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Abstract

Lithium and valproic acid (VPA) are two primary drugs used to treat bipolar mood disorder and
have frequently been used in combination to treat bipolar patients resistant to monotherapy with
either drug. Lithium, a glycogen synthase kinase-3 (GSK-3) inhibitor, and VPA, a histone
deacetylase (HDAC) inhibitor, have neuroprotective effects. The present study was undertaken to
demonstrate synergistic neuroprotective effects when both drugs were coadministered.
Pretreatment of aging cerebellar granule cells with lithium or VPA alone provided little or no
neuroprotection against glutamate-induced cell death. However, copresence of both drugs resulted
in complete blockade of glutamate excitotoxicity. Combined treatment with lithium and VPA
potentiated serine phosphorylation of GSK-3 a and gisoforms and inhibition of GSK-3 enzyme
activity. Transfection with GSK-3a small interfering RNA (siRNA) and/or GSK-38 siRNA
mimicked the ability of lithium to induce synergistic protection with VPA. HDACL1 siRNA or
other HDAC inhibitors (phenylbutyrate, sodium butyrate or trichostatin A) also caused synergistic
neuroprotection together with lithium. Moreover, combination of lithium and HDAC inhibitors
potentiated B-catenin-dependent, Lef/Tcf-mediated transcriptional activity. An additive increase in
GSK-3 serine phosphorylation was also observed in mice chronically treated with lithium and
VPA. Together, for the first time, our results demonstrate synergistic neuroprotective effects of
lithium and HDAC inhibitors and suggest that GSK-3 inhibition is a likely molecular target for the
synergistic neuroprotection. Our results may have implications for the combined use of lithium
and VPA in treating bipolar disorder. Additionally, combined use of both drugs may be warranted
for clinical trials to treat glutamate-related neurodegenerative diseases.
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Introduction

Lithium and valproic acid (\VPA) are two first-line treatment drugs for bipolar disorder. The
mechanisms underlying their clinical efficacy, however, remain essentially unknown. One of
the common effects of lithium and VPA is their ability to protect against apoptotic insults /in
vitroand in vivo (for review, see Chuang, 2004a). For example, pretreatment with lithium or
VPA protects cultured brain neurons from glutamate-induced apoptosis (Nonaka et al., 1998;
Hashimoto et al., 2002; Leng and Chuang, 2006). These two drugs have also been shown to
display beneficial effects in cellular and animal models of neurodegenerative diseases such
as stroke, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, spinal cord injury,
spinal muscular atrophy, retinal degeneration, and human immunodeficiency virus-1
infection (for review, see Tariot et al., 2002; Chuang and Priller, 2006).

Lithium is known to directly inhibit glycogen synthase kinase-3 (GSK-3) activity (Klein and
Melton, 1996; Stambolic et al., 1996). GSK-3 is generally considered to have a proapoptotic
role, and its inhibition results in cytoprotection (for review, see Bijur and Jope, 2003; Doble
and Woodgett, 2003). Lithium also indirectly inhibits GSK-3 by triggering phosphorylation
of GSK-3a5¢r21/5¢19 (Chalecka-Franaszek and Chuang, 1999; De Sarno et al., 2002; Zhang
et al., 2003). VPA, also an anticonvulsant, has been reported to inhibit GSK-38 enzymatic
activity and induce GSK-35¢" phosphorylation in some, but not all, neurally related
systems (for review, see Rowe et al., 2007). Conversely, VPA is a direct inhibitor of histone
deacetylase (HDAC) (Géttlicher et al., 2001; Phiel et al., 2001). HDAC inhibitors, including
phenylbutyrate (PB), sodium butyrate (SB), and trichostatin A (TSA), cause chromatin
remodeling through histone hyperacetylation to regulate expression of neuroprotective/
neurotrophic proteins and proapoptotic/proinflammatory proteins (for review, see Langley et
al., 2005).

Several lines of evidence suggest that neuroprotective/neurotrophic effects of lithium and
VPA may be related to their clinical efficacy. Long-term lithium treatment increases total
gray matter content (Moore et al., 2000a) and enhances levels of A-acetylaspartate, a marker
of neuronal viability, in the brain of bipolar patients (Moore et al., 2000b). Moreover, bipolar
subjects with past lithium or VPA exposure tend to have greater amygdalar gray volume than
control patients without such an exposure (Chang et al., 2005). Interestingly, the loss of the
subgenual prefrontal cortex volume found in bipolar patients was essentially suppressed in
patients receiving protracted lithium or VPA (Drevets, 2001).

Despite the prominent roles of lithium and VPA in treating bipolar disorder, a significant
fraction of patients fails to show an adequate response to either drug. Combined treatment
with mood stabilizers has been a frequently used strategy to control bipolar syndromes
resistant to monotherapy. One of the most efficacious and safe mood stabilizer combinations
appears to be a mixture of lithium and anticonvulsants, notably VVPA (for review, see
Freeman and Stoll, 1998; Lin et al., 2006). The present study was undertaken to search for
an experimental paradigm in which the neuroprotective actions of lithium and VVPA or other
HDAC inhibitors can be dramatically potentiated and to determine whether GSK-3 is a
molecular target for the synergistic neuroprotection elicited by combined drug treatment.
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Materials and Methods

Primary cultures of cerebellar granule cells and drug treatment

Cerebellar granule cells (CGCs) were prepared from 8-d-old Sprague Dawley rats and
cultured as described previously (Nonaka et al., 1998), with some modification. Specifically,
the dissociated cells were resuspended in serum-free B27/neurobasal medium and plated at a
density of 1.2 x 108 cells/ml on 0.01% poly-L-lysine precoated plates. Cytosine
arabinofuranoside (10 4#M) was added to the cultures 24 h after plating to arrest the growth
of non-neuronal cells. Cultures were routinely pretreated with the indicated concentrations
of LiCl, sodium VPA, PB, SB, TSA, or a combination of lithium with any of the HDAC
inhibitors for indicated times, starting from 1 or 6 d /n vitro (DIV), and then exposed to 50
LM glutamate for 24 h to induce neurotoxicity. At the time of experimentation, >92% of
cells were CGC neurons.

Measurement of cell viability

To determine cell survival in a quantitative colorimetric assay, the mitochondrial
dehydrogenase activity that reduces 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT) was assayed (Nonaka et al., 1998). CGCs cultured on 96-well plates were
incubated with MTT (125 g/ml) added directly to the growth medium for 1 h at 37°C. The
medium was then aspirated, and the formazan product was dissolved in dimethylsulfoxide
and quantified spectrophotometrically at 540 nm. The results are expressed as a percentage
of viability of the control culture.

Lactate dehydrogenase assay

Cell viability was also quantified with a cytotoxicity detection kit that measures lactate
dehydrogenase (LDH) release according to the instructions of the manufacturer (Roche
Applied Science, Indianapolis, IN). Briefly, an aliquot of 100 /4 of culture medium was
taken from the CGC culture grown on a 96-well plate and incubated with the substrate. Total
cellular LDH was determined in lysed control cells and compared with LDH levels in treated
cell lysates. LDH release into the medium was expressed as a percentage of total LDH.

