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Use	of	lithium,	the	mainstay	for	treatment	of	bipolar	disorder,	is	limited	by	its	frequent	neurological	side	
effects	and	its	risk	for	overdose-induced	toxicity.	Recently,	lithium	has	also	been	proposed	as	a	treatment	for	
Alzheimer	disease	and	other	neurodegenerative	conditions,	but	clinical	trials	have	been	hampered	by	its	prom-
inent	side	effects	in	the	elderly.	The	mechanisms	underlying	both	the	positive	and	negative	effects	of	lithium	
are	not	fully	known.	Lithium	inhibits	glycogen	synthase	kinase–3	(GSK-3)	in	vivo,	and	we	recently	reported	
neuronal	apoptosis	and	motor	deficits	in	dominant-negative	GSK-3–transgenic	mice.	We	hypothesized	that	
therapeutic	levels	of	lithium	could	also	induce	neuronal	loss	through	GSK-3	inhibition.	Here	we	report	induc-
tion	of	neuronal	apoptosis	in	various	brain	regions	and	the	presence	of	motor	deficits	in	mice	treated	chron-
ically	with	lithium.	We	found	that	GSK-3	inhibition	increased	translocation	of	nuclear	factor	of	activated		
T	cells	c3/4	(NFATc3/4)	transcription	factors	to	the	nucleus,	leading	to	increased	Fas	ligand	(FasL)	levels	and	
Fas	activation.	Lithium-induced	apoptosis	and	motor	deficits	were	absent	when	NFAT	nuclear	translocation	
was	prevented	by	cyclosporin	A	administration	and	in	Fas-deficient	lpr	mice.	The	results	of	these	studies	sug-
gest	a	mechanism	for	lithium-induced	neuronal	and	motor	toxicity.	These	findings	may	enable	the	develop-
ment	of	combined	therapies	that	diminish	the	toxicities	of	lithium	and	possibly	other	GSK-3	inhibitors	and	
extend	their	potential	to	the	treatment	of	Alzheimer	disease	and	other	neurodegenerative	conditions.

Introduction
Since its introduction into psychiatric pharmacotherapy 60 years 
ago, lithium remains the most effective agent in the treatment and 
prophylaxis of major mood disorders, particularly bipolar disor-
der (BD) (1–4). Despite the obvious advantages of chronic lithium 
therapy, its clinical use is often curtailed by its narrow therapeutic 
index and its devastating overdose-induced toxicity (5). According-
ly, patients must be closely monitored not only at the beginning of 
treatment, but also during treatment maintenance, to keep serum 
lithium concentrations within a therapeutic window of 0.6–1.4 mM.  
Even within this therapeutic range, mild neurological side effects 
such as hand tremor are common, and progressive toxicity to 
marked neurological impairment correlates with increasing serum 
levels above 1.5 mM (5). The biochemical and cellular basis for lith-
ium’s therapeutic efficacy and the precise molecular mechanisms 
through which it exerts its unwanted neurological side effects 
remain to be fully elucidated.

One of the molecular targets postulated to mediate lithium’s bio-
logical effects is glycogen synthase kinase–3 (GSK-3). This is a serine/
threonine kinase that is present in most tissues and that is particu-
larly abundant in the CNS (6). This enzyme has 2 isoforms (GSK-3α 
and GSK-3β) and participates in multiple signaling cascades such 
as the insulin and Wnt pathways (6, 7). GSK-3 has the peculiarity of 
being active in resting conditions, with activation of the above-men-
tioned signaling pathways resulting in GSK-3 inhibition by phos-
phorylation on a serine residue on its N terminus (Ser21 and Ser9 
in GSK-3α and GSK-3β, respectively) (8). The many well-character-
ized phosphorylation substrates of GSK-3 include cytoskeletal pro-

teins, transcription factors, and metabolic regulators, highlighting 
a prominent role for GSK-3 in cellular architecture, gene expression, 
cell division and fate decision, and apoptosis, among others (7, 8). 
GSK-3 has also been suggested to participate in the pathogenesis of 
Alzheimer disease (AD) (9, 10), as it is the predominant tau kinase in 
brain (11, 12) and an important player in amyloid-β production and 
toxicity (13, 14), and mice with increased GSK-3 activity mimic this 
disease (15, 16). Accordingly, GSK-3 inhibitors, including lithium, 
have been postulated as a potential therapy for AD (17–21). How-
ever, clinical trials to assess the efficacy of chronic lithium for AD 
are hampered by the above-mentioned toxicity of lithium therapy, 
particularly in the elderly (19, 22, 23).

Lithium was found to be an inhibitor of GSK-3 in the last decade 
(24, 25). It directly and reversibly inhibits GSK-3 in vitro, with an 
IC50 value of approximately 2 mM (24), by acting as a competitive 
inhibitor of Mg2+ (26). Later, it was found that lithium also inhib-
its GSK-3 indirectly by promoting inhibitory N-terminal serine 
phosphorylation in vivo (27–31). This is in part due to a feed-for-
ward process whereby lithium-induced decreases in GSK-3 activity 
result in inhibition of protein phosphatase–1, which has the abil-
ity to remove the inhibitory phosphate in GSK-3 (29, 32, 33). More 
recently, lithium has also been found to disrupt the complex formed 
by β-arrestin 2 with the phosphatase PP2A and Akt in conjunction 
with G protein–coupled receptors such as the dopamine D2 receptor 
(31). This results in increased Akt activity and a subsequent increase 
in the inhibitory N-terminal phosphorylation of GSK-3 (31).

To explore the neurological consequences of sustained GSK-3  
inhibition in vivo, we recently generated transgenic mice that 
express a dominant-negative form of GSK-3 in forebrain neurons 
(34). These mice showed increased neuronal apoptosis in the basal 
ganglia, particularly in the striatum but also in the cortex, and a 
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concomitant deficit in motor coordination tasks (34). In view of 
the neuronal apoptosis and the neurological phenotype in these 
mice with decreased GSK-3 activity, we hypothesized that lithium 
therapy, apart from its well-documented neurological side effects, 
might also induce neuronal apoptosis. We therefore decided to 
investigate in wild-type mice whether chronic lithium administra-
tion at therapeutic doses, which are known to decrease GSK-3 activ-
ity when acutely administered (30), would also result in neuronal 
apoptosis and motor deficits. Furthermore, we also sought to 
explore the molecular mechanisms downstream of GSK-3 inhibi-
tion by which lithium exerts its neurological toxicity in vivo.

Results
Chronic lithium administration to mice results in decreased brain GSK-3 
activity and impaired motor coordination. In order to explore the poten-
tial deleterious consequences of chronic lithium administration to 
mice, we first established a protocol of LiCl administration in food 
pellets resulting in serum lithium concentrations within the upper 
range of the therapeutic window for treatment and prophylaxis of 
BD. To achieve this, we gradually increased the dose of lithium over 
an 8-week period (Figure 1A). In good agreement with our previ-
ous observations (20), feeding mice with a food pellet preparation 
containing 1.7 g LiCl/Kg for 2 weeks resulted in 0.64 ± 0.04 mM 

