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Abstract: Background: Mutations in the Cu/Zn superoxide dismutase (SOD1) gene have been
linked to amyotrophic lateral sclerosis (ALS). However, the molecular mechanisms have not been
elucidated yet. Homer family protein Homer1b/c is expressed widely in the central nervous system
and plays important roles in neurological diseases. In this study, we explored whether Homer1b/c
was involved in SOD1 mutation-linked ALS. Results: In vitro studies showed that the SOD1 G93A
mutation induced an increase of Homer1b/c expression at both the mRNA and protein levels
in NSC34 cells. Knockdown of Homer1b/c expression using its short interfering RNA (siRNA)
(si-Homer1) protected SOD1 G93A NSC34 cells from apoptosis. The expressions of Homer1b/c and
apoptosis-related protein Bax were also suppressed, while Bcl-2 was increased by lithium and valproic
acid (VPA) in SOD1 G93A NSC34 cells. In vivo, both the mRNA and protein levels of Homer1b/c
were increased significantly in the lumbar spinal cord in SOD1 G93A transgenic mice compared
with wild type (WT) mice. Moreover, lithium and VPA treatment suppressed the expression of
Homer1b/c in SOD1 G93A mice. Conclusion: The suppression of SOD1 G93A mutation-induced
Homer1b/c upregulation protected ALS against neuronal apoptosis, which is a novel mechanism of
the neuroprotective effect of lithium and VPA. This study provides new insights into pathogenesis
and treatment of ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by progressive
muscle atrophy and four-limb paralysis due to the loss of both upper and lower motor neurons in the
cortex, brainstem, and spinal cord [1]. Familial ALS (fALS), which accounts for 10% of total ALS cases, is
commonly caused by mutations in a heterogeneous set of genes. To date, mutations in 18 genes and loci
have been implicated in fALS. The mutations in the first identified mutant gene, the Cu/Zn superoxide
dismutase (SOD1), are present in about 20% of fALS cases [2]. SOD1 mutation-induced degeneration
of motor neurons involves mitochondrial dysfunction, increased oxidative stress, overactivation
of glutamate receptors and glutamatergic neurotoxicity, SOD1 mutation-mediated neurotoxicity,
intracellular calcium overload, abnormal axonal transport, excessive autophagy, and endoplasmic
reticulum stress [3–6]. A large body of evidence has uncovered that apoptosis plays important roles in
motor neuron degeneration produced by mutant SOD1 (mtSOD1) in ALS. The proapoptotic protein
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Bax was found to be significantly increased, while antiapoptotic protein Bcl-2 decreased significantly
in spinal cord motor neurons of ALS patients and mtSOD1 (G93A) transgenic mice [7,8]. In agreement,
it was reported that administration of N-benzyloxycarbonyl-Val-Asp-fluoromethyl ketone (zVAD-fmk),
a caspase inhibitor, was able to inhibit neuronal apoptosis and delay the onset and mortality of ALS
in mtSOD1 (G93A) transgenic mice, which reveals the involvement of neuronal apoptosis in ALS [9].
Similarly, overexpression of Bcl-2 or deletion of Bax and Bak delayed onset and halted neuronal loss,
and extended survival of mice with ALS [10,11]. However, the mechanisms of fALS due to SOD1 gene
mutations have not been elucidated completely yet.

Homer1, a member of the Homer family, is expressed widely in the nervous system and consists
of various isoforms. The long Homer isoforms 1b and 1c (Homer1b/c) contain an enabled/vasodilator-
stimulated phosphoprotein homology 1 (EVH1) domain at the amino-terminal, which connects with
proline-rich regions of target proteins, and a carboxy-terminal domain including a coiled-coil structure
and leucine zipper motif, which participates in multimerization of long Homer proteins [12,13].
Homer1b/c protein is expressed at low levels in peripheral tissues such as skeletal and cardiac muscle,
kidney, ovary, and testis [13–15]. Within the cells, Homer1b/c protein is mainly found where there are
abundant postsynaptic density (PSD) proteins or postsynaptic membrane proteins [16]. Homer1b/c
constitutively expresses and has dimerization capacity, which causes signal transduction or crosstalk
between target proteins in neurons. It acts as an important regulator of neurological, physiological,
and pathological processes such as maintaining dendritic spine structure and synaptic function [17,18],
regulating the activity and cell-surface clustering of metabotropic glutamate receptor (mGluR)1a/5 [15],
mediating an important cellular mechanism that regulates metabotropic glutamate signaling [19],
regulating intracellular Ca2+ homeostasis [20], affecting mGluR1a/5-dependent synapse-to-nucleus
communication and participating in glutamate-mediated excitotoxicity via endoplasmic reticulum and
mitochondria pathways [21]. However, the role of Homer1b/c in ALS remains unknown.