Analysis of chromatin condensation

Chromatin condensation was detected by staining of cell nuclei with Hoechst dye 33258.
CGCs grown on six-well plates were washed with ice-cold PBS and fixed with 4%
formaldehyde in PBS. Cells were then stained with Hoechst 33258 (5 wg/ml) for 5 min at
4°C. Nuclei were visualized under an inverted fluorescence microscope at a wavelength of
360 nm.

Western blotting

CGC neurons cultured in six-well plates were detached by scraping and then sonicated for
30 s in lysis buffer, as described previously (Leng and Chuang, 2006). Protein concentration
was determined with a BCA protein assay kit (Pierce, Rockford, IL). Aliquots containing
equal amounts of protein (10 1g) from each sample were mixed with an equal volume of
SDS sample buffer, loaded into a 4-12% Nupage Bis-Tris gel, and then subjected to

J Neurosci. Author manuscript; available in PMC 2017 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leng et al. Page 4

electrophoresis. After separation, proteins were transferred to a polyvinylidene difluoride
membrane, which was incubated for 1 h with a primary antibody against p53 (1: 1000),
GSK-3a/Bantibody (1:2000), p-catenin (1:3000) (all from Santa Cruz Biotechnology, Santa
Cruz, CA), phospho-GSK-3a5€"21/45¢r9 (1: 1000, Cell Signaling, Beverly, MA), acetylated
histone-H3 against both Lys9 and Lys14 acetylation (1:3000), acetylated histone-H3 against
Lys9 acetylation (1:2000), acetylated histone-H3 against Lys14 acetylation (1: 2000),
HDAC1 antibody (1:1000) (all from Millipore, Temecula, CA), phospho-TauSer400,
phospho-Tau™"205 and total Tau (1:1000; Invitrogen, Carlsbad, CA), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:5000; Advanced Immunochemical, Long Beach,
CA), or B-actin (1:5000; Sigma, St. Louis, MO), in 0.01% Tween 20/PBS and then with an
HRP-labeled secondary antibody (1:2000; GE Healthcare, Little Chalfont, UK). The reactive
bands were visualized by detecting chemiluminescence on the membrane.

Cortical neuronal culture

Neuron-enriched cerebral cortical cells were prepared from the cerebral cortex of 17-d-old
Sprague Dawley rat embryos, as described previously (Leng and Chuang, 2006). Briefly,
cortices were dissected from embryonic brain, and the meninges were removed. The cells
were dissociated by trypsinization and trituration, followed by DNase treatment. Dissociated
cells were resuspended in serum-free B27/neurobasal medium and plated at a density of 3 x
10° cells/cm? on dishes precoated with 0.01% poly-L-lysine. The cells were maintained at
37°C in the presence of 5% CO» and 95% air in a humidified incubator. At 6 DIV, cortical
neurons were treated with lithium and/or VPA for 24 h for the determination of levels of
phospho-GSK-3a5¢r21/ 45 and phospho-TauSer400,

GSK-3g kinase activity assay

GSK-3g activity was measured in a cell-free system, using an immune complex kinase
assay. Lysates from CGCs at 7 DIV were prepared in lysis buffer as described previously
(Leng and Chuang, 2006). An aliquot of 100 1g of protein extract was incubated at 4°C
overnight with 2 yg of the anti-GSK-38 antibody (1:200; BD Bioscience, Palo Alto, CA).
The immunocomplex was bound to protein G Sepharose (GE Healthcare) by incubation at
4°C for 2 h and then washed three times with kinase assay buffer (Cell Signaling
Technology). Phosphorylation of a typical GSK-3 substrate (Cell Signaling Technology) by
the kinase was performed by incubation for 30 min at 37°C in 40 x4l of reaction mixture,
containing 2 g of substrate, 30 mM Tris-HCI, pH 7.5, 1 4Ci [-32P]ATP, 4 mM MgCls, 2.5
mM pg-glycerophosphate, 1 mM DTT, 0.05 mM NazVOy, 40 tg/ml bovine serum albumin,
100 M ATP, and GSK-38 immunocomplex in the absence or presence of 3 mM LiCl, 0.8
mM VPA (sodium salt), or a combination of lithium and VVPA. The 32P-labeled peptides
were recovered on a p81 phosphocellulose paper, washed three times with 0.8% phosphoric
acid, and counted with a liquid scintillation counter.

Transfection of small interference RNA specific for GSK-3a, GSK-3p, or HDAC1

CGCs were transfected with 100 nM GSK-3a, GSK-36, HDAC1, or scrambled small
interference RNA (siRNA) immediately before plating using electroporation with the
Nucleofector apparatus in conjunction with a Rat Neuron Nucleofector kit (Amaxa,
Gaithersburg, MD) according to the instructions of the manufacturer. The sequence for rat
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GSK-3a siRNA (aP1269) is CTTCAGTCCTGGTGAACTT, whereas that for rat GSK-343
(BP555) is CCTCTTGCTGGATCCTGAT, as described previously (Liang and Chuang,
2006). Rat HDAC1-targeted siRNA was purchased from Dharmacon (Lafayette, CO). A
scrambled siRNA (Dharmacon) was used as an RNA interference control for all SiRNA
transfection experiments.

Transfection of GSK-3a and GSK-3p plasmid constructs

Wild-type GSK-3a (hGSK-3a/pMT2) and a dominant-negative mutant of GSK-3a
(hGSK-3a/pMT2-KR) were obtained from Dr. Peter S. Klein (University of Pennsylvania
School of Medicine, Philadelphia, PA) with the permission of Dr. James R. Woodgett
(Ontario Cancer Institute, Toronto, Ontario, Canada). Wild-type GSK-38 (pAdTrack-CMV-
GSK-3p) was supplied by Dr. Ratan V. Bhat (AstraZeneca R & D, Sodertélje, Sweden). Two
dominant-negative mutants (pAdTrack—-CMV-GSK-33-K85R and pAdTrack-CMV-
GSK-38-R96A) for GSK-38 were generated using the QuikChange 11 site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Transfection of GSK-3 expression vectors (wild-
type or dominant-negative mutants) into CGC neurons was conducted at the time of plating
using the Nucleofector apparatus (Amaxa), according to the instructions of the manufacturer.
The transfection efficiencies were ~30%. Enhanced green fluorescence protein (eGFP) was
cotransfected to ensure that the transfection efficiencies were similar between drug-treated
and untreated cultures.

Preparation of nuclear proteins

CGCs cultured in six-well plates for 7 d were washed once with PBS and then buffer A (20
mM HEPES, pH 7.5, 10 mM KCI, 1 mM MgCls, 0.02% Triton X-100, 1 mM EGTA, 0.5
mM DTT, 2 mM NagVOy,, 50 mM sodium fluoride, 100 ¢M phenylmethylsulfonyl fluoride,
10 rg/ml leupeptin, 10 Lg/ml aprotinin, 5 pg/ml pepstatin A, and 1 nM okadaic acid). Cells
were then lysed in buffer A with 20 strokes using a Dounce homogenizer. Cell lysates were
collected by centrifugation (1000 x g for 10 min) at 4°C in a microcentrifuge tube. The
nuclear pellet was washed two times by gently resuspending in 200 /1 of wash buffer (10
mM HEPES, pH 7.5, 1 mM MgCl,, 1 mM EGTA, 25 mM NaCl, 2 mM NazgVOy, 50 mM
sodium fluoride, 100 M phenylmethylsulfonyl fluoride, 10 pg/ml leupeptin, 10 rg/ml
aprotinin, and 5 pg/ml pepstatin A) and centrifuging again at 1000 x g. Nuclei were then
lysed in high-salt buffer (buffer A containing 5.0 M NaCl), and 20 yg of protein were loaded
into each lane for Western blotting analysis, using an antibody against S-catenin, or
GAPDH, as described in the preceding section.