Figure 1
Reduced brain GSK-3 activity and impaired motor coordination induced by chronic lithium administration at therapeutic doses. (A) Diagram showing 
lithium administration protocol. (B) Lithium plasma levels across the 8 weeks of feeding with lithium-containing chow (n = 38). conc, concentration. 
(C) Upper panels: Western blot detection and quantification of inactive GSK-3 (pSer21/9-GSK-3) in homogenates from striatum of control and lithium-
treated mice (control [C], n = 8; lithium, n = 8). Lower panels: Western blot detection of phosphorylated tau (PHF-1) in homogenates from striatum 
(St) and cortex (Cx) of control and lithium-treated mice. (D) Body weight over the course of treatment in control (n = 16), lithium-treated (n = 24), and 
calorie-restricted (diet, n = 8) mice. (E) Descent time in vertical pole test (control, n = 28; lithium, n = 25; diet, n = 8). (F–H) Analysis of gait parameters 
in footprint test as measured by DigiGait system (control, n = 23; lithium, n = 17; diet, n = 8): stride length variability (F), step angle variability (G), and 
stance asymmetry (H). *P < 0.05, **P < 0.01, ***P < 0.001 versus control; #P < 0.05, ##P < 0.01 versus diet.
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Figure 2
Neuronal apoptosis induced by chronic lithium administration. (A–F) Immunohistochemical detection of cleaved caspase-3–positive cells in 
cortex (A, E, and F) and striatum (B, C, and D) of control (A and B) and lithium-treated (C–F) mice. Insets show higher magnifications of the 
boxed areas. I–VI, layers of the cortex; cc, corpus callosum; CPu, caudate putamen; NAc, nucleus accumbens; ac, anterior commissure. Scale 
bar in A: 200 μm (A–F). (G) Immunohistochemical quantification of the number of cleaved caspase-3–positive cells per 30-μm sagittal section 
in regions analyzed (n = 22 per group, 4 sections per animal). GP, globus pallidus; Hipp, hippocampus; Thal, thalamus; Cb, cerebellum. (H–K) 
Representative images of TUNEL staining in cortex (H–I) and striatum (J and K) of control (H and J) and lithium-treated (I and K) mice. Scale bar 
in H: 200 μm (H–K). (L) Quantification of the number of TUNEL-positive cells per 30-μm sagittal section in the different regions analyzed (control, 
n = 12; lithium, n = 10). (M–R) Representative images of double-labeling immunofluorescence with anti–cleaved caspase-3 and anti-NeuN (M 
and N), GFAP (O and P), or Iba-1 (Q and R) antibodies in striatal sections of lithium-treated mice. Scale bar in M: 10 μm (M–R). White arrows 
indicate double-labeled cells; open arrows, caspase-3–positive/GFAP-negative cells. (S) Histogram showing quantification of double staining 
with caspase-3 antibody (Casp-3) and markers of different cellular types (n = 8 per group). *P < 0.05, **P < 0.01, ***P < 0.001.
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plasma concentration of lithium (Figure 1B). Subsequently, mice 
were shifted to a food pellet preparation containing 2.5 g LiCl/kg 
for 6 more weeks, during which serum lithium concentrations were 
monitored every week. As shown in Figure 1B, plasma levels were 
above 1.0 mM by week 3 and progressively increased over the fol-
lowing 3 weeks, when they reached a plateau at 1.2 mM.

We then verified that this lithium administration paradigm 
resulted in decreased GSK-3 activity in brain (Figure 1C). West-
ern blot analysis of brain homogenates from control and lithium-
treated mice was performed using antibodies that recognize inac-
tive GSK-3 (phosphorylated at serines 21 and 9 of GSK-3α and β,  
respectively) and with antibodies that recognize GSK-3 (α or β 
isoforms) regardless of phosphorylation state. In good agreement 
with previous reports of lithium administration in vivo (30), an 
increase in phospho–GSK-3 was observed in brain homogenates of 
the lithium-treated mice (Figure 1C). Western blot analysis of tau 
phosphorylation at the GSK-3–dependent epitope PHF-1 (11) fur-
ther confirmed decreased brain GSK-3 activity as a consequence of 
lithium administration (Figure 1C).

Upon completion of this 8-week lithium administration para-
digm that results in decreased brain GSK-3 activity, mice were sub-
jected to motor behavior testing. Since chronic lithium adminis-
tration in mice is known to decrease body weight (35), and body 
weight can affect performance in many behavioral tests (36), 
we also analyzed in parallel a group of mice subjected to caloric 
restriction to match the 10%–15% body weight loss observed in the 
lithium-treated mice (Figure 1D).

We have previously reported that transgenic mice with decreased 
GSK-3 activity (Tet/DN-GSK-3 mice) perform poorly in striatum-
dependent motor tasks, such as the vertical pole test and the foot-
print test (34), while showing normal global motor activity in the 
open field test (34). Accordingly, we analyzed the lithium-treated 
mice in the vertical pole test and in the DigiGait apparatus, which 
measures footprint pattern and other parameters of walking 
regularity (Figure 1, E–H). In good agreement with the data from  
Tet/DN-GSK-3 mice, the vertical pole test revealed that lithium-treat-
ed mice spent twice the amount of time descending the pole compared 
with control mice (9.75 ± 0.78 seconds versus 18.8 ± 1.77 seconds;  
P < 0.001), while the diet-subjected mice were indistinguishable 
from the control mice (Figure 1E). Lithium-treated mice also 
showed multiple gait abnormalities as measured with the DigiGait 
apparatus, such as increased variability in stride length (Figure 1F), 
increased variability in step angle (Figure 1G), and stance asymme-
try (Figure 1H). These gait abnormalities are commonly found in 
patients and in mouse models of motor disorders such as Parkinson 
disease, Huntington disease, and amyotrophic lateral sclerosis (ALS) 
(37–39). Importantly, no gait abnormalities were observed in mice 
subjected to caloric restriction. Finally, in good agreement with the 
data from Tet/DN-GSK-3 mice, lithium-treated mice showed nor-
mal levels of global locomotion in the open field (data not shown). 
We can thus conclude that mice with serum lithium concentrations 
within the high therapeutic range for BD treatment show decreased 
brain GSK-3 activity accompanied by subtle motor side effects.

Neuronal apoptosis induced by chronic lithium administration. We then 
tested whether, as found in transgenic mice with decreased GSK-3 
activity (34), the lithium administration paradigm that decreases 
GSK-3 activity and causes motor coordination deficits in wild-type 
mice also induces apoptosis in brain regions involved in motor con-
trol. To this end, we performed immunohistochemistry using an 
antibody that recognizes the active (cleaved) form of caspase-3 on 

brain sections of mice that had been subjected to the 8-week admin-
istration paradigm and behavioral testing described above. As shown 
in Figure 2, A–G, most of the analyzed brain regions from lithium-
treated mice showed increased numbers of cleaved caspase-3–posi-
tive cells compared with controls. These include cortex, striatum, 
globus pallidus, hippocampus, and cerebellum (Figure 2, A–G). In 
contrast, amygdala, thalamus, and superior colliculus showed no 
significant difference (Figure 2G and data not shown). The most 
significant increases were observed in cortex and striatum, with  
1.8- and 1.92-fold increases in the number of apoptotic neurons as 
compared with controls, respectively (Figure 2G). A similar pattern of 
lithium-induced apoptosis across brain regions was found when the 
incidence of apoptosis was analyzed by TUNEL staining (Figure 2,  
H–L). It is worth noting that levels of lithium-induced apoptosis 
detected using this technique were much higher in the cerebellum 
and slightly higher in the cortex, striatum, globus pallidus, and hip-
pocampus than those obtained with cleaved caspase-3 staining.

Finally, to investigate which cell types exhibit lithium-induced 
apoptosis, we performed double immunofluorescence with the 
cleaved caspase-3 antibody and with markers of specific subpopu-
lations. More precisely, we used antibodies directed at neuronal 
(NeuN), astrocytic (glial fibrillary acidic protein [GFAP]), and 
microglial (Iba1) markers (Figure 2, M–S). Across the entire brain, 
the NeuN-positive subpopulation of caspase-3–positive cells was 
the only one that increased in lithium-treated mice. In fact, of the 
total cleaved caspase-3–positive cells in lithium-treated mice, 94% 
were positive for NeuN (Figure 2S). Therefore, we can conclude 
that lithium-induced apoptosis essentially occurs in neurons.