Lithium and valproic acid (VPA) have been primarily used to treat psychiatric disorders for
decades. Recently, there is increasing evidence that lithium and VPA produce neuroprotective effects in
Alzheimer disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), ALS, and cancers [22,23].
De Bartolomeis et al. had reported that the expression of Homer1b/c was decreased significantly by
chronic administration of therapeutically relevant doses of lithium and VPA in rat brain [24]. However,
the therapeutic mechanisms of lithium and VPA in ALS remain unclear.

In this study, we examined the changes of Homer1b/c expression in mtSOD1 (G93A) NSC34 cell
and mtSOD1 (G93A) transgenic mice, and explored the role of Homer1b/c in the pathogenesis of ALS.
Furthermore, we investigated the effects of lithium and VPA on Homer1b/c expression in both in vitro
and in vivo models of ALS.

2. Results

2.1. Human mtSOD1 and Wild Type (WT) SOD1 Expressions Were Detected in Amyotrophic Lateral Sclerosis
(ALS) Cell Model

NSC34 cells were stably transfected with mutant human SOD1 G93A, wild type (WT) human
SOD1, and empty vector (EV) separately. We have used qRT-PCR to characterize the mRNA expression
of human SOD1 (hSOD1) and mouse SOD1 (mSOD1) in the NSC34 cell line. We found that hSOD1
mRNA was expressed in both mtSOD1 NSC34 cells and WT SOD1 NSC34 cells (Figure 1A), and
mSOD1 mRNA was detected in all three conditions (Figure 1B). We also used Western blot to detected
the expressions of human SOD1 (mutant or WT) in the NSC34 cell line. Western blot assay showed that
the human SOD1 protein expressed strongly in both mtSOD1 NSC34 cells and WT SOD1 NSC34 cells,
while human SOD1 protein expression was not detectable in EV NSC34 cells (Figure 1C). These results
show that exogenous human SOD1 protein was stably expressed in NCS34 cells.
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Figure 1. mRNA and protein expression of human SOD1 and mouse SOD1 in NSC34 cells. (A) The 
mRNA expression of human SOD1 (hSOD1) was detected by qRT-PCR in wild type (WT) SOD1 
NSC34 cells and mutant SOD1 (mtSOD1) NSC34 cells, but was not detectable in empty vector (EV) 
NSC34 cells; (B) The mRNA level of mouse SOD1 (mSOD1) was detected by qRT-PCR in WT SOD1 
NSC34 cells, mtSOD1 NSC34 cells, and EV NSC34 cells; (C) hSOD1 protein expression was measured 
by Western blot in WT SOD1 NSC34 cells, mtSOD1 NSC34 cells, and EV NSC34 cells. ** p < 0.01 vs. 
EV group, *** p < 0.001 vs. EV group. n = 3 independent batches of cells for each group. 

2.2. Homer1b/c Expression Was Increased in mtSOD1 NSC34 Cells 

Immunofluorescence assay showed that Homer1b/c protein was located in the cytoplasm of 
NSC34 cells and increased significantly in mtSOD1 NSC34 cells compared with WT SOD1 NSC34 
cells (Figure 2A). Figure 2B shows that the mRNA level of Homer1b/c was significantly increased in 
mtSOD1 NSC34 cells as well. Western blot assay identified that the protein level of Homer1b/c was 
significantly increased in mtSOD1 NSC34 cells compared with WT SOD1 NSC34 cells (Figure 2C). 
This indicates that mutant human SOD1 G93A in NSC34 cells induces Homer1b/c protein 
overexpression. To evaluate the effects of mutant human SOD1 G93A on NSC34 cells, we investigated 
apoptosis by TdT-mediated dUTP nick end labeling (TUNEL) staining and detected the cell viability 
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 2D,E). The 
results showed that mutant SOD1 in NSC34 cells caused cell apoptosis and the decrease of cell 
viability. 

