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Abstract Lithium, a widely used drug for treating
affective disorders, is known to inhibit glycogen synthase
kinase-3 (GSK-3), which is one of the major tau kinases.
Thus, lithium could have therapeutic benefit in neuro-
degenerative tauopathies by reducing tau hyperphosph-
orylation. We tested this hypothesis and showed that
long-term administration of lithium at relatively low
therapeutic concentrations to transgenic mice that
recapitulate Alzheimer’s disease (AD)-like tau patholo-
gies reduces tau lesions, primarily by promoting their
ubiquitination rather than by inhibiting tau phosphor-
ylation. These findings suggest novel mechanisms
whereby lithium treatment could ameliorate tauopathies
including AD. Because lithium also has been shown to
reduce the burden of amyloid-b pathologies, it is plau-
sible that lithium could reduce the formation of both
amyloid plaques and tau tangles, the two pathological
hallmarks of AD, and thereby ameliorate the behavioral
deficits in AD.
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Introduction

Abnormal tau proteins are implicated in the mechanisms
of brain degeneration in Alzheimer’s disease (AD),
frontotemporal dementia with parkinsonism linked to
chromosome 17, Pick’s disease and a group of neuro-
degenerative diseases that are collectively known as
tauopathies [20]. A number of well-defined functions of
tau proteins have been discovered and extensively
characterized [4]. Most notably, tau binds to and stabi-
lizes microtubules (MTs), in addition to promoting MT
polymerization [7, 10, 37]. Aberrant phosphorylation of
tau, which is seen in most tauopathies, causes loss of MT
binding (loss of function) and/or promotes tau aggre-
gation (gain of toxic function) [1, 20]. We have reported
that transgenic (Tg) mice overexpressing human tau
protein develop filamentous tau aggregates in the CNS.
We overexpressed the smallest human tau isoform (T44)
in the mouse CNS with the mouse prion protein (PrP)
promoter to model tauopathies. These tau Tg mice (PrP
T44 Tg) acquire age-dependent CNS pathologies,
including insoluble, hyperphosphorylated tau and ar-
gyrophilic intraneuronal inclusions formed by tau-
immunoreactive filaments [16, 17, 18, 28]. Therefore,
these Tg mice are a model that can be exploited for drug
discovery in studies that target amelioration of tau-in-
duced neurodegeneration, as well as for elucidating
mechanisms of tau pathology in various neurodegener-
ative tauopathies [19].

Many studies have shown that lithium, one of the
most widely used drugs for treating affective disorder [2],
inhibits glycogen synthase kinase-3 (GSK-3), and
thereby affects multiple cellular functions [2, 3]. Because
GSK-3 is one of the major kinases for tau, its inhibition
is expected to protect against tauopathies. Indeed, some
studies have shown that lithium reduced tau phosphor-
ylation and cytotoxicity both in cultured cells and in
rat brain in vivo [14, 26, 27, 36]. There are also
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accumulating data from clinical studies that correlate
GSK-3 with tau pathologies. For example, active GSK-3
localizes to pretangle neurons, dystrophic neuritis, and
neurofibrillary tangles (NFTs) in AD brains [29], and a
spatial and temporal pattern of increased active GSK-3
expression coinciding with the progression of NFT and
neurodegeneration has been observed [21], although in-
creased levels of total GSK-3 have not been consistently
observed.

Here, we tested the hypothesis that lithium treatment
could have therapeutic benefit in neurodegenerative
tauopathies by reducing tau hyperphosphorylation. We
treated PrP T44 Tg mice with lithium chloride (LiCl) for
5 months, and evaluated the consequences of the treat-
ment on tau inclusions, the phosphorylation state of tau,
and motor behavior. Indeed, long-term administration
of lithium at therapeutic concentrations reduced tau le-
sions, unexpectedly and interestingly, by promoting
their ubiquitination rather than by inhibiting tau phos-
phorylation. These findings suggest novel mechanisms
whereby lithium treatment could ameliorate tauopa-
thies, including AD.