Neuronal translocation of NFAT transcription factors by lithium. 
We next addressed the potential mechanisms by which chronic 
lithium and concomitant GSK-3 inhibition results in neuronal 
apoptosis. There is extensive literature indicating the dual role of 
GSK-3 inhibition in modulating apoptosis (see ref. 40 for a recent 
review). Briefly, it has been shown that GSK-3 inhibition prevents 
cell death induced by multiple apoptotic stimuli including growth 
factor withdrawal, DNA damage, glutamate toxicity, and many 
others (40). However, when apoptosis is triggered by activation of 
death domain–containing receptors such as Fas or the TNF recep-
tor (i.e., when this is executed through the extrinsic pathway of 
apoptosis) (41), GSK-3 inhibition potentiates the apoptotic effect 
(40). This was first evidenced by the lithium-induced increase in 
TNF-mediated toxicity to mouse tumor cells (42). Subsequently, 
GSK-3β–knockout mice were found to die embryonically due to 
hypersensitivity to TNF-induced apoptosis in the liver (43). This 
proapoptotic effect of GSK-3 inhibition was later extended to the 
other ligands of death domain–containing receptors such as TRAIL 
(44, 45). Finally, and with regard to neurons, apoptosis induced by 
activation of the Fas receptor was also found to be potentiated by 
several GSK-3 inhibitors including lithium (46).

We sought a possible link between GSK-3 inhibition and stimu-
lation of the extrinsic pathway. Interestingly, it has been report-
ed that GSK-3 inhibition promotes nuclear translocation of the 
nuclear factor of activated T cells c (NFATc) family of transcrip-
tion factors in various cell types (47, 48), including primary cul-
tured neurons (49). On the other hand, NFAT-mediated tran-
scription is known to control expression of Fas ligand (FasL), the 
apoptosis initiator that activates Fas receptor (50). This led us to 
hypothesize the following mechanism by which chronic lithium 
administration may lead to neuronal apoptosis (Supplemental 
Figure 1; supplemental material available online with this article; 
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doi:10.1172/JCI37873DS1). First, chronic lithium administra-
tion induces sustained GSK-3 inhibition, which, in turn, results 
in nuclear translocation of NFAT transcription factors and a 
subsequent increase in FasL production. Finally, the subsequent 
activation of the cognate receptor Fas initiates apoptosis via the 
extrinsic pathway. Accordingly, we designed a series of experiments 
to explore this hypothesis.

Since expression of NFATc-1, -2, -3, and -4 has been report-
ed in brain based on in situ hybridization (51), we performed 
immunohistochemistry with antibodies against each of them in 
brain sections from control and lithium-treated mice. None of 
the tested NFATc2 antibodies yielded specific staining (data not 
shown). NFTAc1 antibodies recognized only a small subset of 
astrocytes in a small number of regions such as the globus pallidus 
and the hippocampus, with no obvious effect of lithium regard-
ing nuclear translocation or total number of NFATc1-positive cells 
(data not shown). In good agreement with previous reports show-
ing NFATc3 and NFATc4 expression in neurons (49, 52, 53), both 
NFATc3 and NFATc4 antibodies yielded a neuronal pattern in all 
brain regions analyzed (Figure 3, A and B).

The specificity of the employed NFATc3 and NFATc4 antibod-
ies was confirmed by staining brain sections from NFATc3- and 
NFATc4-knockout mice (Supplemental Figure 2), and the neuronal 
identity of NFATc3- and NFATc4-positive cells was confirmed by 
double immunofluorescence with the neuronal marker NeuN (Fig-
ure 3, C–G). In untreated mice, both NFATc3 and NFATc4 antibod-
ies yielded only cytoplasmic staining in the vast majority of neurons 
(control panels in Figure 3, A and B, and Figure 3, C and F), with 
the number of NFATc4-positive neurons being higher than that of 
NFATc3-positive neurons (compare control panels in Figure 3A with 
control panels in Figure 3B). Interestingly, as anticipated in our work-
ing hypothesis, lithium treatment resulted in a significant increase in 
the number of neurons in which NFATc4 and NFATc3 staining was 

also present in the nucleus (see lithium panels in Figure 3, A, B, D, 
E, G, and H). Nuclear localization was verified by confocal micro-
scope analysis of brain sections subjected to NFAT/NeuN double 
immunofluorescence and DAPI-nuclear counterstaining (Figure 3, 
D and G). These data are in good agreement with a previous report 
of increased nuclear levels of NFATc4 as a consequence of decreased 
GSK-3 activity in cultured neurons (49). Importantly, except for the 
hippocampus, there is a good correlation between the brain regions 
that show increased neuronal apoptosis and those showing increased 
nuclear staining of the NFAT transcription factors. Such is the case 
for cortex, striatum, globus pallidus, and cerebellum. Accordingly, 
the amygdala, thalamus, and superior colliculus showed neither 
increases in apoptosis nor nuclear translocation of NFAT transcrip-
tion factors (Figure 3, E and H, and data not shown).

Apart from an increase in the number of neurons with nuclear 
NFATc3 and NFATc4, the above-described immunostainings (Fig-
ure 3, A–G) may also show an increase in the overall levels of both 
transcription factors as a result of chronic lithium treatment. To 
further confirm the increased nuclear translocation of NFATc3 
and NFATc4 in response to lithium and to properly address the 
possible overall increase, we performed Western blot analysis with 
nuclear and cytoplasmic fractions as well as with total homogenates 
from control and lithium-treated mice. As shown in Figure 3I, total 
NFATc3 levels were not increased in brain of lithium -treated mice. 
Interestingly, NFATc3 levels were significantly decreased in the cyto-
plasmic fraction of lithium-treated mice. This, together with a trend 
toward increased NFATc3 levels in the nuclear fraction, resulted in a 
significant increase in NFATc3 nuclear/cytoplasmic ratio as a conse-
quence of lithium administration (Figure 3J). In the case of NFATc4 
and in good agreement with the above-mentioned observation in 
immunohistochemistry and immunofluorescence experiments, 
Western blot analysis of total homogenates showed a trend toward 
increased overall levels in lithium-treated mice (Figure 3K). Interest-
ingly, this effect of lithium fits well with the reported role of GSK-3 
in decreasing NFATc4 stability by promoting its ubiquitination (54). 
Despite the apparent increase in NFATc4 in total homogenates, we 
still observed slightly lower levels of NFATc4 in the cytosolic frac-
tion of lithium-treated mice. This, together with the increased lev-
els observed in the nuclear fraction of lithium-treated mice, led to a 
significant increase in NFATc4 nuclear/cytoplasmic ratio as a con-
sequence of lithium administration (Figure 3L). In summary, the 
Western blot analysis of NFATc3 and NFATc4 in total homogenates 
showed no change in the overall NFATc3 level and a tendency toward 
increased NFATc4 levels in response to chronic lithium. More impor-
tantly, the analysis of nuclear and cytoplasmic fractions confirmed 
the lithium-induced increase in NFATc3 and NFATc4 nuclear 
translocation observed by immunohistological methods, with the 
increased difference between control and lithium-treated mice likely 
due to enrichment of the sample following nuclear isolation.