2.3. Knockdown of Homer1b/c Protected mtSOD1 NSC34 Cells from Apoptosis 

To assess the role of Homer1b/c overexpression in mtSOD1 NSC34 cells, we performed an RNA 
transient interference assay. After transfection with Homer1 small interference RNA (si-Homer1) in 
mtSOD1 NSC34 cells for 72 h, both the mRNA and protein expression of Homer1b/c was suppressed 
significantly (Figure 3A,B). Furthermore, apoptosis-related protein Bcl-2 increased significantly, 
while Bax was decreased significantly in mtSOD1 NSC34 cells treated with si-Homer1b/c compared 
with cells treated with si-NC (negative control) (Figure 3B). This suggests that downregulation of 
Homer1b/c protects mtSOD1 NSC34 cells from apoptosis. 

Figure 1. mRNA and protein expression of human SOD1 and mouse SOD1 in NSC34 cells. (A) The
mRNA expression of human SOD1 (hSOD1) was detected by qRT-PCR in wild type (WT) SOD1 NSC34
cells and mutant SOD1 (mtSOD1) NSC34 cells, but was not detectable in empty vector (EV) NSC34 cells;
(B) The mRNA level of mouse SOD1 (mSOD1) was detected by qRT-PCR in WT SOD1 NSC34 cells,
mtSOD1 NSC34 cells, and EV NSC34 cells; (C) hSOD1 protein expression was measured by Western
blot in WT SOD1 NSC34 cells, mtSOD1 NSC34 cells, and EV NSC34 cells. ** p < 0.01 vs. EV group,
*** p < 0.001 vs. EV group. n = 3 independent batches of cells for each group.

2.2. Homer1b/c Expression Was Increased in mtSOD1 NSC34 Cells

Immunofluorescence assay showed that Homer1b/c protein was located in the cytoplasm
of NSC34 cells and increased significantly in mtSOD1 NSC34 cells compared with WT SOD1
NSC34 cells (Figure 2A). Figure 2B shows that the mRNA level of Homer1b/c was significantly
increased in mtSOD1 NSC34 cells as well. Western blot assay identified that the protein level of
Homer1b/c was significantly increased in mtSOD1 NSC34 cells compared with WT SOD1 NSC34 cells
(Figure 2C). This indicates that mutant human SOD1 G93A in NSC34 cells induces Homer1b/c protein
overexpression. To evaluate the effects of mutant human SOD1 G93A on NSC34 cells, we investigated
apoptosis by TdT-mediated dUTP nick end labeling (TUNEL) staining and detected the cell viability by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 2D,E). The results
showed that mutant SOD1 in NSC34 cells caused cell apoptosis and the decrease of cell viability.

2.3. Knockdown of Homer1b/c Protected mtSOD1 NSC34 Cells from Apoptosis

To assess the role of Homer1b/c overexpression in mtSOD1 NSC34 cells, we performed an RNA
transient interference assay. After transfection with Homer1 small interference RNA (si-Homer1) in
mtSOD1 NSC34 cells for 72 h, both the mRNA and protein expression of Homer1b/c was suppressed
significantly (Figure 3A,B). Furthermore, apoptosis-related protein Bcl-2 increased significantly, while
Bax was decreased significantly in mtSOD1 NSC34 cells treated with si-Homer1b/c compared with cells
treated with si-NC (negative control) (Figure 3B). This suggests that downregulation of Homer1b/c
protects mtSOD1 NSC34 cells from apoptosis.
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Figure 2. Homer1b/c expression increased in mtSOD1 NSC34 cells. (A) Homer1b/c protein was 
detected by immunofluorescence assay in cytoplasm in both wild type (WT) SOD1 NSC34 cells and 
SOD1 G93A (mtSOD1) NSC34 cells. Scale bar is 25 µm; (B) qRT-PCR detected the mRNA expression 
of Homer1b/c in WT SOD1 NSC34 and mtSOD1 NSC34 cells; (C) Homer1b/c protein expression level 
was measured by Western blot in WT SOD1 NSC34 cells and mtSOD1 NSC34 cells; (D) TUNEL 
staining of NSC34 cells transfected with empty vector (EV), WT SOD1, and mtSOD1. Scale bar is  
20 µm; (E) MTT assay of NSC34 cells transfected with empty vector (EV), WT SOD1, and mtSOD1.  
* p < 0.05 vs. WT group, ** p < 0.01 vs. WT group. n = 3 independent batches of cells for each group. 