Materials and methods

Generation of mice

A transgene including a cDNA of the shortest human
tau isoform (T44) driven by the mouse PrP promoter
and 3’ untranslated sequences was used to create tau Tg
mice on a B6D2/F1 background. Studies characterizing
three lines of PrP T44 Tg mice generated with this
transgene were described earlier [16]. The heterozygous

Tg mouse lines 7, 43, and 27 overexpress human tau
proteins at levels approximately 5-, 10-, and 15-fold
higher than endogenous mouse tau, respectively. The
heterozygous line 27 with the highest levels of Tg tau is
not viable beyond 3 months, and none of the homozy-
gous mice generated from any of these lines survive
longer than 3 months. Therefore, we conducted the
studies described here on heterozygous line 7 PrP T44 Tg
mice and WT littermate control mice. Many studies and
experiments have been conducted on the T44 Tg mice
over the past 5 years, and we have found that neither
gender differences among the phenotypes in these Tg
mice nor whether the transgene is inherited from the
father or the mother affects features of the phenotype in
these mice or their response to the treatments described
here.

Treatment with lithium

After a preliminary experiment to examine the phos-
phorylation state of tau after 2- or 4-week LiCl treat-
ment in approximately 6-month-old Tg mice (Li-2w or
Li-4w, respectively), untreated mice were randomly di-
vided into three experimental groups. Mice in the con-
trol group (Cont) were fed standard chow. A second
group of mice was treated early with lithium (Li-E
group) by feeding them chow containing 2.0 g LiCl per
kg chow from 2 to 6 months of age to evaluate the
ability of LiCl in preventing formation of tau patholo-
gies. A third group of mice was treated later (Li-L) with
the same dose of LiCl in their chow from 5 to 9 months
of age to determine if LiCl could reduce the burden of
existing tau pathologies. To prevent hyponaturemia

Table 1 Antibodies used in this study (R rabbit polyclonal,M mouse monoclonal)

Antibody Antigen Reference or supplier

17026 R Tau Ishihara et al. [16]
Tau5 M Tau Chemicon (Temecula, CA)
T14 M Human tau ZYMED (San Francisco, CA)
T1 M Nonphosphorylated tau Roche Boehringer Mannheim (Basel, Switzerland)
AT8 M Tau phosphorylated at Ser 202 Innogenetics (Gent, Belgium)
AT100 M Tau phosphorylated at Ser 212 and Thr 214 Innogenetics
AT180 M Tau phosphorylated at Thr 231 Innogenetics
AT270 M Tau phosphorylated at Thr 181 Innogenetics
PHF1 M Tau phosphorylated at Ser 396 and Ser 404 Greenberg and Davies [12]
PT231 R Tau phosphorylated at Thr 231 Biosource (Camarillo, CA)
PS396 R Tau phosphorylated at Ser 396 Biosource
PS404 R Tau phosphorylated at Ser 404 Biosource
PS422 R Tau phosphorylated at Ser 422 Biosource
GSK-3b M GSK-3b BD Biosciences (San Jose, CA)
GSK-3b (Ser 9) R GSK-3b phosphorylated at Ser 9 Cell Signaling (Beverly, MA)
GSK-3b (Ser 9) R GSK-3b phosphorylated at Ser 9 Biosource
GSK-3a/b R GSK-3a/b phosphorylated at Tyr 279/216 Affinity BioReagents (Golden, CO)
Ubiquitin R Ubiquitin DakoCytomation (Carpinteria, CA)
CHIP R Carboxyl terminus of Hsc70-interacting protein Calbiochem (San Diego, CA)
Cdk5 M Cyclin-dependent kinase 5 Santa Cruz Biotechnology (Santa Cruz, CA)
p38 M p38 Santa Cruz Biotechnology
ERK1 R Extracellular signal-related kinase 1 Santa Cruz Biotechnology
ERK2 R Extracellular signal-related kinase 2 Santa Cruz Biotechnology
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(a side effect of long-term lithium treatment), 1.8 g NaCl
per kg chow was added to the chow supplemented with
LiCl. All animals were treated in accordance with the
Guidelines for Animal Experimentation of Okayama
University.