Increased FasL after chronic lithium correlates with GSK-3 inhibition 
and nuclear NFAT translocation. To explore whether the increased 
nuclear translocation of NFAT transcription factors resulted in 
increased FasL in brain of lithium-treated mice, we performed 
Western blot and immunohistochemical studies. Western blot 
revealed an increase in levels of both full-length FasL and the 
soluble shed form (sFasL) in the striatum of lithium-treated 
mice (Figure 4, A and B). In the cortex, the full-length form was 
also increased, by 42%, in lithium-treated mice (n = 5, P < 0.05), 
while no significant changes were detected in the shed form 
(data not shown). In good agreement with these findings, FasL 

Figure 3
Increased nuclear localization of NFAT transcription factors in lithium-treat-
ed mice. (A) Representative images of NFATc4 immunohistochemistry in 
cortex and striatum of control and lithium-treated mice. Arrows indicate 
neurons with NFATc4 staining in the nucleus. (B) Representative images 
of NFATc3 immunohistochemistry in cortex and striatum of control and 
lithium-treated mice. Arrows indicate neurons with NFATc3 staining in the 
nucleus. Insets show higher magnifications of the cells marked with bold 
arrows. Scale bars in A and B: 100 μm. (C and D) Representative confo-
cal microscope images showing a 1-μm-deep cortical area subjected to 
double immunofluorescence with NFATc4 antibody and NeuN antibody (to 
confirm neuronal identity) and DAPI counterstaining (to verify the nuclear 
localization) in control (C) and lithium-treated (D) mice. (E) Number of 
neurons exhibiting NFATc4 staining in the nucleus per section in regions 
analyzed (n = 8 per group). (F and G) Representative images of double 
immunofluorescence with NFATc3 and NeuN antibodies combined with 
DAPI nuclear counterstaining in cortex of control (F) and lithium-treated 
(G) mice. Scale bar: 15 μm (C–G). (H) Number of neurons exhibiting 
NFATc3 staining in the nucleus per section in regions analyzed (n = 8 
per group). (I and K) Western blot detection of NFATc3 (I) and NAFTc4 
(K) in total, cytoplasmic, and nuclear homogenates from cortex of control 
and lithium-treated mice (n = 12 per group). Hsp90 (total and cytoplasmic) 
and lamin B1 (nuclear) antibodies were assayed as loading control. Histo-
grams represent quantification of total, cytoplasmic, and nuclear NFATc3 
and NFATc4 corrected by the loading control. (J and L) Nuclear/cytoplas-
mic (nuc/cyt) ratio of NFATc3 (J) and NFATc4 (L). All histograms in I–L 
represent lithium values as a percentage compared with the control group. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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immunohistochemistry revealed a significant increase in the 
number of FasL-positive cells in the striatum and globus pal-
lidus of lithium-treated mice (Figure 4, C–F). A tendency toward 
increased numbers of FasL-positive cells was also observed in 
the cerebellum of treated mice, though this effect did not reach 
statistical significance (Figure 4F). The cortex, despite showing 
increased FasL levels by Western blot, showed no difference in 
the number of FasL-positive cells. This may be due to the fact 
that this brain structure, apart from showing the highest num-
ber of positive cells (Figure 4F), also contained the cells with 
the strongest labeling compared with any other brain region 
(Figure 4C). It therefore seems that the cortical cells suscepti-
ble to an increase in FasL levels upon lithium-induced NFAT 
translocation are already above the threshold for detection by 
immunohistochemistry in untreated mice.

In good agreement with previous reports (52, 55), the vast majori-
ty of brain FasL-immunoreactive cells appeared to be neurons based 
on their morphology (Figure 4, C–E). To confirm this observation 

and further explore the role of GSK-3 inhibition and subsequent 
NFAT nuclear translocation in the lithium-induced increase in FasL-
positive cells, we performed double labeling immunofluorescence 
studies on striatal sections of lithium-treated mice. As shown in  
Figure 4, G–I, 95% of the FasL-positive cells were confirmed to 
be neurons by double labeling with the neuronal marker NeuN. 
Furthermore, striatal FasL-positive neurons coincide with those 
showing nuclear staining of NFAT (Figure 4, J and K) and were 
also detected with an antibody that recognizes phospho–GSK-3 
(pSer21/9-GSK-3, Figure 4, L–N). The fact that GSK-3 inactivation, 
NFAT nuclear translocation, and FasL immunostaining all coincide 
in the same subset of neurons strongly suggests that these events are 
functionally related and support our mechanistic hypothesis.

Blockade of NFAT nuclear translocation by cyclosporin A prevents lithi-
um-induced motor deficits and -apoptosis. To explore whether the above-
described NFAT/FasL changes in lithium-treated mice are in fact 
responsible for the lithium-induced neuronal apoptosis and maybe 
also for the motor deficits, we decided to perform similar experi-

Figure 4
Level of FasL and number of FasL-
positive neurons are increased in 
chronic lithium-treated mice. (A and 
B) Western blot detection (A) and 
quantification (B) of the full-length 
and shed soluble form of FasL (FasL 
and sFasL, respectively) in striatal 
cytoplasmic fraction of control and 
lithium-treated mice (n = 5 per group). 
(C–E) FasL immunohistochemistry in 
brain sections from lithium-treated 
mice. Micrographs show positive cells 
in cortex (C), striatum (D), and globus 
pallidus (E). Scale bars: 40 μm (C) 
and 30 μm (D and E). (F) Histogram 
showing quantification of FasL-immu-
noreactive cells in control and lithium-
treated mice in regions analyzed  
(n = 16 per group). (G) Histogram 
showing quantification of double 
staining with FasL antibody and 
markers of specific cell types (n = 8  
per group). (H–N) Representa-
t ive images of double-label ing 
immunofluorescence in striatum of 
lithium-treated mice: with anti-FasL 
(H) and anti-NeuN (I) antibodies; with 
anti-FasL (J) and anti-NFATc4 (K) 
antibodies; and with anti-FasL (L) and 
anti–pSer21/9-GSK-3a/β antibodies 
(M). N is a merge of the images in 
L and M. Scale bars: 20 μm (H and 
I); 20 μm (J and K); 10 μm (L–N).  
*P < 0.05, **P < 0.005, ***P < 0.002.
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Figure 5
CsA administration impedes NFAT nuclear translocation and prevents chronic lithium-induced apoptosis and motor deficits. (A) Diagram 
showing lithium and CsA administration protocol in mice. (B) Immunohistological detection of NFATc4. Upper panels show representative 
immunohistochemistry images in cortex and striatum. Lower panels show confocal microscope images (1 μm) of double immunofluorescence 
with NeuN together with DAPI nuclear counterstaining in cortex. Left and right panels correspond to lithium- and lithium plus CsA–treated mice, 
respectively. Arrows indicate neurons with NFATc4 staining in the nucleus, and insets in the upper panels show higher magnifications of the cells 
marked by bold arrows. Scale bars: 100 μm (upper panels) and 15 μm (lower panels). (C) Number of neurons exhibiting NFATc4 staining in the 
nucleus per section in regions analyzed (n = 4 per group). (D) Number of cleaved caspase-3–positive cells per 30-μm sagittal section in regions 
analyzed (control, n = 19; lithium, n = 19; control + CsA, n = 12; lithium + CsA, n = 12). (E) Descent time in vertical pole test (control, n = 20; 
lithium, n = 17; control + CsA, n = 19; lithium + CsA, n = 20). (F–H) Gait analysis. Stride length variability (F), step angle variability (G), and stance 
asymmetry (H) in footprint test as measured by DigiGait system (control, n = 15; lithium, n = 12; control + CsA, n = 16; lithium + CsA, n = 16).  
*P < 0.05, **P < 0.01, ***P < 0.001 versus control; #P < 0.05 versus lithium + CsA.
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ments with lithium-treated mice in which we interfered with NFAT 
and/or FasL signaling (see Supplemental Figure 1C). Regarding 
NFAT, the effect of GSK-3 on cytoplasmic/nuclear shuttling of 
NFAT transcription factors is balanced by calcineurin activity. Brief-
ly, GSK-3 phosphorylates conserved NFAT serine residues necessary 
for NFAT nuclear export and therefore promotes NFAT nuclear exit 
(47). On the contrary, calcineurin dephosphorylates those conserved 
serine residues, thus favoring NFAT nuclear translocation, which 
can be prevented with the calcineurin inhibitor cyclosporin A (CsA) 
(48, 56). We thus reasoned that CsA administration during the last 
days of the lithium treatment paradigm could be used to prevent 
the lithium-induced nuclear translocation of NFAT transcription 
factors. If this nuclear NFAT translocation is indeed required for the 
neurotoxicity and motor behavioral consequences of lithium, these 
should be diminished by CsA administration. Accordingly, we estab-

lished a protocol of CsA administration in drinking water during the 
last 1.5 weeks of lithium treatment (Figure 5A) that fully prevented 
the above-described lithium-induced nuclear translocation of NFAT 
transcription factors, as evidenced by immunohistochemistry and 
confocal analysis of immunofluorescence with DAPI nuclear coun-
terstaining (Figure 5, B and C).