Lef/Tcf promoter activity assays

A luciferase construct containing three wild-type Lef binding sites (Lef-OT) was a kind gift
from Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD). CGCs were
transfected with the Lef-OT reporter construct immediately before plating using
electroporation with the Nucleofector apparatus (Amaxa), according to the instructions of
the manufacturer. The transfection efficiencies were ~30%. eGFP and secreted alkaline
phosphatase were cotransfected to ensure that the transfection efficiencies were similar
between drug-treated and untreated cultures. Six days after transfection, cultures were
treated with the indicated concentrations of drugs for 24 h. Cells were then harvested, lysed,
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and assayed for luciferase activity using the luciferase reporter assay system (Promega,
Madison, WI). Data were collected with a luminometer (Packard Lumicount; Global
Medical Instrumentation, Ramsey, MN). As a control for the luciferase basal expression, an
empty vector (promoterless plasmid) was also cotransfected, and the relative activity of
luciferase was calculated.

Lef-OT cell culture

Lef-OT cell line was a kind gift from Dr. Peter S. Klein. The OT cell line was derived by
stable transfection of human embryonic kidney 293 (HEK 293) cells with a reporter (OT-
luciferase) containing three wild-type Lef binding sites regulating luciferase expression.
Cells were selected and maintained in DMEM supplemented with 10% fetal bovine serum
and 0.04% G418, an antibiotic used for the selection of eukaryotic cells stably transfected
with neomycin resistance genes. After reaching 60-70% confluency, cells were treated with
the indicated concentration of drugs and then lysed in reporter lysis buffer for luciferase
activity assay (Promega).

Animals and animal treatments

All procedures were performed in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. Two-month-old male CD-1 mice
(20-25 g; Charles River, Wilmington, MA) were housed with three to four animals per cage
with ad libitum access to water and food under a 12 h light/dark cycle. Aftera 7 d
acclimation period, mice were fed with a chow containing bacon flavor alone, bacon lithium
carbonate (3 g/kg), bacon sodium VPA (25 g/kg), or a combination of bacon lithium
carbonate and sodium VPA. The control and drug-containing chows were purchased from
Bio-Serv (Frenchtown, NJ). These doses of lithium and VVPA were chosen because they
produced serum drug levels within therapeutic concentrations (Einat et al., 2003). Mice were
killed after dietary treatment for 20 d. The brains were removed and dissected, followed by
homogenization and sonication for 40 s in lysis buffer as described previously (Leng and
Chuang, 2006). An aliquot of 15 £g of total protein extract was used for Western blot
detection.

Statistical analyses

Results

Data are expressed as means + SEM from at least three independent experiments. Statistical
significance was analyzed by one-way ANOVA and the Bonferroni’s post hoc test. A pvalue
of <0.05 was considered significant.

Pretreatment of CGCs with lithium and VPA provides neuroprotection against glutamate
excitotoxicity in young but not aging cultures

CGCs developed, matured, and aged in cultures. We thus compared the vulnerability of
young versus aging CGC cultures to glutamate and their responsiveness to lithium and VPA
pretreatment. Young CGCs were pretreated with various concentrations (0.5-3 mM) of LiCl
for 6 d (from 1 to 7 DIV) and then exposed to 50 1M glutamate for 24 h (7 to 8 DIV) to
induce excitotoxic death. Glutamate exposure induced ~50% neuronal death as measured by
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MTT assay, and this excitotoxicity, which was NMDA receptor-mediated, was prevented by
lithium pretreatment in a concentration-dependent manner (Fig. 1A4). However, pretreatment
of aging CGCs with lithium (from 6 to 12 DIV) failed to effectively protect against 50 /M
glutamate (24 h, 12-13 DIV) excitotoxicity, which was more severe (~80%) than that
observed in young cultures. Similar stage-dependent /n7 vitro neuroprotection was found with
VPA in the concentration range examined (0.1-0.8 mM) (Fig. 15). Because the maturing
cultures (7-8 DIV) were more resistant than the aging cultures (12-13 DIV) to glutamate-
induced insult, we examined whether the neuroprotection elicited by mood stabilizers was
attributable to the relatively weak excitotoxicity (Fig. 1C). The results show that either
lithium or VVPA pre-treatment remained highly effective in suppressing excitotoxicity elicited
by glutamate in a wide concentration range (50-800 4#M) in the young cultures.

Synergistic neuroprotection by cotreatment with lithium and VPA in aging CGC cultures

The presence of 0.8 mM VPA with LiCl during preincubation of CGCs from 6 to 12 DIV
caused a concentration-dependent potentiation of the neuroprotection against excitotoxicity,
reaching 60, 90, and 100% of the cell viability at 1, 2, and 3 mM lithium, respectively (Fig.
2A). Similarly, the presence of VPA with 3 mM lithium during pre-incubation resulted in a
dose-dependent synergistic neuroprotection that reached a complete rescue at 0.8 mM (Fig.
2B). Measurement of cell death by LDH release confirmed the synergy in neuroprotection
elicited by cotreatment with lithium (3 mM) and VPA (0.8 mM) (Fig. 2C). Previously, we
showed that glutamate-induced excitotoxicity in CGCs involves p53 upregulation (Chen and
Chuang, 1999; Chen et al., 2003). The glutamate-induced increase of p53 protein level was
unaffected by treatment with either lithium or VVPA alone but was blocked by their
cotreatment (Fig. 2D).

Morphological evidence for synergistic neuroprotection by lithium and VPA

CGCs were pretreated with lithium (3 mM) or VPA (0.8 mM) either alone or in combination
from 6 to 12 DIV, followed by glutamate (50 M) exposure for 24 h. When viable cells were
detected by incubation with calcein-AM, little or no neuroprotection was elicited by either
lithium or VPA; however, we observed synergistic neuroprotection when both drugs were
present (Fig. 3A4). Similar synergy in neuroprotection was observed when CGC cultures
were stained with MTT, which labels viable neuronal cell bodies and processes (Fig. 35).
When Hoechst 33258 dye was used to identify neurons undergoing chromatin condensation,
a hallmark of apoptosis, synergistic neuroprotection against glutamate-induced apoptosis
was also evident (Fig. 3C).