Immunohistochemical analyses

Tau Tg and WT mice were anesthetized and perfused
transcardially with 20 ml phosphate-buffered saline
(PBS) followed by 20 ml 70% ethanol in isotonic saline.
A representative series of 6-lm-thick paraffin sections of
Tg and WT mouse spinal cord were immunostained by
standard streptavidin-biotin-peroxidase methods, as
described [16], using well-characterized antibodies
(Table 1). Axonal tau pathology in the tau Tg mice was
quantified by counting the number of tau-positive
spheroids with a diameter of larger than 10 lm in 9–12
lumbar spinal cord sections of Tg mice from each group
(n=4–6), and the average number of spheroids per sec-
tion was used as a representative value. The histological
quantification of the spheroids was done by a person
who was blind to the experimental status of the animals.
In this experiment, the mean and SEM values of the
number of spheroids at the age of 6 and 9 months were
calculated, and the difference in the number of spheroids
among the groups was examined statistically by one-way
ANOVA.

Confocal laser scanning microscopy

Double-labeling immunofluorescence staining was per-
formed with a combination of primary antibodies Tau5/
ubiquitin diluted 1:2,000 and 1:500 respectively. Sections
were deparaffinized and nonspecific binding was
blocked. Sections were first incubated in a mixture of the
two primary antibodies overnight at 4�C and then in
fluorescence-labeled secondary antibodies [Alexa 488-
labeled anti-rabbit IgG (H+L) and Alexa 594-labeled
anti-mouse IgG (H+L) (Molecular Probes, Eugene,
OR)] for 1 h. Sections were viewed with a confocal
microscope (FV300, OLYMPUS, Tokyo, Japan).

Tau protein solubility in the CNS of mice

Brains and spinal cords were dissected from lethally
anesthetized 6- or 9-month-old Tg and WT mice, and
methods similar to those described recently were used in
the isolation procedures here [13, 16, 17, 18, 28]. Briefly,
brain and spinal cord tissues were sequentially extracted
with ice-cold high-salt RAB buffer [0.1 M MES, 1 mM
EGTA, 0.5 mM MgSO4, 0.75 M NaCl, 0.02 M NaF,
1 mM PMSF, and 0.1% protease inhibitor cocktail:
100 lg/ml each of pepstatin A, leupeptin, TPCK,
TLCK, soybean trypsin inhibitor, and 100 mM EDTA
(Sigma-Aldrich, St. Louis, MO), pH 7.0], followed by

RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP40,
5 mM EDTA, 0.5% sodium deoxycholate, and 0.1%
SDS, pH 8.0) and finally with 70% formic acid (FA).
Equal amounts of samples were subsequently resolved
on 7.5% SDS-PAGE gels and transferred onto nitro-
cellulose membranes. Western blot analysis was per-
formed, and the bands detected by enhanced
chemiluminescence (ECL) reagent (Amersham, Bucks,
UK) were analyzed quantitatively.

Determination of the phosphorylation state of tau
in Tg mice

To assess the phosphorylation state of tau in lithium-
treated T44 Tg mice biochemically, spinal cord tissues
from 6-month-old Tg mice from Cont or Li-E groups
were extracted as described above. As previously re-
ported [16], a simplified protocol was adopted to gen-
erate the RAB-insoluble fractions. The RAB-insoluble
pellets were sonicated in sample buffer containing 0.2 g/
ml sucrose, 18.5 mM Tris pH 6.8, 2 mM EDTA, 80 mM
DTT, and 2% SDS, and the 50,000 g supernatants were
used as insoluble tau samples. Western blot analysis was
performed using phosphorylation-dependent tau anti-
bodies. GSK-3b was also assessed biochemically. Briefly,
fresh spinal cord tissues were dissected and homogenized
in RIPA buffer; approximately 15-lg samples were
loaded on 7.5% SDS-PAGE gels, and the activation
state of GSK-3b was detected with GSK-3b (Ser 9)
antibody (Table 1).