We then analyzed the effect of CsA administration on apoptosis 
by immunohistochemical detection of cleaved caspase-3. As shown 
in Figure 5D, CsA administration did not affect the incidence of 
apoptosis in control mice. More importantly, the lithium-induced 
increase in apoptosis described previously was no longer detected 
in any brain region of CsA-treated mice.

Finally, we also analyzed the effect of CsA administration on the 
previously described lithium-induced motor deficits. As shown in 
Figure 5E, CsA administration significantly improved the perfor-

Figure 6
Fas-deficient (lpr) mice are resistant to chronic lithium-induced neuronal apoptosis and do not show the motor coordination deficits observed in 
wild-type mice. (A) Diagram showing lithium administration protocol to wild-type and lpr mice. (B) Lithium plasma levels over the 8-week treatment 
in wild-type and lpr mice (WT, n = 22; lpr, n = 13). (C) Number of cleaved caspase-3–positive cells per 30-μm sagittal section in regions analyzed 
in wild-type and lpr mice (WT control, n = 10; WT lithium, n = 9; lpr control, n = 7; lpr lithium, n = 7). (D) Descent time in vertical pole test (WT con-
trol, n = 20; WT lithium, n = 17; lpr control, n = 19; lpr lithium, n = 20). (E–G) Stride length variability, step angle variability, and stance asymmetry 
in footprint test measured by DigiGait system in control or lithium-treated WT and lpr mice (WT control, n = 27; WT lithium, n = 21; lpr control,  
n = 16; lpr lithium, n = 11). *P < 0.05, **P < 0.01, ***P < 0.001, versus WT control; #P < 0.05, ##P < 0.01, ###P < 0.001 versus lpr lithium.
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mance of lithium-treated mice in the vertical pole test, whereas 
no effect was observed on the performance of control mice. Simi-
larly, while deficits in walking pattern observed with the DigiGait 
apparatus in lithium-treated mice (increased stride length variabil-
ity, increased step angle variability, and stance asymmetry) were 
corrected by CsA treatment, no effect was observed in control 
mice (Figure 5, F–H). These results, together with the data indi-
cating apoptosis prevention by CsA treatment, strongly suggest 
that NFAT nuclear translocation contributes to lithium-induced 
neuronal apoptosis and motor deficits.

Fas-deficient mice are resistant to the neuronal apoptosis and motor side 
effects of chronic lithium administration. If our working hypothesis is 
true, the increased incidence of apoptosis in lithium-treated mice 
should eventually be due to the activation of the death receptor 
Fas. To investigate whether FasL signaling is also relevant to the 
observed neurotoxic effects of lithium, we analyzed apoptosis and 
motor behavior after chronic lithium administration in Fas recep-
tor–deficient mice (lpr mice; ref. 57). In these mice, the lithium 
dosing paradigm described for wild-type mice (Figure 1A) resulted 
in serum lithium concentrations slightly greater than 1.5 mM by 
week 4 (data not shown), thus exceeding the therapeutic window 
in humans. This is attributable to the compromised renal func-
tion of lpr mice (58). For this reason, we slightly modified the dos-
ing paradigm to achieve lithium plasma levels equivalent to those 
obtained in wild-type mice (Figure 6, A and B).

Using cleaved caspase-3 immunostaining, we analyzed the incidence 
of apoptosis in wild-type and lpr mice following the 8-week dosing 
paradigm. Interestingly, the increases in apoptosis observed in the 
cortex, striatum, globus pallidus, hippocampus, and cerebellum of 
lithium-treated wild-type mice were absent in lithium-treated lpr mice 
(Figure 6C). These findings thus demonstrate that neuronal apopto-
sis induced by chronic lithium is mediated by the Fas receptor.

We then decided to compare the motor effects of lithium in lpr and 
wild-type mice. We first verified that untreated lpr mice did not show 
any confounding signs of altered global activity or anxiety. For this, 
we performed the open field test and found that global locomotor 
activity and the time in center versus periphery shown by lpr mice were 
indistinguishable from those observed in wild-type mice (data not 
shown). Interestingly, the lithium-induced motor coordination deficit 
(detected in the vertical pole test; Figure 6D) and the gait abnormali-
ties (detected with the DigiGait apparatus; Figure 6, E–G) observed in 
wild-type mice were absent in lithium-treated lpr mice. These results, 
apart from demonstrating a role of Fas signaling in lithium-induced 
neurotoxicity, strongly suggest that neuronal loss contributes to the 
motor side effects of chronic lithium administration.

Discussion
By establishing a regimen of chronic lithium administration 
resulting in lithium plasma levels within the therapeutic range 
for BD, we have reproduced in mice the common neurological 
side effects of lithium therapy, and we have used this model to 
demonstrate for the first time to our knowledge that chronic 
lithium administration in the upper range of therapeutic doses 
induces neuronal apoptosis in multiple brain regions, notably 
the striatum and other basal ganglia structures. Furthermore, 
we describe the following mechanism of lithium-induced neu-
rotoxicity: GSK-3 inhibition elicits an increase in nuclear trans-
location of NFAT transcription factors, leading to increased 
FasL levels, which in turn facilitate apoptosis in the same or 
neighboring neurons through activation of Fas death receptor. 

Finally, we demonstrate that NFAT/Fas signaling mediates both 
lithium-induced neuronal apoptosis and lithium-induced motor 
deficits, as these are absent when NFAT nuclear translocation is 
prevented by CsA administration or when the experiments are 
performed on Fas-deficient lpr mice.

The precise molecular mechanisms through which lithium 
exerts its unwanted neurological side effects are poorly under-
stood. Here we show that lithium-mediated inhibition of 
GSK-3 plays a key role in the side effects of lithium therapy. In 
addition to GSK-3, lithium acts as an inhibitor of numerous 
other enzymes, including inositol monophosphatase, inositol 
polyphosphate 1-phosphatase, fructose 1,6-bisphosphatase, 
bisphosphate nucleotidase, and phosphoglucomutase (59). 
However, our previous findings of similar motor coordina-
tion deficits and neuronal apoptosis in transgenic mice with 
neuronal expression of a dominant-negative form of GSK-3 
(34) confirm that the neurotoxic effects of lithium described 
here are mediated through GSK-3 inhibition. Besides, several 
lithium-induced behaviors have been shown to be GSK-3–medi-
ated, since they are also observed in mice lacking one copy of 
the gene encoding GSK-3β (60).