 
Figure 3. Knockdown of Homer1b/c protected mtSOD1 NSC34 cells from apoptosis. (A) The mRNA 
level of Homer1b/c was detected by qRT-PCR in mtSOD1 NSC34 cells after treatment with short 
interfering RNA (siRNA) negative control (NC) (si-NC)/siRNA Homer1b/c (si-Homer1b/c) for 72 h; 
(B) Western blot showed the expression of Homer1b/c protein and apoptosis-related proteins (Bcl-2 
and Bax) in mtSOD1 NSC34 cells. * p < 0.05 vs. si-NC group, ** p < 0.01 vs. si-NC group, *** p < 0.001 
vs. si-NC group. n = 3 independent batches of cells for each group. 

Figure 2. Homer1b/c expression increased in mtSOD1 NSC34 cells. (A) Homer1b/c protein was
detected by immunofluorescence assay in cytoplasm in both wild type (WT) SOD1 NSC34 cells and
SOD1 G93A (mtSOD1) NSC34 cells. Scale bar is 25 µm; (B) qRT-PCR detected the mRNA expression
of Homer1b/c in WT SOD1 NSC34 and mtSOD1 NSC34 cells; (C) Homer1b/c protein expression
level was measured by Western blot in WT SOD1 NSC34 cells and mtSOD1 NSC34 cells; (D) TUNEL
staining of NSC34 cells transfected with empty vector (EV), WT SOD1, and mtSOD1. Scale bar is 20 µm;
(E) MTT assay of NSC34 cells transfected with empty vector (EV), WT SOD1, and mtSOD1. * p < 0.05
vs. WT group, ** p < 0.01 vs. WT group. n = 3 independent batches of cells for each group.
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Figure 3. Knockdown of Homer1b/c protected mtSOD1 NSC34 cells from apoptosis. (A) The mRNA
level of Homer1b/c was detected by qRT-PCR in mtSOD1 NSC34 cells after treatment with short
interfering RNA (siRNA) negative control (NC) (si-NC)/siRNA Homer1b/c (si-Homer1b/c) for 72 h;
(B) Western blot showed the expression of Homer1b/c protein and apoptosis-related proteins (Bcl-2
and Bax) in mtSOD1 NSC34 cells. * p < 0.05 vs. si-NC group, ** p < 0.01 vs. si-NC group, *** p < 0.001
vs. si-NC group. n = 3 independent batches of cells for each group.
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2.4. Lithium and VPA Reduced Homer1b/c and Apoptosis-Related Gene Expressions in mtSOD1 NSC34 Cells

To further verify whether lithium and VPA can regulate the expression of Homer1b/c in ALS,
NSC34 (EV, WT, and mtSOD1) cells were treated with LiCl (1.0 mM), VPA (0.6 mM), and LiCl + VPA
(LiCl 1.0 mM + VPA 0.6 mM) for 72 h. We firstly investigated the effects of LiCl and VPA on apoptosis
of three groups NSC34 cells (Figure 4A). The results indicated that LiCl and VPA did not significantly
induce cell apoptosis of normal NSC34 cells and WT SOD1 NSC34 cells. In addition, LiCl and VPA
reduced the apoptosis of mtSOD1 NSC34 cells significantly compared with mtSOD1 NSC34 cells
without any treatment. Compared with the control group, Homer1b/c mRNA expression was reduced
significantly in mtSOD1 NSC34 cells after treatment with LiCl (p < 0.01), VPA (p < 0.01), and LiCl + VPA
(p < 0.001) (Figure 4B). The protein level of Homer1b/c decreased after LiCl, VPA, and LiCl + VPA
treatment in mtSOD1 NSC34 cells (p < 0.01) (Figure 4C,D). Furthermore, apoptosis-related protein Bcl-2
significantly increased after treatment with LiCl (p < 0.01), VPA (p < 0.01), and LiCl + VPA (p < 0.001)
in mtSOD1 NSC34 cells (Figure 4C,D), while Bax protein expression decreased in mtSOD1 NSC34
cells after treatment with LiCl, VPA, and LiCl + VPA (p < 0.01) (Figure 4C,D). These results indicate
that lithium and VPA treatment protects neurons from apoptosis by suppressing the expression of
Homer1b/c in ALS.
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(LiCl 1.0 mM + VPA 0.6 mM) for 72 h, + with treatment of the drug, - without treatment of the drug. 
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2.5. Expression of Homer1b/c Was Upregulated in SOD1 G93A Transgenic Mice 