Tail suspension test

The tail suspension test was performed as described
previously [17, 28, 38]. Briefly, mice from each experi-
mental group (n=9–12) were videotaped while being
suspended by their tails for 15 s at 6 and 9 months of
age. Animals were assessed for clasping behavior. The
test period was divided into 2 s segments. An animal
received a score of 1 point for each abnormal movement
it displayed during each time segment. An abnormal
movement was defined as dystonic movements of the
hind limbs, or a combination of hind limbs, forelimbs
and trunk, during which the limbs were pulled into the
body in a manner not observed in WT mice. Unbiased
sampling was used in this test.

Co-immunoprecipitation of tau with ubiquitin or CHIP

Spinal cord tissues from 6-month-old Tg mice from
Cont, Li-4w, and Li-E groups and 9-month-old Tg mice
from the Li-L group were extracted, and supernatants of
RIPA buffer homogenates were prepared as described
above. Samples were incubated with �2 lg antibodies
against ubiquitin or the C terminus of the Hsc70-inter-
acting protein (CHIP) and 50 ll protein A (Amersham
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Bioscience, Uppsala, Sweden) with rocking at 4�C
overnight. The protein A beads were pelleted and wa-
shed three times with immunoprecipitation buffer. The
precipitates were resolved on SDS-PAGE gels and sub-
jected to Western blotting analysis using Tau5 or PHF1
antibodies.

Results

Mice treated with LiCl did not show any apparent
clinical symptoms (e.g., weight loss, bad fur condition),
and their plasma LiCl levels (0.523±0.045 mM) were in
the therapeutic range of clinical use (0.4–1.2 mM). There
was no significant difference in plasma levels of Na+

between LiCl-treated and -untreated mice (data not
shown). Because the major pathology found in the PrP
T44 Tg mice is the presence of tau-immunopositive
spheroids in the spinal cord, we sought to determine
whether treatment with LiCl would have any effect on
the number of spheroids. As reported previously [16, 17],
the number of tau-positive spheroids in the spinal cord
of the Tg mice increased with age until 6 months and
decreased thereafter. In the older Tg mice, many vacu-
olar lesions of the same size or larger than the inclusions
were also observed in the spinal cord, which may reflect
the degradation of tau-positive spheroids and/or
degeneration of affected neurons. As shown in Fig. 1,

the number of tau-positive spheroids unexpectedly in-
creased in the Tg mice from the Li-E group compared
with those of the Cont group at 6 months, but by
9 months, the number of inclusions had decreased dra-
matically, and instead, many vacuolar lesions were ob-
served (Fig. 2). In the spinal cord of these Tg mice, the
number of neurons had decreased �9% or �16% at 6 or
9 months, respectively, compared with WT littermates.
In this study, although the decrease was observed in Tg
mice from all experimental groups compared with WT
littermates, no significant differences in the number of
neurons in the spinal cords were detected among the Tg
mice at 9 months (Cont:Li-E:Li-L=1:1.11:0.98), sug-
gesting that vacuolar lesions found in the spinal cord of
Tg mice from Li-E group reflect the degradation of tau-
positive spheroids rather than degeneration of affected
neurons.