Lithium and VPA cotreatment potentiates GSK-3 activity inhibition

GSK-3 is an evolutionary conserved kinase consisting of a and gisoforms and involved in
the phosphorylation of an array of proteins, notably transcription factors (for review, see
Grimes and Jope, 2001). Lithium inhibits GSK-3 activity by binding to the magnesium-
sensitive active site of the enzyme (Klein and Melton, 1996; Stambolic et al., 1996) and also
indirectly through inducing phosphorylation of GSK-3a5¢"2! and GSK-345¢™ (Chalecka-
Franaszek and Chuang, 1999; De Sarno et al., 2002; Zhang et al., 2003). Emerging evidence
supports the idea that GSK-3 inhibition is involved in the neuroprotective effects of lithium
(Bhat et al., 2000; De Sarno et al., 2002; Li et al., 2002; Phiel et al., 2003; Liang and
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Chuang, 2007). Therefore, we first examined the effects of VPA on levels of lithium-induced
GSK-3al/B serine phosphorylation (Fig. 4). Levels of phospho-GSK-3/5¢'9, the predominant
phosphorylated GSK-3 isoform present in CGCs, were markedly enhanced by lithium
treatment for 30 min, 1 d, or 3 d (Fig. 4A-C). VPA treatment failed to change basal
GSK-35¢" phosphorylation levels but did potentiate lithium-induced increase in
GSK-3/5¢ phosphorylation at all three time points. Relatively weak levels of phospho-
GSK-3a5e21 were also detected in the untreated conditions, which were enhanced by
lithium treatment. Similar to the effects on GSK-345¢™ phosphorylation, the copresence of
VPA potentiated the effects of lithium on phospho-GSK-3a5¢"21, notably after treatment for
3d(Fig. 40).

Because GSK-3 is a major kinase that phosphorylates the cytoskeletal protein Tau (Hong et
al., 1997), the effects of lithium and/or VPA on Ser/Thr phosphorylation levels of Tau were
also examined. Treatment with lithium or VVPA decreased levels of p-TauSer00 by 50 or
40%, respectively, whereas cotreatment with both drugs decreased the phosphorylation
levels by almost 90% (Fig. 5A,B). Cotreatment with lithium and VVPA also reduced phospho-
TauThr205 Jevels more than either drug alone. In rat cortical neurons, cotreatment with
lithium and VPA for 1 d starting from 6 DIV also increased phospo-GSK-3aSe21/45€r9 and
decreased phospho-TauSe™00 more than either drug alone (Fig. 5C). Finally, effects of
lithium and VPA on the enzyme activity of GSK-34 were examined in a cell-free system.
GSK-38 protein was immunoprecipitated from CGC lysates using an anti-GSK-34 antibody,
and the immunocomplex was assayed for the ability of GSK-38to phosphorylate its protein
substrate. The GSK-38 enzymatic activity was inhibited >40% by lithium and >20% by
VPA, whereas the copresence of lithium and VPA inhibited the activity by ~70% (Fig. 5D).

Silencing GSK-3 mimics lithium-induced potentiation of neuroprotection in the presence of

VPA

Because lithium alone failed to elicit neuroprotection against glutamate excitotoxicity in
aging CGCs, we first examined whether this inability is related to the ineffectiveness of
lithium to inhibit GSK-3. CGCs at 3, 6, or 13 DIV were treated with 3 mM LiCl for 30 min,
and then levels of phospho-GSK-345¢" were measured. Basal phospho-GSK-345¢™ [evels
were found to be decreased in a culture-time-dependent manner (Fig. 6A4,5). These results
are reminiscent of age-induced dephosphorylation of phospho-GSK-34%¢ in rat cortical
neurons (Liang and Chuang, 2007) and suggest an increase in GSK-34 activity. Moreover,
lithium-induced elevation of phospho-GSK-34%¢" also diminished with the age of the
culture, notably from 6 to 13 DIV. The dose responses of lithium-induced increase in
phospho-GSK-34%¢ and neuroprotection in aging CGCs were also studied. The optimal
dose of lithium to increase phospho-GSK-34% and to rescue neurons from glutamate
excitotoxicity remained at 3 mM (Fig. 6 C—£), thus indicating that the decreased response of
GSK-3 to lithium cannot be overcome by increasing the concentration of this drug.

Although GSK-3 is likely the major target of lithium to elicit neuroprotection, other targets
of this drug have also been suggested for other actions (for review, see Gould et al., 2004;
Chuang and Priller, 2006; Rowe et al., 2007). To provide additional evidence that synergistic
neuroprotection provided by lithium and VPA is related to GSK-3 inhibition, CGCs were

J Neurosci. Author manuscript; available in PMC 2017 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leng et al.

Page 9

transfected with GSK-3a siRNA and/or GSK-38 siRNA before plating, followed by
treatment with 0.8 mM VPA for 6 d starting at 6 DIV. Our previous study has shown that
these siRNAs for GSK-3a and GSK-38 are isoform specific in silencing their expression in
rat cortical neurons (Liang and Chuang, 2007). Consistent with these results, transfection of
CGCs with a mixture of GSK-3a siRNA and GSK-38 siRNA caused a marked reduction in
protein levels of both GSK-3 isoforms measured 6 d later (Fig. 7.4). Treatment with either
GSK-3a siRNA or GSK-3siRNA alone failed to show neuroprotection against glutamate
excitotoxicity (Fig. 758). However, exposure to GSK-3a siRNA or GSK-35siRNA followed
by VPA treatment caused a significant increase in cell viability from ~20 to 50% in
glutamate-treated cells, whereas the scrambled siRNA, used as a control, was ineffective. In
CGC cultures transfected with a mixture of GSK-3a siRNA and GSK-38siRNA in
conjunction with VPA treatment, an additional increase in cell viability to nearly 80% was
observed. Thus, silencing the expression of GSK-3a and/or GSK-34 together with VPA
treatment mimics the synergistic effects of lithium and VPA in neuroprotection. Similar
results were observed when a dominant-negative mutant of GSK-3a, pMT2-KR, was used to
replace GSK-3a siRNA and a dominant-negative mutant of GSK-34, K85R, was used to
replace GSK-38 siRNA (data not shown). In another experiment, the synergistic
neuroprotective effects of lithium and VVPA were found to be reduced by overexpressing
wild-type GSK-3a or GSK-38 but, as expected, unaffected by overexpression of a
dominant-negative mutant of GSK-3a, pMT2-KR, or two dominant-negative mutants of
GSK-38, K85R and R96A (Fig. 7C). Neither wild-type nor dominant-negative mutants of
GSK-3a and GSK-3g alone significantly affected glutamate-induced neuronal death.
Together, these results lend additional support to the view that GSK-3 is a molecular target
for lithium and VVPA to induce synergy in their neuroprotective actions.

