy is a major degradation route for aggregate-prone
proteins associated with neurodegenerative disorders, the
induction of autophagy by lithium may also be a valuable
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strategy in the treatment of neurodegenerative diseases,
in addition to the other beneficial effects of this drug.

Role of Lithium in the Inhibition
of Oxidative Stress

It has been hypothesized that an increase in oxidative
stress parameters could be associated with the patho-
physiology of bipolar disorders [47,48]. Thus, an in-
crease in thiobarbituric acid reactive substance (TBARS)
and superoxide dismutase and a decrease in catalase
levels have been demonstrated in patients with bipo-
lar disorders. Therefore, another potential mechanism
underlying lithium’s neuroprotection and efficacy in
bipolar disorders is the previously demonstrated antiox-
idant properties of this drug. In neuronal cell prepa-
rations chronic treatment with lithium inhibited H,O,-
induced cell death. Furthermore, other studies indicate
that chronic lithium treatment inhibited lipid peroxi-
dation and protein oxidation in cortical cells [48-52].
This antioxidant property of lithium was attributed to
an increase in glutathione levels in neurons and hu-
man neuroblastoma SH-SY5Y cells [51]. This suggests
that long-term exposure to low lithium concentrations
could confer some protection against oxidative stress.
Consistent with this hypothesis, Frey et al. reported that
in vivo pretreatment with lithium for 2 weeks inhib-
ited amphetamine-induced lipid peroxidation in rat hip-
pocampus [53]. In vitro, Shao et al. also showed that treat-
ment with lithium inhibited the increase of lipid perox-
idation and protein oxidation induced by glutamate and
the decrease of cell viability induced by H,O, [50]. These
protective effects, apart from increasing the levels of glu-
tathione and glutathione S-transferase activity, could also
be mediated by reducing intracellular calcium and stabi-
lizing the mitochondrial membrane. Several studies have
shown that GSK-3 inhibition by lithium may also in-
crease the resistance to oxidative stress [53]. Using HT22
neurons, lithium treatment increased the levels of serine-
phosphorylated (inactive) GSK-38, indicating that inhi-
bition of this enzyme may play a role in oxidative stress
resistance in HT22 cells after glutamate and H,O, treat-
ment [54]. Since oxidative stress is believed to occur in
the pathogenesis of many neurodegenerative diseases,
mainly AD and PD, drugs that lead to a decrease in ox-
idative stress may therefore provide a suitable strategy for
the development of compounds to prevent and treat neu-
rodegenerative conditions [37].

However, a study performed in B65 neuroblastoma
cells and CGNs compared the antioxidant properties of
lithium and SB-415286 and found that mean acute treat-
ment with lithium did not exert any antioxidant ef-
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fects against H,0,, while SB-415286 showed strong an-
tioxidant properties [55]. Thus, because GSK-3 is inhib-
ited following acute treatment with lithium, it can be
concluded that GSK-3 is not involved in the antioxi-
dant properties of this compound. Previous reports have
shown that apoptosis inducing factor (AIF) plays an im-
portant physiological role in mitochondria by maintain-
ing complex I function, and it also exerts a reactive
oxygen species-scavenging effect [56]. Although in our
experiments, we have reported that lithium prevented
the mitochondrial release of apoptosis-inducing factor, it
did not show any antioxidant effects. Therefore, the pre-
vention of mitochondrial AIF localization is not involved
in the antioxidant properties of lithium [57].

Additional Neuroprotective Pathways
Involved in Lithium Neuroprotection

The neuroprotective effects of lithium could also be due
to an increase in the antiapoptotic protein Bcl-2. Manji
et al. (2000) reported that lithium clearly increases Bcl-2
levels in frontal cortex, hippocampus, and striatum in
vivo, and in cultured cells of both rodent and human
neuronal origin in vitro. In immunohistochemical studies,
chronic lithium treatment of rats led to a marked increase
in the number of Bcl-2 immunoreactive cells in the den-
tate gyrus and striatum [59]. Furthermore, lithium in-
creased Bcl-2 levels in human neuroblastoma SH-SY5Y
cells, in C57BL/6 mice, in rat cerebellar granule cells, and
in nucleus magnocellularis neurons [14,58-60].

Moreover, lithium has been reported to reduce the lev-
els of proapoptotic protein 53 in both cerebellar granule
cells and SH-SY5Y cells [58-60]. The role of lithium in
p53 is important because there is evidence for a pivotal
function of p53 in neuronal death in many neurodegen-
erative diseases. Data from in vitro and in vivo models doc-
ument increased p53 levels in apoptotic neurons. More-
over, results obtained in p53-deficient mice or neurons,
and studies employing p53 antisense oligonucleotides or
pharmacological p53 inhibitors, demonstrated a role for
p53-mediated neuronal apoptosis in experimental mod-
els that reproduce neurodegenerative diseases [61]. Sev-
eral studies have implicated p53 in the neuronal death
that occurs in stroke, traumatic brain injury, AD, PD, and
ALS [62].

