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Abstract

Lithium and valproic acid (VPA) are two primary drugs used to treat bipolar disorder, and have been
shown to have neuroprotective properties in vivo and in vitro. A recent study demonstrated that
combined treatment with lithium and VPA elicits synergistic neuroprotective effects against
glutamate excitotoxicity in cultured brain neurons, and the synergy involves potentiated inhibition
of glycogen synthase kinase-3 (GSK-3) activity through enhanced GSK-3 serine phosphorylation
(Leng et al., J Neurosci 28: 2576-2588, 2008). We therefore investigated the effects of lithium and
VPA cotreatment on the disease symptom onset, survival time and neurological deficits in cooper
zinc superoxide dismutase (SOD-1) G93A mutant mice, a commonly used mouse model of
amyotrophic lateral sclerosis (ALS). The G93A ALS mice received twice daily intraperitoneal
injections with LiCl (60 mg/kg), VPA (300 mg/kg) or lithium plus VVPA, starting from the 30t day
after birth and continuing until death. We found that combined treatment with lithium and VPA
produced a greater and more consistent effect in delaying the onset of disease symptoms, prolonging
the life span and decreasing the neurological deficit scores, compared with the results of
monotreatment with lithium or VPA. Moreover, lithium in conjunction with VPA was more effective
than lithium or VPA alone in enhancing the immunostaining of phospho-GSK-35¢"? in brain and
lumbar spinal cord sections. To our knowledge, this is the first demonstration of enhanced
neuroprotection by a combinatorial approach using mood stabilizers in a mouse ALS model. Our
results suggest that clinical trials using lithium and VPA in combination for ALS patients are a
rational strategy.
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Introduction

Mood stabilizing drugs, notably lithium and valproic acid (VPA), are used to treat bipolar mood
disorder, a common, severe and chronic mental illness (Zarate et al., 2006). Both lithium and
VPA have strong anti-manic effects, but are less efficacious against depressive episodes.
Clinically, these agents are often co-administered when bipolar patients are resistant to
monotherapy with either drug (Goodwin, 2003). Accumulating evidence supports the notion
that lithium and VVPA are neuroprotective against a variety of insults in both in vivo and in
vitro experimental settings (Chuang, 2005). The neuroprotective mechanisms of mood
stabilizers are complex, and likely involve activation of cell signaling pathways and changes
in gene expression of proteins critically involved in neuronal survival. Lithium and VPA are
known to be inhibitors of glycogen synthase kinase-3 (GSK-3) and histone deacetylases
(HDACS), respectively (Géttlicher et al., 2001; Phiel et al., 2001). Inhibition of these enzymes
likely causes a cascade of events, leading to neuroprotective and neurotrophic actions.

Treatment with lithium either in conjunction with an antioxidant or alone has been shown to
improve motor function and slow the disease progress in the SOD-1 G93A amyotrophic lateral
sclerosis (ALS) mouse model (Shin et al., 2007; Fornai et al., 2008). A clinical study showed
that lithium and riluzole cotreatment markedly reduces the mortality of ALS patients during
15 months of follow-up, compared with matched control patients treated only with riluzole
(Fornai et al., 2008). VPA treatment was also reported to exhibit variable effects on disease
symptom onset and duration in G93A and G86R ALS mice (Sugai et al., 2004; Rouaux et al.,
2007). It was recently reported that cotreatment with lithium and VVPA elicits robust synergistic
neuroprotective effects against glutamate-induced excitotoxicity in cultured rat brain neurons
(Leng et al., 2008). The molecular target of the neuroprotective synergy likely involves a
potentiation of the inhibition of GSK-3. The present study was undertaken to investigate
whether lithium and VVPA co-administration elicits greater effects in delaying the onset of motor
dysfunction and disease progression, and prolonging the life span in G93A ALS mice.