We have reported that tau protein becomes progres-
sively more insoluble with age in the PrP T44 Tg mice, as
in human tauopathies [16, 17, 18]. As previously re-
ported [16], the expression level of tau in the CNS of
these Tg mice is stable throughout their lifetime, and no
change was detected in the expression level of tau with
LiCl treatment (data not shown). To determine the effect
of LiCl treatment on the accumulation of insoluble tau,
we analyzed the solubility of tau protein in the different
experimental groups by extracting brain and spinal cord
samples using buffers with increasing extraction
strengths. The brain and spinal cord samples from 6- or
9-month-old mice from each group were sequentially
extracted with RAB, RIPA buffer, and 70% FA, as
described in Materials and methods. The three fractions
were then analyzed by quantitative Western blotting
with antibody 17026, a polyclonal antibody to re-
combinant tau protein. As shown in Fig. 3 and reported
previously [16, 17, 18], over 90% of endogenous mouse
tau from both the brain and spinal cord of the WT
mouse was primarily RAB soluble, and no tau immu-
noreactivity was detected in the FA-soluble fraction. At
6 months of age, �76% and �74% of total tau proteins
were RAB soluble, and �1.2% and �1.7% were found
in the FA-soluble fraction of the brain and spinal cord,
respectively, of the Tg mice [17]. Although the RAB-
soluble tau remained relatively constant in Tg mice in all
experimental groups, the intensity of the FA-soluble
fractions was significantly decreased in the spinal cords
of Tg mice from Li-E group at both 6 and 9 months. A
solubility study of brain samples showed similar results
(data not shown). Thus, these results suggest that the Tg
mice in the Li-E group develop tau aggregates in the
spinal cord that are not as insoluble as those in un-
treated tau Tg mice.

As reported previously [16, 17], tau aggregates in the
spinal cord of PrP T44 Tg mice are positive for various
phosphorylation-dependent tau antibodies histochemi-
cally and biochemically. As a preliminary experiment
before starting this long-term LiCl treatment study,
we examined the activity of GSK-3b and also the
phosphorylation state of tau after 2- or 4-week LiCl

Fig. 1 Quantification of tau-positive spheroids in the spinal cord of
each experimental group. Mice in the control group (Cont) were fed
standard chow. A second group of mice was treated early with
lithium (Li-E) by feeding them chow containing 2.0 g LiCl/kg chow
from 2 to 6 months of age. A third group of mice was treated later
(Li-L) with the same dose of LiCl from 5 to 9 months of age.
Quantification of spheroids is described under Materials and
methods. The mean numbers of spheroids among experimental
groups are summarized here. The error bars represent SEM.
Statistical analysis was performed by ANOVA using mice at 6 and
9 months (n=4–6). A significant difference between each experi-
mental group is indicated by asterisks (*P<0.05; ***P<0.001)
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treatment in �6-month-old Tg mice (Li-2w or Li-4w,
respectively). As shown in Fig. 4a, LiCl treatment did
not produce an obvious difference in the expression level
of GSK-3b. After LiCl treatment for 2 weeks (Li-2w),
increased reactivity to GSK-3b Ser 9 antibody (Table 1)
was observed, indicating decreased activity of GSK-3b,
although this alteration became almost undetectable
after 4-week treatment (Li-4w), and no change was de-
tected at all in the activity of GSK-3b after 5-month
treatment (Li-E, Li-L) (data not shown). As shown in
Fig. 4b, tau protein extracted from the spinal cord of Tg
mice from the Li-2w and Li-4w groups had less reac-
tivity to antibodies to phosphorylated tau. Notably, tau

from Tg mice of the Li-2w group showed less reactivity
than tau from Tg mice of the Li-4w group, but after
5 months of LiCl administration, no reduction of tau
phosphorylation was detected histochemically (Fig. 4c)
or biochemically (Fig. 4d) with phosphorylation-
dependent tau antibodies. Including the experiments
shown in Fig. 4, all ten different phosphorylation-
dependent tau antibodies listed in Table 1 were tried,
but no obvious difference in the tau phosphorylation
was observed after 5 months of lithium treatment (data
not shown). Taken together with the results of the pre-
liminary experiments, lithium treatment had a transient
inhibitory effect on tau phosphorylation via inhibition of