In another study, it has been demonstrated that lithium
exerts neuroprotective effects on ethanol-induced neu-
ronal apoptosis via activation of the intrinsic pathway
[63]. However, ethanol did not affect the activation
of Akt, the best-known antiapoptotic protein kinase.
Likewise, ethanol did not alter the activity of GSK-38,
a downstream substrate of Akt, and nor did SB415236,
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a specific GSK-3 inhibitor, block ethanol-induced apop-
tosis. These observations support the hypothesis that the
Akt/GSK-3p pathway is not involved in lithium’s neuro-
protection against ethanol neurotoxicity [63].

Parkinson disease is the second most common neu-
rodegenerative disease and affects about 1% of the popu-
lation aged 65 or more. Several neurotoxins, among them
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
are currently used to reproduce PD in animals. Thus, this
neurotoxin is the most widely used in experimental mod-
els of PD, and chronic lithium treatment prevents MPTP
neurotoxicity in mice [64]. The most plausible mecha-
nism involved in this process is through the increase of
Bcl-2 (neuroprotective) expression and the decrease of
Bax (apoptotic) expression.

Huntington disease is a fatal autosomal dominant
neurodegenerative disorder characterized by behavioral
pathologies, notably chorea, psychosis, and dementia. In
rats, chronic lithium treatment at therapeutic doses for
16 days showed neuroprotective effects and decreased
the size of striatal lesions induced by intrastriatally ad-
ministered quinolinic acid [65]. Another neurotoxin used
in experimental models of HD is 3-nitropropionic acid
(3-NPA). This drug is an inhibitor of succinate dehy-
drogenase, a complex II respiratory enzyme required for
mitochondrial energy production. In an attempt to elu-
cidate the molecular mechanisms underlying the neu-
roprotective effects of lithium, our group focused its re-
search on the administration of this compound in vive
and in vitro. We demonstrated that calpain is a key tar-
get activated by 3-NP during neuronal cell loss. Likewise,
activation of CDK5 by 3-NPA could be a key target in-
volved in the neurotoxic effects of this neurotoxin [66].
We also showed that lithium modulates CDKS5 activation
in neuronal cell cultures [67], and in vivo studies confirm
this data; we therefore proposed that animals treated with
3-NP and dietary lithium supplementation would be pro-
tected against 3-NPA neurotoxicity. Accordingly, we sug-
gest that lithium’s neuroprotective effects are mediated
by the inhibition of calpain activation and inhibition of
CDKS5 activation. Furthermore, prevention of p35 cleav-
age by calpain and formation of the p25 isoform, which
is involved in an increase in CDK5 activity and neu-
rodegeneration, are also attenuated [66-70]. Therefore,
lithium has the capacity to reduce the breakdown of p35
to p25, thereby indicating inhibition of CDK5 activation.
We also corroborated this observation by demonstrating
an increase in the phosphorylated form of MEF2 [66,67].
Since this transcription factor generates transcriptional
signals for neuronal survival, its inhibition leads to cell
death and, therefore, its rescue by lithium could be pro-
tective for the cell. In this regard, we propose that the
neuroprotective action of lithium in response to 3-NPA
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is exerted, in part, by an effect on calcium movements
in neuronal cells. These data are in agreement with pre-
vious studies in which lithium treatment reversed the
calcium increase mediated by glutamate and other neuro-
toxins, which are correlated with its neuroprotective ac-
tion [49,53]. These observations reinforce the hypothesis
that inhibition of intracellular calcium increase could be
the potential target of lithium neuroprotection.

A neuroprotective effect of lithium has also been
demonstrated in murine human immunodeficiency
virus-1 encephalitis models. Thus, in laboratory tests
lithium exerts protective effects in neurons from neu-
rotoxic secretions of HIV-1-infected monocyte-derived
macrophages [71]. This neuroprotection was mediated,
in part, through the classical phosphatidylinositol 3-
kinase/Akt and GSK-38 pathways.

B-Bungarotoxin is a neurotoxin purified from the
venom of the elapid snake, Bungarus multicinctus.
B-Bungarotoxin was able to induce the activation of
NMDA receptor and L-type calcium channel, resulting
in Ca?* influx in cultured neurons [72]. The long-term
treatment of CGNs with lithium protects them against
B-bungarotoxin neurotoxicity. The neurotoxin increased
intracellular Ca%* levels and reactive oxygen species
production, and decreased mitochondrial membrane po-
tential. However, lithium was able to inhibit all these
physiological changes. Accordingly, modulation of intra-
cellular calcium homeostasis represents, at least in part,
the molecular mechanism by which lithium exerts its
neuroprotection and, perhaps, its clinical actions in the
treatment of manic-depressive illness [72,73].