Pretreatment with lithium and HDAC1 siRNA or other HDAC inhibitors also induces
synergies in neuroprotection

Because VPA is an inhibitor of HDAC, we attempted to investigate whether the synergy in
neuroprotection is related to this ability. Our recent study showed that silencing the
expression of HDACL1 isoform with its specific SiRNA mimics the ability of VPA to activate
BDNF promoter IV in rat cortical neurons (Yasuda et al., 2008). Therefore, we first tested
the effects of HDAC1 siRNA on neuroprotection against glutamate excitotoxicity.
Transfection of CGCs with HDAC1 siRNA before plating resulted in a marked decrease in
HDAC1 protein level measured 6 d later (Fig. 84). Treatment with HDAC1 siRNA alone
failed to protect against glutamate excitotoxicity in aging CGCs (Fig. 8 8). Howevetr,
HDAC1 siRNA in conjunction with subsequent lithium treatment caused robust
neuroprotection. In contrast, treatment with the scrambled control siRNA had no effect.
Next, we examined the effects of PB and SB, which are fatty acid derivatives that are
structurally similar to VPA. Reminiscent to the effects of VVPA, preincubation with PB or SB
(from 6 to 12 DIV) induced limited protection of CGCs against glutamate excitotoxicity
(Fig. 8C,D). More importantly, preincubation with lithium in conjunction with PB or SB
completely protected CGCs from excitotoxicity. Like VPA, PB and SB did not change
GSK-3a5€"21/85¢19 phosphorylation levels but potentiated lithium-induced serine
phosphorylation levels of GSK-3a/g, after a 1 d treatment (Fig. 8 £~A)). Similar synergism in
neuroprotection and potentiation in lithium-induced GSK-3a5¢21/45¢1 phosphorylation was

J Neurosci. Author manuscript; available in PMC 2017 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leng et al. Page 10

observed when TSA, a hydroxamate, was used as an HDAC inhibitor during pretreatment
(Fig. 9A-0).

HDAC inhibitors potentiate lithium-induced activation of Lef/Tcf-dependent transcription

Inhibition of GSK-3 activity results in a decrease in the phosphorylation of its substrate -
catenin and hence stabilization of this transcription factor (Hedgepeth et al., 1997). -
Catenin then accumulates in the cytoplasm and translocates to the nucleus with another
transcription factor Lef/Tcf to activate transcription (Barker et al., 2000). Therefore, we
investigated the effects of lithium and/or VPA on Lef/Tcf-dependent transcription. CGCs
were transfected by electroporation with a firefly luciferase reporter containing three wild-
type Lef binding sites (Lef-OT) before plating and then treated with lithium (3 mM) and/or
VPA (1-4 mM) for 24 h (6 to 7 DIV). Treatment with either lithium or VVPA alone resulted
in a fivefold to sevenfold increase in Lef-luciferase activity (Fig. 10A4). Cotreatment with
lithium and VPA elicited a more than additive increase in the activation of Lef-luciferase
activity at 2, 3, and 4 mM. We next determined levels of B-catenin proteins in nuclei isolated
from CGCs after drug treatment. As expected, incubation with lithium (3 mM) for 1 d
enhanced nuclear B-catenin levels, and this effect was enhanced by cotreatment with VPA

(Fig. 108).

It has been reported that VVPA at relatively high concentrations activates Lef/Tcf-dependent
transcription and induces synergism with lithium when equal concentrations of both drugs
are present in HEK 293 cells (Phiel et al., 2001). We thus studied activation of Lef-
dependent transcription by lithium and VPA or other HDAC inhibitors. Treatment of HEK
293 cells with lithium for 24 h caused a concentration-dependent increase in Lef-luciferase
activity with a >30-fold increase at 20 mM (Fig. 11.4). Incubation with VVPA also induced a
similar dose-dependent increase in Lef-luciferase activity, and the presence of both VPA and
lithium together at equal concentrations triggered a synergy (up to 170-fold) in Lef-
dependent transcription (Fig. 115), reminiscent of the previously reported results (Phiel et
al., 2001). We further expanded the above results to show that similar synergism with
lithium occurred when other HDAC inhibitors (PB and TSA) were used in combination with
lithium during incubation (Fig. 11C, D). Together, these results further suggest that the
GSK-3-mediated p-catenin/Lef signaling cascade contributes to the synergism in
neuroprotection elicited by cotreatment with lithium and an HDAC inhibitor.

Effects of lithium on HDAC inhibitor-induced histone acetylation

Given that HDAC is a target of VPA, we also examined whether the presence of lithium
causes a synergy of HDAC inhibition with VVPA or other HDAC inhibitors. Treatment of
CGCs with VPA for 24 h (from 6 to 7 DIV) induced a marked increase in levels of histone-
H3 Lys9 and Lys14 acetylation, suggesting HDAC inhibition (Fig. 12A). Although lithium
by itself failed to change histone Lys9 and Lys14 acetylation levels, it slightly enhanced
VPA-induced histone-H3 acetylation, when used in combination. Qualitatively similar
results were obtained when levels of histone acetylation at either Lys9 or Lys14 were
separately measured using antibodies that specifically recognize histone acetylation at either
residue. Similar slight potentiation of histone acetylation was observed when other HDAC
inhibitors (SB, PB, and TSA) were used in conjunction with lithium (Fig. 12B8-D).
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Effects of chronic treatment with lithium and/or VPA on levels of phospho-GSK-345¢"

To assess the effects of mood stabilizers /n vivo, mice were subjected to dietary treatment
with lithium carbonate (3 g/kg) and/or VPA (25 g/kg) for 20 d. Western blotting analysis
revealed that lithium markedly increased the levels of phospho-GSK-345¢" in the lysate of
the frontal cortex (Fig. 13A4,C). VPA treatment also significantly increased cortical phospho-
GSK-35¢" |evels but to a lesser extent, whereas cotreatment with lithium and VPA elicited
a more than additive effect. Similar potentiation of GSK-345¢™ phosphorylation was
observed in the cerebellum of these mice treated with lithium and/or VVPA (Fig. 13B8,D).

Discussion

In this study, we showed for the first time that cotreatment of CGCs with lithium and VPA
induced synergistic neuroprotective effects in a time-dependent manner. Thus, pretreatment
with either drug alone provided little or no neuroprotection against glutamate-induced
excitotoxicity in aging CGCs, whereas their copresence produced a complete blockade of
glutamate-induced neuronal death, as assessed biochemically and morphologically. Our
results demonstrated that potentiation of GSK-3 inhibition is closely associated with the
synergy of neuroprotection. For example, the presence of VPA enhanced lithium-induced
increase in GSK-3a5€"21/45€r9 phosphorylation in both CGCs and cortical neurons. Lithium
and VPA cotreatment caused an additive decrease in GSK-3 activity in CGCs, as assayed by
TauSer400 and TauT"r205 phosphorylation levels in intact cells and GSK-38 enzymatic
activity in a cell-free system. Furthermore, chronic treatment of mice with therapeutic doses
of lithium and VPA also resulted in an additive increase in phospho-GSK-3aSer2l/g5er9
levels in the frontal cortex and cerebellum. It is generally believed that GSK-3 inhibition has
a neuroprotective role and is most likely a major mechanism responsible for the
neuroprotective effects of lithium (De Sarno et al., 2002; Li et al., 2002; Chen et al., 2004;
Liang and Chuang, 2007). Thus, potentiation of GSK-3 inhibition by the combination of
lithium and VVPA treatment appears to be an important target involved in the synergism of
neuroprotection. This notion is further supported by our observation that transfection with
siRNAs or dominant-negative mutants for GSK-3a and/or GSK-38 mimicked the
synergistic neuroprotection of lithium with VPA and that overexpression of wild-type
GSK-38 suppressed the synergistic effects of these mood stabilizers.