Fig. 2 Vacuolar lesions in the
spinal cord of LiCl-treated
mice. Many vacuolar lesions are
observed in the spinal cord of
Tg mice from Li-E group at
9 months (arrows). No obvious
differences in the number or
distribution of neurons are
observed between the Tg mice
from Cont and Li-E groups.
Bar 100 lm

Fig. 3 Reduced accumulation of insoluble tau protein in the CNS
of LiCl-treated mice. a Spinal cord tissues of 6-month-old WT and
Tg mice from Cont and Li-E groups were sequentially extracted
with RAB, RIPA buffer, and 70% FA, and the tau levels were
determined by quantitative Western blotting with antibody 17026.
b Changes in the RIPA buffer- and FA-soluble tau as intensity of
Western blotting using antibody 17026 of 6-month-old Tg mice

from Cont and Li-E and 9-month-old Tg mice from the three
groups are summarized. The intensity of the FA-soluble tau
fraction was significantly decreased in Tg mice from the Li-E group
compared with that of Tg mice from the Cont group at 6 and
9 months (n=4–5, error bars; SEM, *P<0.05, **P<0.01) (WT
wild type, FA formic acid)
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GSK-3b activity in the PrP T44 Tg mice for a limited
period of time; then this effect decreased, and tau
phosphorylation became undetectable within months.
We investigated the expression levels of tau kinases,
including GSK-3, cyclin-dependent kinase 5 (Cdk5),
p38, extracellular signal-related kinase (ERK) 1 and
ERK2 using quantitative Western blotting in each
experimental group but did not detect obvious altera-
tions (data not shown).

T44 Tg mice develop progressive motor weakness, as
demonstrated by an impaired ability to stand on a
slanted surface and by clasping their hind limbs when
lifted by the tail. Previous studies on T44 Tg mice have
shown an overall correlation between the number of tau-
positive inclusions in the spinal cord and severity of the

behavioral phenotype [16, 17, 28]. However, whereas
long-term LiCl treatment of the Tg mice from the Li-E
group increased the number of tau-positive inclusions in
the spinal cord at 6 months, clasping behavior scores of
Tg mice in the Li-E group were lower, although not
significantly, than scores of the control group. Further, a
significant ameliorative effect of LiCl on motor impair-
ments was observed at 9 months (Fig. 5).

To examine the mechanism(s) of the dramatic chan-
ges in the number of tau-positive spheroids in the spinal
cord of PrP T44 Tg mice in the Li-E group from 6 to
9 months, spinal cord sections were stained with a
ubiquitin antibody. As previously reported [16, 18] and
shown in Fig. 6a, tau-positive spheroids in the spinal
cord of these Tg mice are ubiquitin negative, but after

Fig. 4 Phosphorylation state of tau in the spinal cord of mice. a
GSK-3b activity was assessed on RIPA buffer-extracted samples
from the spinal cords of 6-month-old Tg mice from the Cont, Li-
2w, and Li-4w groups. No alteration in expression level of total
GSK-3b was detected after LiCl treatment (upper panel). After LiCl
treatment for 2 weeks, increased reactivity to GSK-3b Ser 9
antibody (Table 1) is observed, indicating decreased activity of
GSK-3b, although this alteration becomes almost undetectable
after 4-week treatment (lower panel). b Tau protein was extracted
with RIPA buffer from the spinal cords of 6-month-old Tg mice
from the Cont, Li-2w, and Li-4w groups, followed by Western
blotting using the phosphorylation-dependent tau antibody AT180