Ouabain, a potent inhibitor of Na,K-ATPase, is a model
of ion dysregulation that may occur in bipolar illness.
Lithium pretreatment at therapeutic levels had a protec-
tive effect that was evident after 3 days in neuronal cell
preparations. Although the mechanism by which lithium
might protect against ouabain remains unclear, induction
of new gene expression could be involved [74].

Lithium has also been shown to exert protective ef-
fects in age-induced cerebellar granule cell death [75].
In addition, it protects SH-SY5Y cells against thapsigar-
gin and the 1-methyl-4-phenylpyridinium ion, which in-
duces cell death, and increases the expression of endo-
plasmic reticulum stress proteins in primary cultured rat
cerebral cortical cells [1,10,49]. The activation of this ki-
nase has been implicated in the neurotoxic effects of
kainic acid [76,77].

Staurosporine-induced apoptosis in human neuroblas-
toma cells (SH-SY5Y) is a well-known apoptotic model.
Recently, exposure of cells to different therapeutic con-
centrations of lithium increased the expression of the
protein Six1. When the physiological effects of this pro-
tein were evaluated (overexpression and inhibition via
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siRNA), it was found that Six1 inhibits apoptosis through
the blockade of caspase-3 activation. Furthermore, the
silencer of Six1 inhibits the neuroprotective effects of
lithium. Accordingly, Six1 may be a new protein involved
in the neuroprotective effects of lithium [78].

Others studies have investigated the neuroprotec-
tive effects of lithium in vivo. Inouye et al. (1995)
observed that lithium pretreatment delayed radiation-
induced apoptosis in external granular layer cells of mice.
In rats, lithium pretreatment attenuated both the be-
havioral deficits (passive avoidance and ambulatory be-
havior) and the reduction in choline acetyltransferase
activity caused by forebrain cholinergic system lesions
[79]. Chronic lithium treatment attenuated kainic acid-
induced reduction in glutamate decarboxylase levels in
rats, and furthermore, it also appears that chronic low
doses of lithium exerted considerable protective effects
against middle cerebral artery occlusion [80,81] and of-
fered increased neuroprotection in a genetic ALS model,
the G93A mouse [6]. In this mouse model, lithium in-
creases the number of neurons in lamina VII.

Potential Therapeutic Avenues

The mechanism of action of lithium, whether as a neu-
roprotector or a drug for bipolar disorders, has remained
unknown for many years. However, currently the role of
lithium as an inhibitor of GSK-38 has been established,
and given greater knowledge of the functions of this ki-
nase, it is possible to consider the use of this ion for ther-
apeutic purposes other than its present ones. In addition,
our group has demonstrated that lithium not only in-
hibits GSK-38 but also acts on CDK5 in cellular models of
neurotoxicity [67]. Therefore, the neuroprotective mech-
anisms of lithium both in vitro [67,82] and in vivo [64] are
related to its powerful action on GSK-38, Akt, and CDKS5.
Therefore, lithium is a promising drug not only as neuro-
protective therapy but also as a pharmacological tool to
study the neurodegenerative processes related to aging.
An initial approach to treatment possibilities would be the
inhibition of tau phosphorylation and structuring mech-
anisms that occur in the SAMP8 mouse model, which in-
volves chronic lithium administration.