Research on the effects of VPA on GSK-3 activity has generated inconsistent results. VPA
inhibits GSK-3 through an increase in GSK-3 serine phosphorylation (Chen et al., 1999;
Kim et al., 2005; Kozlovsky et al., 2006) and suppresses GSK-3 activity in neuroblastoma
cells overexpressing GSK-3p, as assessed by Tau phosphorylation (Grimes and Jope, 2001).
In contrast, other studies suggested that this drug fails to affect GSK-3 activity (Phiel et al.,
2001; Hall et al., 2002; Eickholt et al., 2005; Jin et al., 2005). In CGCs, VPA alone did
inhibit GSK-3 activity, although the drug did not seem to affect the levels of GSK-3a and
GSK-3p serine phosphorylation, in contrast to an increase in the phosphorylation found in
the mouse brain after VPA dietary treatment. Together, these results suggest that the effects
of VPA on the GSK-3 activity and the regulatory mechanisms, such as its serine
phosphorylation, depend on the experimental paradigms and conditions used.
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Transfection of CGCs with HDAC1 siRNA mimicked the ability of HDAC inhibitors to
synergistically protect neurons in the presence of lithium, suggesting that at least this HDAC
subtype is involved. The potentiation of lithium-induced GSK-3 serine phosphorylation and
neuroprotection by VPA is also mimicked by lithium combination with structurally similar
HDAC inhibitors PB and SB and structurally dissimilar TSA, a hydroxamate. These results
suggest that the potentiation is a common feature for all HDAC inhibitors examined and that
HDAC inhibition is one of the initial actions of VPA and other HDAC inhibitors.
Cotreatment of HDAC inhibitors with lithium appeared to have only slight effects on HDAC
inhibitor-induced histone hyperacetylation. However, given that Western blotting measures
genome-wide levels of histone acetylation in bulk chromatin and that HDAC inhibitors are
likely to affect a small fraction of nucleosomes to regulate gene transcription, additional
experiments are necessary to address the issue regarding the roles of HDAC-regulated genes
in mediating the neuroprotective synergy. Both the nuclear levels of S-catenin protein and -
catenin-Lef/Tcf-mediated transcriptional activation were enhanced by the combined
treatment with lithium and VPA. Moreover, cotreatment with lithium and VVPA or other
HDAC inhibitors, both at relatively high concentrations, caused a robust synergism in Lef/
Tcf-dependent transcription in HEK 293 cells. It requires additional investigation as to
whether the potentiation by VPA of lithium-induced elevation of GSK-3 serine
phosphorylation, reduction of GSK-3 enzymatic activity, and Lef/Tcf transcriptional activity
requires the intrinsic activity of VPA to inhibit HDAC.

A number of reports support the notion that GSK-3 inhibition is related to the
antidepressant-like and antimania-like effects in rodent models. For example, treatment with
a GSK-3 peptide inhibitor or heterozygous gene knock-out of GSK-38 in mice shows
antidepressant-like effects in a forced swim test (Kaidanovich-Beilin et al., 2004; O’Brien et
al., 2004). A novel GSK-3 inhibitor acting as an ATP competitor also produces
antidepressant-like behavior in rats (Gould et al., 2004). In addition, the same GSK-3
inhibitor reduces amphetamine-induced hyperactivity in rats, a mania-like behavior (Gould
et al., 2004). Reducing GSK-3 activity by pharmacological inhibition or genetic deletion has
also been reported to suppress dopamine-dependent locomotor hyperactivity (Beaulieu et al.,
2004).

Postmortem studies reported a reduction in cortical volume, a decrease in the density of glial
cells and neurons, as well as neuronal atrophy in the prefrontal, orbital, and cingulate
cortices, amygdala, and other brain areas in patients with bipolar disorder (for review, see
Maniji et al., 2003). Structural imaging studies showed a reduction in gray matter volume in
orbital and medial prefrontal cortices, ventral striatum, and hippocampus as well as
enlargement of the third ventricle in bipolar patients (for review, see Manji et al., 2003;
Chuang and Maniji, 2007). Protracted treatments of bipolar patients with lithium or VPA
have been found to suppress the loss of gray matter volume in the prefrontal cortex and
amygdala compared with patients receiving no such treatment (Drevets, 2001; Chang et al.,
2005). These and other studies suggest that neuroprotective and neurotrophic effects of
mood stabilizers, most likely through GSK-3 inhibition, enhance cellular resilience and
plasticity and, in turn, contribute to their clinical efficacy (for review, see Manji et al., 2001,
Bachmann et al., 2005), although additional longitudinal clinical studies are required to
firmly establish this linkage.
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Combined treatment with lithium and VPA has been used frequently to treat bipolar disorder
resistant to monotherapy with either drug (for review, see Lin et al., 2006). It is recognized
that lithium and VPA combination is the first-line treatment for some bipolar subtypes such
as those characterized by rapid cycling or mixed episodes and substance abuse comorbidity
(for review, see Lin et al., 2006). Bipolar patients receiving a lithium-VPA cotherapy also
seem to be less likely to develop a relapse compared with patients receiving lithium
monotherapy (for review, see Solomon et al., 1998). Additionally, glutamate overflow and its
receptor hyperactivity have been suggested to be a critical factor involved in the
pathogenesis of stress-related depression (for review, see Zarate et al., 2003). Thus,
synergistic neuroprotective effects against glutamate excitotoxicity elicited by lithium and
VPA cotreatment may have implications in their therapeutic mechanisms for bipolar
patients. In this context, it is noteworthy that the combination of lithium and VPA reportedly
causes an additive suppression of brain levels of myristoylated alanine-rich C kinase
substrate, a potential molecular target of mood stabilizers (Lenox et al., 1996). Several
atypical antipsychotic drugs have also been used in conjunction with lithium or VPA to
maximize the clinical efficacy for bipolar disorder (for review, see Freeman and Stoll, 1998;
Zarate and Quiroz, 2003; Bachmann et al., 2005; Lin et al., 2006). It would thus be of
interest to investigate whether the synergy in neuroprotection can be elicited by
antipsychotic drug cotreatment with lithium/VPA.

Glutamate-induced excitotoxicity has been implicated in ischemic stroke and many
neurodegenerative diseases, including Alzheimer’s disease, Huntington’s disease,
amyotrophic lateral sclerosis, spinal cord injury, head trauma, status epilepticus, Parkinson’s
disease, and cerebellar degeneration (for review, see Chuang, 2004b; Chuang and Priller,
2006). Pre- or post-insult treatment with lithium or VVPA reduces brain infarct volume after
cerebral ischemia and improves neurological performance in rats (Nonaka and Chuang,
1998; Ren et al., 2003, 2004; Xu et al., 2003; Kim et al., 2007). These two drugs also exhibit
neuroprotective effects in animal models of a variety of neurodegenerative diseases from
several independent studies (for review, see Tariot et al., 2002; Chuang and Priller, 2006).
Notably, lithium, by acting on GSK-3, decreases the production of g-amyloid peptide from
amyloid precursor protein (APP) (Phiel et al., 2003), lowers the phosphorylation and
aggregation of Tau protein (Noble et al., 2005), and provides neuroprotective effects in APP
transgenic mice (Rockenstein et al., 2007). HDAC inhibitors have also been shown to
enhance learning, memory, and synaptic plasticity through chromatin remodeling and cAMP
response element-binding protein (CREB):CREB binding protein-dependent transcriptional
activation (Fischer et al., 2007; Vecsey et al., 2007). In light of the novel findings in the
present study, it may be suggested that combined use of lithium and VVPA or other HDAC
inhibitors may be a rational strategy in clinical trials for neuro-degenerative diseases,
particularly those linked to glutamate excitotoxicity.