or PHF1. Tau protein extracted from the spinal cords of Tg mice
from Li-2w and Li-4w groups has less reactivity to antibodies to
phosphorylated tau. Tau from Tg mice of the Li-2w group shows
less reactivity than that of the Li-4w group. c Tau aggregates in the
spinal cords of 6-month-old Tg mice from Cont or Li-E groups are
stained with the antibody PHF1. Bar 100 lm, insets 10 lm. d
Western blotting of tau extracted from the spinal cords of 6-month-
old Tg mice with a panel of phosphorylation-dependent tau
antibodies. No reduction of tau phosphorylation is detected
histochemically or biochemically after 5-month treatment with
LiCl (c, d)
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5 months of LiCl treatment, about 50% of tau-positive
spheroids of the Li-E group were ubiquitin positive
(Fig. 6a, b). This immunoreactivity was also detected in
Tg mice from the Li-4w and Li-L groups at 6 and
9 months of age, respectively, although it was weaker
than that of Tg mice from the Li-E group. Because the
CHIP has been identified as a ubiquitin ligase for tau
[31, 33], we examined CHIP and found that tau lesions
positive for ubiquitin were generally also positive for
CHIP (Fig. 6b). The increased ubiquitination of tau
with CHIP as a ligase is also supported by the results of
immunoprecipitation studies (Fig. 7). Figure 7 shows
that after immunoprecipitation with ubiquitin or CHIP
antibodies, immunoreactivity to phosphorylated tau
significantly increased with long-term LiCl treatment.
Quantitative Western blotting showed no alteration in
the expression levels of ubiquitin or CHIP with LiCl
treatment (data not shown).

Discussion

Treatment of tau Tg mice with LiCl for as long as
5 months has not been previously reported; thus, there
are no data about the phosphorylation state of tau after
long-term LiCl treatment. The inhibitory effect of LiCl
on tau phosphorylation became undetectable after 5-
month LiCl treatment (Fig. 4), suggesting the existence
of some compensatory mechanisms, although we did not
detect any alteration in the expression levels of tau
kinases (including GSK-3, Cdk5, p38, ERK1 and
ERK2) or in the GSK-3 activity. Other research groups
have reported that tau phosphorylation was attenuated
in tau Tg mice after 30-day or 6-week LiCl treatment
[29, 31], and that phenomenon seems to be similar to the
data from our preliminary study in which the reduction
of tau phosphorylation was detected after 2- or 4-week

LiCl treatment. However, we cannot conclude that their
data are consistent with ours presented here because of
differences in the LiCl dose, method of administration,
treatment duration and tau Tg mouse line. For example,
it was reported that the plasma concentration of lithium
of treated mice in one of their studies was 1.24±0.1 mM
[31], while in our pilot study, mice showed weight loss
and bad fur condition, and moreover, about 50% of
mice died within 2 months at plasma concentrations
above 1 mM (data not shown), suggesting that such
concentrations were possibly toxic. Nonetheless, it seems
that the long-term effect of lithium on tau phosphory-
lation in vivo is different from that predicted from cell
culture studies or acute in vivo studies [14, 25, 26, 27,
36], although further studies are needed to elucidate the
mechanism(s) of this disparity.

The proteasome pathways involved in tau degrada-
tion have been reported but not fully elucidated. For
example, although tau can be degraded via the ubiqui-
tination cascade [32, 34], some cell culture studies re-
ported the existence of ubiquitin-independent pathways
for the proteasomal degradation of tau [8, 9]. Notably, it
is also difficult to say whether the ubiquitination ob-
served in diseases is a consequence of a neuroprotective
event or neurodegenerative one. Ubiquitination can
primarily be a neuroprotective event that contributes to
clearance of pathogenic proteins, but on the other hand,
it is possibly a sign of disturbance of proteasomal
pathways as a result of overwhelming damage. Our data
suggest that the ubiquitination of tau lesions in the
spinal cord of LiCl-treated PrP T44 Tg mice may ac-
count for the dramatic decrease in the number of tau-
positive spheroids in the spinal cord of the Li-E group.
However, the mechanism(s) by which long-term lithium
treatment induces ubiquitination of tau lesions is un-
clear, and we cannot determine whether or not the effect
of long-term lithium treatment is caused by alteration of