EXPERIMENTAL PROCEDURES

Animals and drug treatments

Transgenic mice carrying high copy numbers of the transgene with the G93A human SOD1
mutation were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Male SOD1-
G93A mice were crossed with B6SJLF1/J hybrid females as previously described (Gurney et
al., 1994). All transgenic mice were genotyped by PCR amplification of DNA extracted from
the tails to identify the SOD-1 mutation. Mice were randomly divided into vehicle, LiCl, VPA,
LiCl plus VPA groups, and were matched for littermates. Drug treatments were initiated 30
days after birth and continued until the end stage with 6 animals (3 males + 3 females) in each
group. LiCl (60 mg/kg), VPA (300 mg/kg) or LiCl (60 mg/kg) + VPA (300 mg/kg) were
injected intraperitoneally (i.p.) twice daily with an interval of 10-12 hr. The vehicle control
group received injections of the same volume of saline. Lithium chloride and VPA (sodium
salt) were obtained from SIGMA (St. Louis, MO, USA). Mice were maintained on a 12-hr
light/dark cycle and the behavior tests were performed during the light period. All experimental
protocols were approved by the Animal Research Ethics Committee of Nanjing University
Animal Model Research Center in China, and performed in accordance with international
guidelines on the ethical use of animals.

Behavioral assessment and analysis

Starting from 12 weeks of age and until death, various behavioral tests were routinely
performed to assess the effects of drugs on the onset and extent of neurological deficits. All
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tests were performed by an investigator who was blind to the experimental conditions of the
animals.

(a) Rotarod performance test—After training sessions were conducted to acclimate the
mice to the rotarod apparatus (Columbus Instruments, Columbus, OH, USA), motor
coordination was assessed by measuring the length of time at which the mice remained on the
rotating rod (16 rpm) as described (Azzouz et al., 2004). Three trials were given to each animal
and the longest retention time was used as the measure of competence at this task. The
evaluation scores were: grade 0, >180 sec; grade 1, 60-180 sec; grade 2, <60 sec; grade 3,
falling off the rod before rotation.

(b) Postural reflex test—This was conducted essentially as described (Bederson et al.,
1986) to examine the strength of the forelimbs. The deficits were defined and scored as follows:
grade 0, no evidence of paralysis; grade 1, forelimb flexion upon tail suspension; grade 2,
decreased resistance to lateral push (and forelimb flexion) without circling; grade 3, same as
grade 2 but with circling; grade 4, unable to walk but maintaining upright body position; grade
5, complete paralysis.

(c) Balance beam test—This was performed essentially as described (Feeney et al.,
1982) to measure body strength and equilibrium. The deficits were scored as follows: grade 0,
able to lift itself onto the beam and walk without falling off; grade 1, same as grade 0 but with
less than 50% chance of falling off; grade 2, same as grade 1 with more than 50% chance of
falling off; grade 3, able to lift itself onto the beam with assistance but unable to move forward,;
grade 4, unable to lift onto the beam but able to stay in position; grade 5, falling off the beam
instantaneously after placement.

(d) Screen test—This test serves as an indicator of general muscle strength (Combs and
D’Alecy, 1987). The animal was placed on a horizontally positioned screen with grids. The
screen was then rotated to the vertical position. The deficit scores are: grade 0, grasping the
screen with forepaws for more than 5 sec; grade 1, temporarily holding the screen without
falling off; grade 2, same as grade 1 but falling off within 5 sec; grade 3, falling off
instantaneously.

(e) Tail suspension test—The mouse was suspended by its tail and extension of hindlimbs
observed (Garbuzova-Davis et al., 2003). The deficits scores are: grade 0, normal; grade 1,
partial hindlimb extension; grade 2, no hindlimb extension.

Data analysis

A total score of 18 from 5 different tests represents a complete loss of motor function, while a
score of 0 means normal motor function. Results are quantified and expressed as mean + SEM.
SPSS13.0 software was used to determine statistical significance using Log-Rank test for the
onset and survival time of the disease. A p<0.05 was considered statistically significance.