In conclusion, our results demonstrated robust synergistic neuroprotective effects against
glutamate excitotoxicity when the mood stabilizers lithium and VPA were used in
combination. We also provided evidence that GSK-3 inhibition was correlated with the
synergy of neuroprotection elicited by these two drugs. Our findings have implications in the
combined use of both drugs in treating bipolar disorder and further suggest potential utility
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of a combination of lithium and HDAC inhibitors in intervening glutamate-related
neurodegeneration.
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Figurel.
Neuroprotection of lithium or VPA in young and aging CGCs. A, CGCs were treated with

indicated doses of LiCl (0.5-3 mM) for 6 d beginning from either 1 or 6 DIV and then
exposed to 50 xM glutamate for 24 h. Cell viability was quantified by MTT assay and
expressed as means =+ SEM of percentage of vehicle-treated control from six independent
cultures. B, The experimental conditions are as described in A except that the treatment drug
was VPA (0.1- 0.8 mM). C, CGCs were treated with LiCl (3 mM) or VPA (0.4 mM) for 6 d
beginning from 1 DIV and then exposed to glutamate (Glut) in a broad concentration range
(50 — 800 M) for 24 h. Cell viability was quantified by MTT assay and expressed as means
+ SEM of percentage of vehicle-treated control from four independent cultures. *p < 0.05,
**p<0.01, ***p < 0.001 compared with the untreated control.
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Figure2.
Synergistic neuroprotective effects of lithium and VPA in aging CGC cultures. A, B, CGCs

at 6 DIV were continuously treated with 0.8 mM VPA in the presence of 0.5-3.0 mM LiCl
(A) or 3 mM LiCl in the presence of 0.2-1.0 mM VPA (B). Cells were stimulated with 50
UM glutamate at 12 DIV and assayed for cell viability by MTT assay 24 h later. Data are
means + SEM from five independent cultures. Note that maximal synergism was observed
with 0.8 mM VPA and 3 mM LiCl. C, CGCs at 6 DIV were pretreated with LiCl (3 mM),
VPA (0.8 mM), or in combination for 6 d before glutamate (Glut; 50 M) treatment for 24 h.
Data of LDH released into the medium are expressed as means + SEM of percentage of total
LDH for three independent cultures. ***p < 0.001. D, Combined lithium and VPA treatment
blocked glutamate-induced p53 upregulation. CGCs at 6 DIV were pretreated with LiCl (3
mM), VPA (0.8 mM), or both for 6 d before glutamate (50 M) treatment for 24 h. Cells
were then harvested for Western blotting of p53. Shown are results from a typical
experiment that was repeated three times. Arrows, Note that glutamate-induced p53
upregulation was unaffected by lithium or VPA alone but was blocked by their cotreatment.
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Morphological assessments of lithium—VPA synergism. A, Calcein-AM staining. CGCs at 6
DIV were pretreated with 3 mM LiCl, 0.8 mM VPA, or both in combination for 6 d before
glutamate (Glut) exposure for 24 h. Cells were stained with calcein-AM and examined under
an inverted fluorescence microscope. Scale bar, 30 m. B, MTT staining. Experimental

conditions are as described above, except that cells were stained with MTT.

Photomicrographs were taken using an inverted light microscope. C, Hoechst dye nuclear
staining. CGCs were treated as described above. After exposure to glutamate for 24 h, cells

J Neurosci. Author manuscript; available in PMC 2017 January 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leng et al.

Page 21

were fixed with 4% formaldehyde and then stained with Hoechst dye 33258 (5 tg/ml in
PBS) for 5 min at 4°C. Photomicrographs were taken using an inverted UV illumination
microscope. Scale bar, 10 zm.
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Figure 4.
VPA potentiates lithium-induced serine phosphorylation of GSK-3a and gisoforms. CGCs

at 6 DIV were treated with 3 mM LiCl and/or 0.8 mM VPA for 30 min (A), 24 h (B), or 72 h
(C). Cells were harvested for Western blotting analysis of levels of phospho-
GSK-3a5¢"21and phospho-GSK-3/45¢9, g-Actin was used as a loading control. Typical
Western blots are shown at the panels, and quantified results (means £ SEM of percentage of
control from four independent experiments) are at the right. *p < 0.05, **p< 0.01, ***p<
0.001 between the indicated groups.
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Figure5.
Combined treatment with lithium and VPA potentiates inhibition of GSK-3 activity. CGCs at

6 DIV were treated with 3 mM LiCl, 0.8 mM VPA, or a combination of the two for 24 h.
Cells were harvested for Western blotting of levels of p-Tau Se™00, p-Tau Thr205 total Tau,
and GAPDH (as a loading control). Typical blots are shown in A, and quantified results
(means + SEM from three independent experiments) are in B. *p < 0.05, **p < 0.01 between
the indicated groups. Note that p-Tau S¢r400, p-Tau Thr205 and total Tau appeared as doublets
in the Western blots, which likely reflects differential degrees of glycosylation (Liu et al.,
2002). C, Cortical neurons at 6 DIV were treated with 3 mM LiCl, 0.8 mM VPA, or their
combination for 24 h. Cells were harvested for Western blotting analysis of p-GSK-3a5¢21,
p-GSK-38%€ and p-Tau S€m00_ D, Cell lysates prepared from CGCs at 7 DIV were
immunoprecipitated with anti-GSK-38 antibody. The immunocomplex was then assayed for
GSK-38 enzymatic activity in the absence or presence of LiCl (3 mM), VPA (0.8 mM), or a
combination of both. The data are means = SEM of percentage of control from three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 between the indicated groups.
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Figure 6.
Effects of lithium treatment on levels of phospho-GSK-3/%¢ and glutamate excitotoxicity

in aging CGCs. CGCs at 3, 6, or 13 DIV were treated with vehicle or 3 mM LiCl for 30 min
and then harvested for Western blotting of phospho-GSK-38%, using S-actin as the
loading control. Typical blots are shown in A, and quantified results (means £ SEM from 4
independent cultures) are shown in B. **p < 0.01 between the indicated groups. Note that
basal and lithium-stimulated levels of phospho-GSK-355¢" were diminished with successive
days in culture. Cells at 6 DIV were also treated with 1-9 mM LiCl for 30 min followed by
determination of phospho-GSK-3/5¢" levels using B-actin as the loading control. Typical
blots are shown in C, and quantified results (means + SEM from four independent cultures)
are shown in D. *p <0.05, **p <0.01, ***p <0.001 compared with the vehicle-treated
control. E, For examining the effects of lithium on glutamate-induced excitotoxicity, cells at
6 DIV were treated with 1-9 mM LiCl for 6 d followed by exposure to 50 ¢M glutamate for
24 h. Cell viability was then determined by MTT assay and expressed as means = SEM of
percentage of vehicle-treated control from three independent cultures. *p <0.05 compared
with the vehicle-treated control. Note that the optimal concentration of lithium for inducing
an increase in phospho-GSK-345¢™ and reducing glutamate-induced cell death remained at
3 mM.
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Figure 7.
Effects of rat GSK-3 isoform-specific siRNAs and GSK-34 plasmids on glutamate-induced

excitotoxicity. Cells were transfected with 100 nM siRNA specific to either GSK-3a
(SiGSK-3a, aP1269) or GSK-34(siGSK-38, fP555) before plating by electroporation.
Scrambled siRNA (siScramble) at a corresponding concentration was used as the
transfection control. Western blotting revealed that protein levels of both GSK-3a and
GSK-38were markedly decreased 6 d after transfection with a mixture of siRNA for
GSK-3a and siRNA for GSK-34 (siGSK-3a+p) (A). Transfected cells were also treated
with 0.8 mM VPA or its vehicle from 6 to 12 DIV and then exposed to 50 4M glutamate
(Glut) for 24 h (B). Cell viability was measured by MTT assay and expressed as means +
SEM of percentage of vehicle-treated control from three independent experiments. *p <
0.05, **p < 0.01, ***p < 0.001 between the indicated groups. Note that transfection with