Fig. 5 Clasping phenotype of
mice. Mice were videotaped
during a 15-s tail suspension
test at 6 or 9 months of age and
observed for clasping behavior
as described under Materials
and methods. Tau Tg mice from
the Li-E group show a lower
score than Tg mice from the
Cont group at 6 and 9 months,
although not significantly at
6 months. Bar graphs show
means ± SEM of five trials
(n=9-12, *P<0.05, **P<0.01,
***P<0.001)
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GSK-3 activity. Although induction of ubiquitination of
tau lesions was detected in the Li-L group (in which LiCl
treatment was started after development of tau pathol-
ogies), clearance of tau aggregates was limited, sug-
gesting that LiCl treatment should be started at an early
stage of the development of tau pathologies.

Lithium inhibits one of the major tau kinases, GSK-3,
and it also affects neuroprotection or neurogenesis by

mechanisms that are not fully understood [3, 11]. For
example, some clinical studies showed that lithium
treatment increased neuronal viability and/or function,
and, moreover, that it could increase the volume of gray
matter via neurotrophic effects [23, 24]. These and pos-
sibly yet-unknown effects of lithium may have contrib-
uted to the results presented here. For example, the
inhibition of tau phosphorylation with LiCl, which

Fig. 6 Tau aggregates in the
spinal cord of T44 Tg mice were
ubiquitinated with LiCl
treatment. a Spinal cord
sections of 6-month-old Tg
mice from Cont, Li-E, and
Li-4w groups or 9-month-old
Tg mice from the Li-L group
were stained with a ubiquitin
antibody (DakoCytomation,
Denmark). As previously
reported [16, 18], tau-positive
spheroids in the spinal cord of
these Tg mice are ubiquitin
negative (Cont 6m), but after
long-term LiCl treatment, a
substantial portion of the tau-
positive spheroids become
ubiquitin positive. b Double-
immunofluorescence staining
was performed with a
combination of primary
antibodies, Tau5 and a
ubiquitin antibody. After
confocal laser scanning
microscopy, antibodies were
stripped and sections were
stained by regular
immunostaining using an
antibody to CHIP
(Calbiochem, San Diego, CA).
Colocalization of tau,
ubiquitin, and CHIP is seen in
the spinal cord lesions of PrP
T44 Tg mice
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occurred for at least several weeks, may reduce tau-in-
duced neurotoxicity. Further, lithium may have a neu-
roprotective effect that is independent of its effect on tau
phosphorylation by synergistically decreasing the vul-
nerability of cells and allowing them to bear more tau
aggregates ‘‘safely’’ without cell degeneration until
clearance via the ubiquitination cascade. Although lith-
ium has effects that do not relate to tau phosphorylation,
it should be noted that these effects (including neuro-
protection) likely also involve GSK-3 inhibition [5, 6, 15,
22, 35]. Therefore, for treatment of neurodegenerative
diseases by inhibiting of GSK-3, more-selective GSK-3
inhibitors may be considered as a possible alternative.

The clinically effective plasma concentration of lith-
ium for treating affective disorders is about 0.4–1.2 mM,
and levels in excess of about 1.5 mM cause nausea,
vomiting, diarrhea, hand tremors or even convulsions
and coma, and may be toxic. Thus, the safety of lithium
treatment requires close monitoring, especially when it is
used for long periods in the elderly, who may be more
vulnerable to the toxic effects of lithium. However, the
beneficial effects of lithium treatment shown here in PrP
T44 Tg mice may imply that lithium could have thera-
peutic benefit in human tauopathies. Although the
mechanisms whereby long-term lithium treatment pro-
motes the ubiquitination of tau-positive inclusions and
reduces tau-induced pathologies remain to be elucidated,
these findings provide new insights into potential ther-
apeutic interventions for patients with tauopathies. In-
deed, since lithium has been shown to also reduce the

burden of amyloid-b pathologies [3, 33], it is plausible
that lithium administration could reduce the formation
of both amyloid plaques and NFTs, the two pathologi-
cal hallmarks of AD.
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