Immunohistochemistry

Mice were anesthetized and perfused via the ascending aorta with pre-cooled phosphate-
buffered saline (PBS, pH 7.4) for 1 min and then with pre-cooled 0.1 M PBS (pH 7.4) containing
4% paraformaldehyde for 15 min. The brain and lumbar spinal cord were removed, and post-
fixed in the same fixative for 6 hr and then transferred to a solution of 0.1 M PBS containing
20% sucrose for 24 hr. A series of coronal sections of the fixed tissues were prepared in paraffin-
embebbed slides. The paraffin was removed from the tissue by xylene immersion. The
endogenous peroxidase activity was blocked with 0.3% H,O,/methanol for 20 min. The
sections were washed in 0.1 M PBS (pH 7.4), then boiled in 10 mM sodium citrate buffer (pH

Neuroscience. Author manuscript; available in PMC 2009 July 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

FENG et al.

Results

Page 4

6.0) for 20 min, followed by incubation overnight with primary antibody against phospho-
GSK-3pSerd (1:300, Abcam, Cambridge, MA, USA). Biotinylated secondary antibody (Vector,
Burlingame, CA, USA) was then applied, and the immunohistochemical staining was revealed
by the avidin-biotin complex using diaminobenzidine. The sections were finally dehydrated
and covered.

To assess whether combined treatment with lithium and VPA is superior to treatment with
lithium or VPA alone, mutant SOD1-1 G93A ALS mice were twice daily i.p. injected with
lithium (60 mg/kg or 1.41 mEg/kg), VPA (300 mg/kg or 1.80 mEg/kg) or lithium (60 mg/kg)
plus VPA (300 mg/kg), starting from 30 days after birth and continuing till death. The onset
of neurological symptoms was considered as the appearance of a subtle deficit as determined
by any single behavioral test, namely, rotarod performance, postural reflex, balance beam
performance, screen grasping or tail suspension behavior. Plots of cumulative probability of
the symptom onset against the age of animals revealed a right shift of the curve by injections
with lithium or VPA alone, and a further shift to the right by injections of lithium together with
VPA (Fig. 1A). Quantified results showed that the onset times of motor deficits were 106 £
3.0 days for the control group, 115.8 + 1.5 days for the lithium group (p = 0.013), 114.5 £ 4.7
days for the VPA group (p = 0.067) and 121.0 + 2.7 days for the lithium plus VPA group (p =
0.01), respectively (Fig. 1B).

Next, we examined the effects of drug treatment on the survival time of the mutant G93A mice.
We found that the curve of the survival time was similarly shifted to the right by lithium or
VPA treatment, and further shifted by lithium plus VPA cotreatment (Fig 2A). The mean
survival times were found to be 124.8 + 3.2 days for the control group, 135.3 + 2.1 days for
the lithium group (p = 0.063), 137.7 + 4.2 days for VPA group (p = 0.048) and 143.3 + 4.1
days for the lithium plus VPA group (p = 0.005) (Fig 2B). There was also a statistical
significance (p=0.045) between the groups of lithium plus VPA vs lithium alone.

The neurological deficits were then evaluated in the course of disease progression in G93A
mice. Around 120 days of age, the vehicle-treated G93A mice showed severe body weakness
and loss of hindlimb muscle mass, in comparison with the mice treated with lithium plus VPA
(Fig. 3A). We also assessed the rotarod performance by measuring the retention time on the
rotating rod in vehicle- and drug-treated animals. In the control group, the retention time
decreased as age progressed in these G93A mutant mice with a near complete loss of
competence around 125 days. The curve of the retention time was shifted to the right by
monotreatment with lithium or VPA, and further shifted by cotreatment with lithium and VPA
(Fig. 3B). Similar right shift phenomena by drug treatments were observed when the overall
deficit scores of motor dysfunction were assessed by five independent behavioral tests and
plotted against the age of the mutant mice (Fig. 3C).