SOD1 G93A transgenic (mtSOD1-Tg) mice with overexpression of mutant human SOD1 G93A 
acted as an ALS mouse model in this study while, wild type human SOD1 (WT) was used as a control. 

Figure 4. Lithium and valproic acid (VPA) reduced Homer1b/c expression and apoptosis-related genes
expression in mtSOD1 NSC34 cells. (A) TUNEL staining of NSC34 (EV, WT SOD1, and mtSOD1) cells
after treatment with LiCl + VPA (LiCl 1.0 mM + VPA 0.6 mM) for 72 h. Scale bar is 20 µm; (B) The mRNA
level of Homer1b/c was detected by qRT-PCR in mtSOD1 NSC34 cells after treatment with LiCl (1.0 mM),
VPA (0.6 mM), and LiCl + VPA (LiCl 1.0 mM + VPA 0.6 mM) for 72 h; (C,D) Western blot detected the
protein levels of Homer1b/c and apoptosis- related genes (Bcl-2, Bax) expression in mtSOD1 NSC34
cells after treatment with LiCl (1.0 mM), VPA (0.6 mM), and LiCl + VPA (LiCl 1.0 mM + VPA 0.6 mM)
for 72 h, + with treatment of the drug, - without treatment of the drug. ** p < 0.01 vs. control (Ctl)
group, *** p < 0.001 vs. Ctl group. n = 3 independent batches of cells for each group.

2.5. Expression of Homer1b/c Was Upregulated in SOD1 G93A Transgenic Mice

SOD1 G93A transgenic (mtSOD1-Tg) mice with overexpression of mutant human SOD1 G93A
acted as an ALS mouse model in this study while, wild type human SOD1 (WT) was used as a control.
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Immunohistochemistry staining was used to determine the expression of Homer1b/c in lumbar spinal
cords. As shown in Figure 5A, we found that Homer1b/c protein expressed evidently in neurons in the
ventral horn of the lumbar spinal cords, and the expression of Homer1b/c was increased significantly
in the spinal cords of mtSOD1-Tg mice compared with WT mice. Consistently, qRT-PCR and Western
blot showed that both the mRNA and the protein levels of Homer1b/c were increased (Figure 5B).
To investigate the time course of Homer1b/c protein expression in mtSOD1 transgenic mice, we
detected the Homer1b/c protein level in lumbar spinal cords at 30-, 60-, 90-, and 120-day-old mice
by Western blot assay (Figure 5C). Homer1b/c was upregulated significantly in the spinal cords of
120 days mtSOD1-Tg mice. These results suggest that Homer1b/c is involved in the pathophysiological
process of ALS.
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(WT) mice and SOD1 G93A transgenic (mtSOD1-Tg) mice. Homer1b/c protein expression in neurons
was detected by immunohistochemistry assay (left). Scale bar is 50 µm. The intensity of Hormer1b/c
protein expression in neurons was analyzed by Image-Pro Plus software (Media Cybernetics, Silver
Spring, MD, USA) (right); (B) The mRNA level of Homer1b/c was measured by qRT-PCR of lumbar
spinal cords in both WT mice and mtSOD1-Tg mice; (C) Western blot detected Homer1b/c protein
expression of lumbar spinal cords in WT mice and 30-, 60-, 90-, and 120-day-old mtSOD1-Tg mice;
(D) qRT-PCR detected the mRNA level of Homer1b/c after treatment with LiCl (intraperitoneal (i.p.)
60 mg/kg), VPA (i.p. 300 mg/kg), and LiCl + VPA (i.p. LiCl 60 mg/kg + VPA 300 mg/kg) for
100 days in mtSOD1-Tg mice; (E) Homer1b/c protein expression was analyzed by Western blot in
mtSOD1-Tg mice treated with LiCl, VPA, and LiCl + VPA for 100 days, + with treatment of the drug,
- without treatment of the drug. * p < 0.05 vs. Ctl group, ** p < 0.01 vs. WT group or Ctl group,
*** p < 0.001 vs. WT group or Ctl group. n = 5 independent samples for each group.