J Neurosci. Author manuscript; available in PMC 2017 January 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leng et al.

Page 26

siGSK-3a and/or siGSK-38 was neuroprotective only in the VPA-treated groups. In another
experiment (C), CGCs were transfected at the time of plating with a plasmid of wild-type
GSK-3a (Wt-GSK-3a), GSK-3a dominant-negative mutant (dn-GSK3a-pMT2-KR), wild-
type GSK-38 (wt-GSK-3p), or GSK-38 dominant-negative mutant (dn-GSK-33-K85R or
dn-GSK-38-R96A). Cells were then treated with a combination of LiCl (3 mM) and VPA
(0.8 mM) or vehicle from 6 to 12 DIV, followed by 24 h exposure to glutamate (50 4/M).
Cell viability determined by MTT assay was expressed as means = SEM from three
independent experiments. Note that neuroprotection elicited by lithium and VPA was
attenuated by wild-type GSK-3a or GSK-38 but not their dominant-negative mutants.
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Figure 8.
HDAC1-specific sSiRNA and HDAC inhibitors PB and SB mimic VVPA-induced synergy in

neuroprotection. Cells were transfected with 100 nM siRNA specific to rat HDAC1 isoform
(siHDACY1) before plating by electroporation. Scrambled siRNA (siScramble) was used as
the transfection control. Western blotting revealed that protein levels of HDAC1 were
attenuated 6 d after transfection with sSiIHDAC1, whereas the levels of g-actin were
unchanged (A). Transfected cells were also treated with 3 mM LiCl or its vehicle from 6 to
12 DIV and then exposed to 50 (/M glutamate (Glut) for 24 h (B). Cell viability was
measured by MTT assay and expressed as means = SEM of percentage of vehicle-treated
control from six independent cultures. Note that siHDAC1 was neuroprotective only in the
group treated with lithium. CGCs at 6 DIV were pretreated for 6 d with 3 mM LiCl in the
absence or presence of 1 mM PB (C) or 1 mM SB (D) before treatment with 50 ¢M
glutamate for 24 h. Cell viability was quantified by MTT assay and expressed as means *
SEM of percentage of vehicle-treated control from four independent cultures. Cells at 6 DIV
were also treated with lithium in conjunction with PB in (E) or SB (F) for 24 h and then
harvested for Western blotting analysis of pGSK-3a5¢"21/55€ and B-actin (used as a
loading control). G, Quantified results of GSK-3a and GSK-38 serine phosphorylation in
CGCs treated with lithium and/or PB. H, Quantified results of GSK-3a and GSK-38 serine
phosphorylation in CGCs treated with lithium and/or SB. Data are means + SEM of
percentage of vehicle control from three independent experiments.
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Combined treatment with TSA and lithium also induces synergy in neuroprotection and
GSK-3 serine phosphorylation. A, CGCs at 6 DIV were pretreated with 3 mM LiCl and/or
20 nM TSA for 6 d and then exposed to 50 ¢M glutamate for 24 h. Cell viability was
quantified by MTT assay and expressed as means + SEM of percentage of vehicle-treated
control from five independent cultures. B, C, CGCs at 6 DIV were treated with 3 mM LiCl
and/or 20 nM TSA for 24 h and then harvested for Western blotting of GSK-3aSer21/g5er9
and S-actin (used as a loading control). Quantified results of GSK-3 serine phosphorylation
are means £ SEM of percentage of vehicle control from three independent experiments.
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Figure 10.
Combined treatment with LiCl and VPA potentiates Lef/Tcf-dependent transcriptional

activity and nuclear gB-catenin protein level in CGCs. A, CGCs were transfected with Lef-OT
reporter construct before plating, using an Amaxa Nucleofector. At 6 DIV, CGCs were
treated with 3 mM LiCl and/or the indicated concentrations of VPA for 24 h. Cells were then
lysed for assay of Lef/Tcf-dependent luciferase activity. Data are means = SEM of fold
increase relative to the empty vector control from three independent experiments. B, CGCs
at 6 DIV were treated with 3 mM LiCl, 0.8 mM VPA, or their combination for 24 h. Cells
were then harvested, and nuclear proteins were prepared for Western blotting analysis of g
catenin. GAPDH was used as a loading control.
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Figure11.

Cotreatment with lithium and HDAC inhibitors induces synergy in Lef/Tcf-dependent

Page 30

transcriptional activation in HEK 293 cells. The OT cell line was derived from HEK 293
cells and stably transfected with a reporter containing three wild-type Lef binding sites

regulating the luciferase expression. A, OT cells were incubated with the indicated

concentrations of LiCl in the range of 2-20 mM for 24 h. B-D, OT cells were incubated
with VPA, PB, or TSA at the indicated concentrations in the absence or presence of LiCl at
doses shown in A. After 24 h incubation, cells were harvested for luciferase activity assay.
Data are means + SEM of fold increase relative to untreated control from three independent

experiments.
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Figure 12.
Effects of HDAC inhibitors in the absence or presence of lithium on histone acetylation.

CGCs at 6 DIV were treated with 3 mM LiCl in the absence or presence of 0.8 mM VPA
(A), 1 mM SB (B), 1 mM PB (C), or 20 nM TSA (D) for 24 h. Cells were harvested for
Western blotting analysis of acetylated histone-H3 (AH3) using antibodies directed against
both Lys9 and Lys14 acetylation or only Lys9 or Lys14 acetylation for A and B, and only
Lys9 and Lys14 coacetylations were measured for C and D. S-Actin protein levels were used
as the loading control.
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Figure 13.

Effects of chronic treatment of mice with lithium and/or VVPA on levels of phospho-
GSK-34%¢" in brains. CD-1 mice were treated with chow containing lithium carbonate (3
g/kg) and/or VVPA (25 g/kg) for 20 d. Animals were killed, and brains were removed for
Western blotting analyses of levels of p-GSK-345¢" and g-actin (used as the loading
control) in the frontal cortex (A) and cerebellum (B). Each lane represents the result of an
individual animal. C, D, Quantification of results of p-GSK-355 levels in the frontal
cortex and cerebellum. Data are means + SEM of six animals in each group. *p <0.05, **p
<0.01, ***p <0.001 between the indicated groups.
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