To our knowledge, the molecular mechanisms or cel-
lular changes by which accelerated aging takes place in
SAMPS8, and which occur at the cerebral level, have yet
to be described sufficiently. Furthermore, it has been sug-
gested that this mouse model could be usetul for studying
the pathology of AD. Therefore, our group first character-
ized the model with respect to hyperphosphorylated tau
forms, CDK5 and GSK-38 activation. This work demon-
strated a highly significant increase in hyperphosphory-
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lated isoforms of tau, accompanied by an activation of
CDK5/p25, in 5-month-old SAMP8 mice [83]. We also
observed changes in the activity of proteases involved
in neurodegeneration, such as caspases and calpains, as
well as lipid peroxidation and protein damage. In ad-
dition, and as expected, we noted the development of
oxidative stress, which was accompanied by modifica-
tions in the expression and activity of enzymes related
to oxidative detoxification, such as catalase and super-
oxide dismutase; morphologically, neuronal loss was ob-
served, with cerebral cortex and hippocampus destruc-
tion and gliosis [83]. Recently, we determined an increase
of IgG extrusion in the hippocampus of 12-month-old
SAMPS8 mice, thus illustrating the dystunction of their
hematoencephalic barrier [84]. Gene expression studies
of some of these proteins were also conducted, although
no significant changes were demonstrated in any of them.
Having demonstrated that this mice strain presents a
characteristic morphology in terms of tau hyperphospho-
rylation and cellular changes, and given the neurode-
generative processes observed, the next step involved
studying whether long-term treatment with a GSK-38
inhibitor would reduce tau hyperphosphorylation, and
determining if this was accompanied by a reduction in
the activity of kinases involved in this process, that is,
CDK5 and GSK-38. We therefore treated 1-month-old
senescence-accelerated mice (SAMP8) and mouse con-
trols (SAMR1) with lithium for 8 weeks. During the treat-
ment period, lithium serum levels were monitored by
mass spectrometry, reaching mean levels of 0.5 mEq/L;
these values are considered therapeutic according to the
literature [85]. The data indicated that the activity of
GSK-38 and CDKS5, assessed by the breakdown of p35
to p25, was notably reduced, and that as a consequence
the phosphorylation levels of tau in Ser199 were also
diminished. The activation of proteases involved in the
phosphorylation route, for example, calpains, was also
studied. However, both biochemical measures and the
study of a-spectrin breakdown showed that lithium does
not seem to act at this level. As regards gene expression,
the preliminary results indicate that levels of mRNA for
GSK-38, CDKS5, and tau were not significantly modified,
thus suggesting that lithium would be acting at the post-
transcriptional level. The results obtained therefore indi-
cate that inhibition of the GSK-38/CDK5 pathway is a
promising therapeutic avenue as regards the prevention
and treatment of the neurodegenerative changes associ-
ated with aging.

Mention should also be made of longevity studies con-
ducted in the worm, Caenorhabditis elegans, which demon-
strated that PI3K-Akt plays a role in the process of
cell survival in aging, probably via the modulation of
chromatin structure [86]. The PI3K-Akt pathway has

339



Prevention of Neurodegenerative Diseases by Lithium

previously been studied in aging, and its role in ex-
tending lifespan in adult worms has been demonstrated
[87]. Interestingly, in other experimental models such
as Drosophila melanogaster and mice, mutations in the in-
sulin receptor, which regulates the Akt pathway, extend
lifespan through FOXO regulation [87-89]. Accordingly,
the insulin-signaling pathway has also been shown in a
variety of experimental models to be important as re-
gards extending lifespan and in the regulation of cell sur-
vival. In a recent study, our group used a pharmaco-
logical approach to understand the role of lithium in a
well-characterized in vitro model of spontaneous (or age-
induced) neuronal apoptosis in CGNs [75,90]. We also
studied the effects of lithium in the SAMP8 mouse model
to determine the role of AKT in aging. The results of these
experiments demonstrated that the neuroprotective ac-
tivity of lithium appears to be strongly correlated with
Akt activation; this process could be due to the inhibition
of its downstream targets such as GSK-38 and FOXO-1
[90]. Likewise, PI3K/Akt activation is the other major
signaling pathway that directly modulates the activity of
FOXO factors. The FOXO families of forkhead transcrip-
tion factors are involved in the process of neuronal apop-
tosis and aging [87-89]. As noted above, FOXO-1 is regu-
lated by Akt phosphorylation, and once FOXO-1 has been
phosphorylated it is exported from the nucleus to the cy-
toplasm, thereby repressing FOXO transcriptional activ-
ity. Moreover, lithium treatment of rats has beneficial ef-
fects on neuroplasticity in the aged rat hippocampus.

Conclusion

Lithium is probably not an ideal drug since it has side ef-
fects. However, given that it is already approved for ther-
apeutic purposes, understanding the mechanism of its ac-
tion may benefit the development of neuroprotectants.
As a result of more recent research findings, there has
been a resurgence of interest in lithium neuropharma-
cology, mainly due to studies reporting important neu-
rotrophic and neuroprotective effects. Recent advances
in cellular and molecular biology have also shown that
it may be useful in the treatment of acute brain injuries,
such as ischemia, and chronic neurodegenerative disor-
ders such as AD, PD, HD, and ALS. Lithium appears to of-
fer neuroprotection through multiple intersecting mech-
anisms. For example, it reduces proapoptotic functions
by directly inhibiting GSK-38 activity and indirectly in-
hibiting NMDA-receptor-mediated calcium influx. It also
increases the levels of neuroprotective proteins such as
Bcl-2 in the central nervous system (CNS). Furthermore,
its effects on the cell cycle, where it inhibits expression of
transcription factor E2F-1 in neurons, indicate the poten-
tial application of lithium in all these neurodegenerative
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disorders. Finally, the potential effects of lithium on ag-
ing and its potential role as an antiaging drug are also of
interest [91].
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