Taken together with the apoptotic phenotypes of GSK-3β–
knockout (43) and dominant-negative GSK-3–transgenic (34) 
mice, our findings with chronic lithium administration provide 
further in vivo evidence of a dual role for GSK-3 inhibition in the 
regulation of apoptosis (40). A large body of literature describes 
the neuroprotective effects of lithium (61), whereby lithium coun-
teracts the effects of multiple stimuli that induce neuronal apop-
tosis through the intrinsic pathway (40). Lithium administration, 
however, has also been shown in primary cultured neurons to 
facilitate apoptosis mediated by the extrinsic pathway (i.e., with 
activation of death receptors such as Fas) (46). Our study therefore 
further elaborates, in an in vivo context, on the mechanisms that 
favor apoptosis through the extrinsic pathway.

There is a good correlation between brain regions affected in the 
lithium administration model described here and the Tet/DN-GSK-3  
mouse model. In both cases, the striatum appears most vulnerable 
to lithium-induced toxicity, showing the greatest increase in the 
number of apoptotic neurons (34). Similarly, increases in neuronal 
apoptosis are observed in the cortex in both models. In the lithium 
treatment paradigm, however, we have also detected vulnerable neu-
rons in globus pallidus and cerebellum that could not be detected in 
the dominant-negative GSK-3 transgenic mice due to the restriction 
of transgene expression to forebrain neurons (34).

That the striatum is one of the most affected brain regions fol-
lowing chronic GSK-3 inhibition fits well with the observed neu-
rological motor side effects and is supported by previous reports 
of GSK-3 mediation of dopamine transmission in striatal neurons 
(62). More precisely, lithium has been shown to inhibit striatal 
GSK-3 activity through increased Akt-mediated phosphoryla-
tion (62) in part via a positive feed-forward loop involving pro-
tein phosphatase–1 (32). Furthermore, lithium can also disrupt 
the complex that β-arrestin 2, protein phosphatase–2A, and Akt 
form with the dopamine D2 receptor (31) that is mainly located 
in the striatum. Together, all these findings support a preferential 
impact of GSK-3 inhibition on striatal physiology.

NFAT has been proposed to participate in striatal neuronal apop-
tosis induced by methamphetamine (52), and NFAT-mediated 
apoptosis has been reported in other tissues and cell types (63). Fur-
thermore, deafferentiation-induced neuronal loss in the cochlear 
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nucleus has also recently been proposed to be mediated not only by 
NFATc4 activation but also by subsequent FasL-mediated apoptosis 
(64), thus mirroring our mechanistic findings concerning lithium-
induced apoptosis. It should be noted, however, that apart from 
the NFAT/Fas-mediated mechanism described here, a distinct and 
compatible mechanism by which GSK-3 inhibition facilitates apop-
tosis through the extrinsic pathway has been recently reported. Spe-
cifically, a death receptor–associated antiapoptotic protein complex 
containing GSK3, DDX3, and cellular inhibitor of apoptosis pro-
tein–1 (cIAP-1) has been characterized in HeLa and in MDA-MB-231  
human breast cancer cells, with inhibition of GSK-3 facilitating dis-
assembly of the complex and execution of apoptosis (65).

The mechanism of lithium-induced neurotoxicity described here 
has important implications for the management of BD and may 
aid in the development of combined therapies designed to prevent 
acute lithium intoxication and ameliorate the neurological side 
effects associated with therapeutic doses. Specifically, pharmaco-
logical interventions that counteract the increased NFAT nuclear 
translocation or the FasL/Fas signaling cascade are suitable can-
didates to combat neurological side effects. One such candidate is 
CsA, in view of its attenuation of lithium-induced neuronal apop-
tosis and motor side effects in mice, as reported here. Importantly 
however, the clinical use of CsA and other calcineurin inhibitors 
(56) to counteract adverse effects of lithium can be limited by their 
associated nephrotoxicity (66).

Regarding the neuroprotective effects of CsA and its normaliz-
ation of motor behavior, the question remains as to whether new 
neurons replace those that die during the 6.5 weeks of lithium 
treatment prior to CsA administration. In view of the recent report 
of mice with deletion of GSK-3 in the developing nervous system 
(67), and assuming a parallel between the effect of GSK-3 deletion 
in embryonic and adult neurogenesis, replacement by new neurons 
seems unlikely. Briefly, GSK-3 deletion in mice results in increased 
proliferation of embryonic neural progenitors but decreased 
generation of intermediate neural progenitors and postmitotic 
neurons (67). It is therefore more likely that, after CsA adminis-
tration, the remaining neurons attain a less-altered intracellular 
physiology, leading to a recovery of function in the affected neural 
circuit. We have previously reported a similar scenario in a condi-
tional mouse model of Huntington disease (68). Mice that consti-
tutively express mutant huntingtin from birth show both motor 
deficits and a 12% loss of striatal neurons by 17 months. However, 
if mutant huntingtin expression is halted at that age, motor func-
tion is normalized within 5 months. Stereological analysis revealed 
that cessation of mutant huntingtin expression between 17 and 
22 months of age still results in a 20% decrease in the number of 
striatal neurons at 22 months (versus the 44% decrease observed in 
mice with continued mutant huntingtin expression) (68). In con-
clusion, once striatal neuron physiology is no longer compromised 
by mutant huntingtin expression, the remaining 80% of striatal 
neurons are sufficient for functional normalization of the affect-
ed brain circuit. Similarly, in the present study it is possible that 
recovery of neuronal function of the remaining neurons after 1.5 
weeks of administration of CsA rather than neuronal replacement 
is responsible for the recovery of circuit function.

Finally, the mechanism of GSK-3 inhibition–mediated toxicity 
reported herein and the underlying new opportunities to counter-
act it may also have implications for AD and any other conditions 
such as ALS and diabetes for which lithium or other GSK-3 inhibi-
tor therapies have been proposed (69, 70). Regarding the ongoing 

clinical trials of lithium for ALS (71), it will be of particular inter-
est to see whether the potential observed in the initial study (70) 
is confirmed, given the well-known role of Fas signaling in medi-
ating apoptotic death of ALS spinal motoneurons (72). In this 
regard, a recent study did not identify any therapeutic benefit of 
chronic lithium treatment with respect to disease onset, progres-
sion of neurological symptoms, or survival duration in a mouse 
model (73). Interestingly, and in good agreement with our study, 
the study found evidence for early onset of low-grade neurologi-
cal symptoms and signs of less-effective body weight maintenance 
(73). Regarding lithium clinical trials for AD (19, 23, 74), frequent 
extrapyramidal side effects were already detected in a pilot study 
(22), and a recent study of the feasibility and tolerability of lithium 
therapy in AD patients reports high rates of discontinuation due 
to the high incidence of lithium toxicity in the elderly (19).

In summary, our results may help to correctly interpret those of 
the multiple ongoing lithium clinical trials and may enable not 
only the development of new combined therapies to counteract 
the drawbacks of lithium treatment for mood disorders but also 
the extension of the potential of lithium (and other more selective 
GSK-3 inhibitors) to AD and other chronic conditions for which 
GSK-3 inhibition therapy has been proposed.

Methods
Animals. Wild-type C57BL/6 mice were obtained from Harlan or The Jackson 
Laboratory. Fas-deficient lpr mice (C57BL/6 background) were obtained from 
The Jackson Laboratory and subsequently bred in our facilities. NFATc3-
knockout mice (75) were obtained from Francesca Granucci (University of 
Milano-Bicocca, Milan, Italy). NFATc4-knockout mice (76) were obtained from 
Jeffrey Molkentin (Cincinnati Children’s Hospital Medical Center, Cincinnati, 
Ohio, USA). All mice were housed at the CBM“SO” animal facility. Mice were 
housed 4 per cage with food and water available ad libitum and maintained in 
a temperature-controlled environment on a 12-hour light/12-hour dark cycle 
with light onset at 07:00. All experiments were performed under a protocol 
approved by the ethical committee of CSIC.