Lithium and VPA cotreatment in cultured rat brain neurons and normal mice induces enhanced
GSK-3 serine phosphorylation and hence inhibition of GSK-3 activity (Leng et al., 2008).
Because the neuropathology of ALS affects the functions of not only spinal cord motor neurons,
but also brain neurons (Phukan et al., 2007), we performed immunohistochemical staining of
phospho-GSK-3ps€™ using tissue sections derived from the brain and lumbar spinal cord of
G93A mice. In both cases, the stainings were weak in the sections of the control mice, became
detectable in the mice treated with lithium or VPA, and were markedly enhanced in the animals
subjected to cotreatment with both drugs (Fig. 4A and B). Quantification of the number of
phospho-GSK-3pSer-positive cells revealed that lithium and VPA cotreatment induced a more
than additive increase in the brain and spinal cord sections, compared with treatment with
lithium or VPA alone (Fig. 4C and D).
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Discussion

The present study compared the effects of combined treatment with two mood stabilizers,
lithium and VVPA, with those of monotreatment with either drug in the SOD1 G93A mouse
model of ALS. We showed that combination of lithium and VPA was more consistent than
lithium or VPA alone in delaying the onset of motor dysfunction, prolonging survival-time
and reducing neurological deficits. Although lithium and VPA have been tested previously in
SOD-1 transgenic ALS mice, this is the first combinatorial approach using mood stabilizers
to study the beneficial effects in ALS mice.

Our results showed only marginal effects of lithium or VPA alone in the onset of disease
symptoms, life span and degree of motor deficits. We also found that higher doses of LiCl
(e.9., 120 mg/kg, i.p.) was toxic to the mutant mice, while lower doses of VPA (e.g., 200 or
100 mg/kg, i.p.) were less effective than the current dose (300 mg/kg, i.p.) used. Previous
studies reported inconsistent effects of mood stabilizers on these parameters. For example,
lithium was shown to have highly significant benefits on motor deficits and life span in one
study (Fornai et al., 2008), but displayed little beneficial effects in another study (Shin et al.,
2007). On the other hand, pre or post-symptomatic VPA treatment was reported to prolong
disease duration (i.e. life span), but had no effect on the onset of motor symptoms in G93A
mice containing low copies of the mutant gene (Sugai et al., 2004). A more recent study using
SOD-1 G86R ALS mice reported that VPA treatment robustly restores the loss of levels of
acetylated histone-H3 and cyclic AMP response element binding protein (CREB) binding
protein (CBP), and rescues motor neurons from death (Rouaux et al., 2007). However, the
mean survival time of the treated animal is not significantly prolonged, and the onset of motor
decline is only slightly improved. The inconsistency among these independent studies likely
arises from variations in the drug dosing, treatment time and methods of administrations (e.g.
injection, needle feeding, dietary treatment, or drinking water delivery). The number of copies
of mutant SOD-1 gene as well as the strain of the transgenic ALS mouse used may also
contribute to the discrepancies in observations. Based on our data, we suggest that combined
treatment with lithium and VPA is a rational strategy to obtain more consistent and robust
beneficial effects in behavioral improvement and life span prolongation. Thus, clinical trials
using lithium and VPA in combination seem to be warranted.

The potentiated beneficial effects of lithium and VPA cotreatment were accompanied by
enhanced immunostaining of phospho-GSK-3pS€ in brain and lumbar spinal sections. In this
context, increasing evidence supports that non-motor systems are also affected in ALS, as
characterized by cognitive impairment and neural frontotemporal dysfunction (Phukan et al.,
2007). It has been shown that lithium and VVPA through initial actions on GSK-3 and HDACs,
respectively, potentiate GSK-3 serine phosphorylation, resulting in synergistic neuroprotective
effects (Leng et al., 2008). GSK-3 inhibition, elicited by enhanced GSK-3 serine
phosphorylation or other mechanisms, is expected to activate or inhibit an array of transcription
factors, causing upregulation of neuroprotective and/or neurotrophic proteins but
downregulation of pro-apoptotic proteins (Rowe et al., 2007). Among the critical proteins
induced through GSK-3 inhibition are heat shock protein 70 (Ren et al., 2003), Bcl-2 (Liang
and Chuang, 2006) and brain-derived neurotrophic factor (Yasuda et al., 2007). VPA and
another HDAC inhibitor, phenylbutyrate, have also been shown to upregulate Bcl-2 in G86R
and G93A ALS mice (Ryu et al., 2005; Rouaux et al., 2007). Recent microarray analysis
revealed that the course of disease progression in G93A mice is associated with marked
transcriptional repression of genes involved in transcriptional and metabolic functions, and
increased expression of cyclins functioning in cell cycle regulation (Ferraiuolo et al., 2007).
Clearly, further studies are necessary to identify the set of genes critically involved in the
beneficial actions of combined treatment with lithium and VPA.
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Abbreviations