Lithium administration. Two-month-old wild-type C57BL/6 mice were fed 
chow containing 1.7 g LiCl/kg (Harlan Teklad) for 2 weeks, followed by 
a diet containing 2.55 g LiCl/kg for 6 weeks. Control mice were fed lith-
ium-free chow under parallel conditions. Blood lithium levels were ana-
lyzed weekly by inductively coupled plasma mass spectrometry (ICP-MS).  
Two-month-old lpr mice (C57BL/6 background) were also fed chow con-
taining 1.7 g LiCl/kg for 2 weeks, followed by a diet containing 2.3 g LiCl/kg  
for 4 weeks and 2.15 g LiCl/kg for the final 2 weeks. To prevent hyponatre-
mia, water and a NaCl solution (450 mM) were available to all animals.

Diet. Lithium-treated mice lost 10%–15% of their body weight over the 8-week 
treatment described above. To control for lithium-induced decreases in body 
weight, a weight-matched group was maintained by means of caloric restric-
tion similar to that described previously (77, 78). Briefly, we first measured 
the daily amount of chow taken by an equivalent group of untreated mice for  
1 week. The following week, they received 90% of that amount per day, and the 
rest of the time up to 8 weeks the amount was restricted to 70% per day.

CsA administration. Wild-type C57BL/6 mice were treated with lithium-
containing or control chow according to the regimen described above. 
After 6.5 weeks, each animal group was split in 2 subgroups, one treated 
with CsA (Sandimmume Neoral, Novartis) in saccharine-flavored drinking 
water and the other receiving just saccharine-flavored water. In view of the 
reported dose of CsA tolerated by mice (79), CsA concentration in drinking 
water was calculated to deliver a dose of 8 mg/kg/d during the 2 first days. 
Then it was increased to deliver 16 mg/kg/d for 2 more days and finally 
maintained at 24 mg/kg/d until the end of treatment.
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Antibodies. For immunochemistry and immunofluorescence experiments, 
the following antibodies were used: pSer21/9-GSK-3α/β (Cell Signaling 
Technology), cleaved caspase-3 (Cell Signaling Technology), NeuN (Chem-
icon), GFAP (Promega), Iba-1 (WAKO), NFATc1 (7A6 from AbCam and 
K-18 from Santa Cruz Biotechnology Inc.), NFATc2 (G1-D10 and 4G6-G5 
from Santa Cruz Biotechnology Inc.), NFATc3 (M-75 rabbit and A-17 goat 
from Santa Cruz Biotechnology Inc.), NFATc4 (H-74 and I-8 from Santa 
Cruz Biotechnology Inc.), and FasL (N-20 goat from Santa Cruz Biotech-
nology Inc.). The specificity of NFATc3 A-17, NFATc4 I-8, and FasL N-20 
antibodies was verified by using the corresponding blocking peptides, sc-
23814-P, sc-32989-P, and sc-834-P respectively. For Western blot analysis, 
the following antibodies were used: pSer21/9-GSK-3α/β (Cell Signaling 
Technology), GSK-3α/β (BD Biosciences — Transduction Laboratories), 
PHF-1 (a gift of Peter Davies, Albert Einstein College of Medicine, New 
York, New York, USA), β-actin (Sigma-Aldrich), NFATc3 A-17 goat (Santa 
Cruz Biotechnology Inc.), NFATc4 ab3447 (Abcam), Hsp90 Ac88 (Stress-
gen), lamin B1 (Santa Cruz Biotechnology Inc.), and FasL (Calbiochem).

Western blot analysis. Brains were quickly dissected on an ice-cold plate. For 
analysis of pSer21/9-GSK-3 and phospho-tau, whole extracts were prepared 
by homogenizing the brain areas from right hemisphere in ice-cold extraction 
buffer consisting of 20 mM HEPES pH 7.4, 100 mM NaCl, 20 mM NaF, 1% 
Triton X-100, 1 mM sodium orthovanadate, 1 μM okadaic acid, 5 mM sodium 
pyrophosphate, 30 mM β-glycerophosphate, 5 mM EDTA, and protease inhib-
itors (2 mM PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and 10 μg/ml  
pepstatin). Samples were homogenized and centrifuged at 15,000 g for 20 
minutes at 4°C. The resulting supernatant was collected and protein con-
tent determined by Bradford assay. Sample fractionation was performed for 
analysis of FasL, given its presence in microvesicles enriched in cytoplasmic 
fraction (80, 81). Briefly, frozen brain tissue was homogenized with a tissue 
grinder in a buffer containing 250 mM sucrose, 20 mM HEPES (pH 7.4), 
10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM 
sodium orthovanadate, 1 μM okadaic acid, 5 mM sodium pyrophosphate,  
30 mM β-glycerophosphate, and protease inhibitor cocktail (Roche). After 
being left on ice for 20 minutes, samples were centrifuged at 720 g for 5 min-
utes. The nuclear pellet (P1) was washed with the same buffer. Supernatants 
(S1) were centrifuged at 6,000 g for 20 minutes to separate the mitochondrial 
fraction (P2). The remaining sample (S2) was then ultracentrifuged at 100,000 g  
for 1 hour to separate membranes (P3). This pellet was resuspended in the same 
buffer and ultracentrifuged again at 100,000 g for 45 minutes. The resulting 
supernatant (S3) was collected and protein content determined by Bradford 
assay. For analysis of NFATc3 and NFATc4 nuclear translocation, cytoplas-
mic and nuclear fractions were prepared as previously described (82). Briefly, 
frozen tissue was homogenized at 4°C with a glass tissue grinder in a buffer 
containing 10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,  
2.5 mM DTT, protease inhibitors cocktail (Roche), 1 mM sodium orthovana-
date, 1 μM okadaic acid, 5 mM sodium pyrophosphate, and 30 mM β-glyc-
erophosphate. After leaving tubes for 15 minutes on ice, NP-40 was added to 
a final concentration of 0.6% and mixed for 10 seconds in a vortex. Then, sam-
ples were centrifuged at 14,000 g for 1 minute at 4°C. Supernatants that con-
stituted the cytosolic fraction were immediately frozen and stored at –80°C. 
To resuspend pellet, a buffer containing 20 mM HEPES pH 7.9, 25% glycerol, 
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM DTT, protease inhibitor cock-
tail (Roche), 1 mM sodium orthovanadate, 1 μM okadaic acid, 5 mM sodium 
pyrophosphate, and 30 mM β-glycerophosphate was added. Then tubes were 
agitated gently with a vortex for 10 minutes at 4°C. Finally, samples were cen-
trifuged at 14,000 g for 5 minutes at 4°C, and supernatants that constituted 
the nuclear fraction were immediately frozen and stored at –80°C. In each case, 
15–30 μg of total protein was electrophoresed on 10% SDS–polyacrylamide 
gel and transferred to a nitrocellulose membrane (Schleicher and Schuell). 
The experiments were performed using the following primary antibodies: 

anti–pSer21/9-GSK-3α/β (1:500) and anti–GSK-3α/β (1:1,000), anti–PHF-1  
(1:100), anti–β-actin (1:5,000), anti-NFATc3 (A-17) (1:200), anti-NFATc4 
(Abcam) (1:200), anti-Hsp90 (1:500), anti–lamin B1 (1:200), and anti-FasL 
(1:50). The membranes were incubated with antibody overnight at 4°C in 5% 
nonfat dried milk (anti–GSK-3β) or 5% BSA (pSer21/9-GSK-3α/β). Secondary 
antibodies used were polyclonal rabbit anti-mouse immunoglobulins/HRP 
or polyclonal rabbit anti-rabbit immunoglobulins/HRP (Dako) (1:2,000), and 
ECL detection reagents (PerkinElmer) were used for immunodetection.

Immunohistochemistry and immunofluorescence. Mice were sacrificed using 
CO2 and brains immediately removed and dissected on an ice-cold plate. Left 
hemispheres were processed for histology, placed in 4% paraformaldehyde 
in Sorensen’s phosphate buffer (PFA) overnight, and then immersed in 30% 
saccharose in PBS for 72 hours. Once cryoprotected, the samples were fro-
zen and stored at –80°C until use. Sagittal sections (30 μm) were cut on a 
CM 1950 Ag Protect freezing microtome (Leica) and collected and stored 
free-floating in glycol at –20°C. For immunohistochemistry, brain sections 
were pretreated for 30 minutes in 1% H2O2/PBS, followed by 1 hour with 
1% BSA, 5% FBS, and 0.2% Triton X-100, and incubated overnight at 4°C 
with primary antibodies at the following concentrations: cleaved caspase-3 
(1:50), NFATc4 (1:100), NFATc3 (1:100), and FasL (1:300). Finally, brain sec-
tions were incubated in avidin-biotin complex using the Elite Vectastain kit 
(Vector Laboratories). Chromogen reactions were performed with diamino-
benzidine (SIGMAFAST DAB, Sigma-Aldrich) for 10 minutes. Sections were 
mounted on glass slides and coverslipped with FluorSave (Calbiochem). 
For quantification of immunostainings, 4 sagittal sections matching the 
lateral 1.92 mm, 1.80 mm, 1.68 mm, and 1.56 mm planes as described by 
Paxinos and Franklin (83) were selected from each animal. All analyses were 
performed in a blinded manner, and results were presented as number of 
immunoreactive cells per 30-μm section. The number of animals included 
in each analysis is specified in the corresponding figure legend.

For immunofluorescence, 30-μm sagittal brain sections matching the 
1.80-mm plane as described by Paxinos and Franklin (83) were pretreated 
with 0.1% Triton X-100 for 15 minutes, 1 M glycine for 30 minutes, and 
blocking solution (1% BSA and 0.1% Triton X-100) for 1 hour. Sections 
were then incubated overnight at 4°C with primary antibodies at the 
following concentrations: cleaved caspase-3 (1:50), NeuN (1:100), GFAP 
(1:1,000), Iba-1 (1:500), FasL (1:300), pSer21/9-GSK-3α/β (1:100), NFATc3 
(1:100), and NFATc4 (1:100). The following day, sections were washed in 
PBS and incubated with the following secondary antibodies, respectively, 
for 1 hour: goat anti–mouse Alexa Fluor 488, donkey anti–rabbit Alexa 
Fluor 488, donkey anti–rabbit Alexa Fluor 594, and donkey anti–goat Alexa 
Fluor 555 (1:400) (Invitrogen). For amplification of cleaved caspase-3 and 
FasL signal, biotinylated secondary antibody (Elite, Vectastain) and Strep-
tavidin Alexa Fluor 555 (Invitrogen) (1:400) were used. Finally, nuclei were 
stained by using DAPI (1:5,000) (Calbiochem). Sections were mounted on 
glass slides, coverslipped with FluorSave, and maintained at 4°C.

Colocalization of markers was identified by taking successive Alexa Fluor 
594 and Alexa Fluor 488 fluorescence images using an Axioskop 2 Plus 
(Zeiss) microscope and CCD camera (Coolsnap FX color, Roper Scientific) 
or using a Laser Confocal LSM710 camera (Zeiss) coupled to an inverted 
microscope AxioObserver (Zeiss).

For quantitative analysis of NFATc3 and NFATc4 nuclear staining, 30-μm 
sagittal sections were scanned with an inverted AxioObserver microscope 
(Zeiss) using a ×40/1.30 EC “Plan-Neofluar” Oil DIC M27 objective, and, 
for each field, a 1 μm-thick image was taken with a Laser Confocal LSM710 
camera using diode 405 nm (blue), argon 488 nm (green), and DPSS 561 nm 
(red) lasers, with the same capture conditions maintained for all images in a 
given region. For subsequent fluorescence intensity analysis in the collected 
images, the 1.42q version of ImageJ software (http://rsbweb.nih.gov/ij/) 
was used as follows: first, the program’s Triangle algorithm was used to dis-
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criminate positive NFATc (green) signal over background. Neuronal identity 
of these cells was verified according to NeuN (red) costaining. Then, DAPI 
images (blue) were converted to grayscale and the ImageJ-Maximum filter set 
at a radius of 2 pixels for clearer identification of the nuclear outline. Regions 
corresponding to nuclei (based on DAPI counterstaining) were selected using 
the Free-hand tool to delineate the outline. These regions were then super-
imposed upon the NFATc image, and an adjacent cytoplasm area was also 
delineated for each cell with the Free-hand tool. Similarly, a neuropil region 
was also selected for each image for background mean intensity (b). Then, 
mean fluorescence intensity was measured for each nuclear area (n1–nn) and 
each cytoplasmic area (c1–cn). Finally, we classified a nucleus as positive for 
increased NFATc3 or NFATc4 when, upon background subtraction, nuclear 
intensity exceeded 0.75 × cytoplasmic intensity ([nx – b]/[cx – b] > 0.75).

All analyses were performed in a blinded manner, and results were presented 
as number of immunopositive cells per 30-μm section. The number of animals 
included in each analysis is specified in the corresponding figure legend.

TUNEL assay. Sections were processed according to the In Situ Cell Death 
Detection Kit protocol (POD, Roche). Quantification was performed at 
1.80-mm planes as described by Paxinos and Franklin (83) All analyses were 
performed in a blinded manner, and results were presented as the number 
of TUNEL-positive cells per 30-μm section. Twelve control and 10 lithium-
treated mice were analyzed.

Behavioral testing. Vertical pole testing was performed as previously 
described (84) with minor modifications (34). The mouse was placed 
head upward on the top of a vertical rough-surfaced pole (diameter, 1 cm; 
height, 50 cm), and the time taken to descend to the floor was recorded, 
with a maximum duration of 60 seconds.

Treadmill gait analysis. Gait analysis was performed using the DigiGait sys-
tem (Mouse Specifics Inc.) (85). Briefly, digital images of paw placement were 
recorded at 80 Hz through a clear treadmill from beneath the animal. Mice 
were tested without pretraining in 1 session at a treadmill speed of 24 cm/s. 
Paws were marked with red colorant for better contrast. Plotting the area of 
each digital paw print imaged sequentially in time provides a dynamic gait 
signal, representing the temporal record of paw placement relative to the tread-
mill belt. Stride length was calculated from the fixed walking speed divided by 
the measured stride frequency (strides per second) as described previously (85). 

Stride length variation was measured as the standard deviation of the stride 
length for the set of strides recorded (reflecting the dispersion about the aver-
age value). Step angle variation was measured as coefficient of variation (CV) 
and was calculated using the formula: 100 × SD/mean value (variability nor-
malized to the mean). Step angle factors both stance width and stride length. 
Stance asymmetry is the ratio of left hind limb to right hind limb stance.

Statistics. Statistical analysis was performed with SPSS 17.0. Data are pre-
sented as mean values ± SEM. The normality of the data was analyzed by Kol-
mogorov-Smirnov test. Statistical analysis of data with a normal distribu-
tion was performed by using a 1-way ANOVA test followed by a Bonferroni 
post-hoc test. Statistical significance of nonparametric data was determined 
by Mann-Whitney U test. The level of significance accepted was P < 0.05.
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