ALS

amyotrophic lateral sclerosis
Bcl-2

beta cell lymphoma-2
CBP

CREB binding protein
CREB

cyclic AMP response element binding protein
GSK-3

glycogen synthase kinase-3
HDAC

histone deacetylase
i.p

intraperitoneally
PBS

phosphate-buffered saline
SOD1

superoxide dismutase-1
VPA

valproic acid
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Fig. 1.

Effects of treatments with lithium and/or VPA on the onset of motor dysfunction in SOD-1
G93A ALS mice. Mutant G93A mice were twice daily i.p. injected with vehicle (normal saline),
lithium (60 mg/kg), VPA (300 mg/kg), or lithium plus VVPA, starting from 30 days after birth,
as described in the Experimental Procedures. The onset of neurological symptoms was defined
as the presence of a subtle deficit in any of the five behavioral tests employed. (A) Plots of
cumulative probability of the symptom onset against the age of the mutant mice in four groups.
(B) Quantified results of the onset times of motor deficits expressed as mean = SEM (n=6in
each group). *p<0.05, **p<0.01 between the indicated groups.
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Fig. 2.

Effects of treatments with lithium and/or VPA on the survival time in SOD-1 G93A ALS mice.
G93A ALS mice were treated with vehicle, lithium, VPA, or lithium plus VPA, as described
in the legend to Fig. 1. (A) Plots of cumulative probability of death against the age of the mutant
mice in the four groups. (B) Quantified results of the survival time expressed as mean + SEM
(n =6 in each group). *p<0.05, **p<0.01 between the indicated groups.
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Effects of treatments with lithium and/or VPA on motor deficits in SOD-1 G93A ALS mice.
G93A ALS mice were treated with vehicle, lithium, VPA, or lithium plus VPA, as described
in the legend to Fig. 1. (A) Representative photographs of mice treated with vehicle, or lithium
plus VPA around 120 days of age. Note the severe loss of hindlimb muscle mass in the vehicle-
treated mouse, compared with the mouse treated with lithium plus VPA. (B) Rotarod
performance was expressed as the retention time on the rotating rod vs the age of animals. Data
are mean + SEM (n = 6 in each of the groups of vehicle, lithium, VPA, and lithium plus VPA).
(C) Overall neurological deficit scores vs the age of animals. The total neurological deficits
were determined from five independent tests (rotarod performance, postural reflex, balance
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beam performance, screen grasping and tail suspension behavior). A total score of 18 represent

a complete loss of motor function. Data are mean + SEM (n = 6 in each of the four groups of
mice).
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Fig. 4.

Vehicle Lithium VPA Li#+VPA

Immunohistochemical staining of phospho-GSK-3pSer in the frontal cortex and lumbar spinal
cord sections of G93A ALS mice. ALS mice were treated with vehicle, lithium, VPA, or lithium
plus VPA as described in the legend to Fig. 1. The animals were killed around 90 days of age
and the brains and lumbar spinal cord were removed. Immunohistochemistry for phospho-
GSK-3p5¢" was performed in sections from each group, as described in the methods. Shown
are representative immunohistochemical stainings of phospho-GSK-3pS€r in the
corresponding areas in the frontal cortex (A) and lumbar spinal cord (B) of female mutant mice.
Arrows, phospho-GSK-3pSe™ immunopositive cells. Bar, 30 um. Quantifications of the
number of phospho-GSK-3p5¢™-positive cells were performed by counting the total cell
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number in 3 random fields of a given section. Data are mean + SEM from sections of the brain

(C) and lumbar spinal cord (D) derived from 6 G93A mutant mice in each group. *p<0.05,
**p<0.01 between the groups, using one-way ANOVA and the Bonferroni’s post test.
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