2.6. Lithium and VPA Suppressed the Expression of Homer1b/c in SOD1 G93A Transgenic Mice

We further investigated the effect of lithium and VPA on the expression of Homer1b/c in the
mouse model of ALS. We treated mtSOD1-Tg mice with LiCl (60 mg/kg), VPA (300 mg/kg), or LiCl
(60 mg/kg) + VPA (300 mg/kg) twice daily for 100 days. The mRNA level of Homer1b/c decreased
significantly in LiCl group (p < 0.01), VPA group (p < 0.01), and LiCl + VPA group (p < 0.001) compared
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to control group (Figure 5D). Consistently, after treatment with LiCl and VPA, Homer1b/c protein
expression was suppressed significantly in the LiCl group (p < 0.05), VPA group (p < 0.01), and
LiCl + VPA group (p < 0.001) compared with control group as well (Figure 5E). This suggests that
lithium and VPA alleviate ALS partially through suppressing Homer1b/c.

3. Discussion

In the present study, we found that Homer1b/c was significantly overexpressed in mtSOD1
(G93A) NSC34 cells and mtSOD1 (G93A) mice. Knockdown of Homer1b/c suppresses mtSOD1
(G93A)-induced neuronal apoptosis. Lithium and VPA synergistically reduced the expression of
Homer1b/c in mtSOD1 (G93A) NSC34 cells and mtSOD1 (G93A) mice. This study provides the
first detailed characterization of Homer1b/c in the pathogenesis of ALS and also uncovers a new
mechanism of the neuroprotective effect of lithium and VPA in ALS.

In mammals, Homer1 is expressed widely in the nervous system. Numerous studies detected
Homer1 protein in brain, the dorsal horn of the spinal cord, and dorsal root ganglion and retinal
ganglion cells, but Homer1 expression in the ventral horn of the spinal cord is still rarely reported.
Yao et al. reported that in the dorsal horn of rats there was a high level of Homer1b/c expression, while
in the ventral horn the expression of Homer1b/c was almost undetectable [25]. However, Tappe et al.
found that Homer1b/c was strongly expressed throughout the spinal cord of rats, both in the dorsal
horn and in the ventral horn, using immunohistochemistry [16]. The discrepancies may be due to the
differences in research subjects and/or the sensitivity of different test methods and reagents used in
the studies.

In this study, we found that Homer1b/c expression significantly increased at both mRNA and
protein levels in an ALS cell model. We also verified this result in the spinal cord of a mouse model
of ALS. The Homer1b/c was expressed both in the dorsal horn and in the ventral horn of the spinal
cords in mtSOD1 (G93A) transgenic mice and WT mice. Our findings were consistent with that
of Tappe et al. [16]. The level of Homer1b/c expression increased in mtSOD1 (G93A) transgenic
mice compared with WT mice. Both in vitro and in vivo studies confirmed that mtSOD1 induced
Homer1b/c overexpression.

We then further assessed the role of Homer1b/c overexpression in the ALS cell model. A previous
study has reported that neuronal apoptosis is associated with the onset and mortality of ALS [9].
In spinal cord motor neurons, Bax protein was increased and Bcl-2 was significantly decreased in
ALS patients [7]. Thus, we detected the expression of two apoptotic-related genes, Bcl-2 and Bax, in
mtSOD1 (G93A) NSC34 cells. Interestingly, knockdown of Homer1b/c significantly increased Bcl-2
and decreased Bax expression. Cui et al. reported that upregulation of Homer1b/c was related to the
subsequent apoptosis and downregulation of Homer1b/c, and decreased the proportion of Bax/Bcl-2
in neurons during neuroinflammation [17]. It suggested that Homer1b/c induced neuronal apoptosis
through the Bax/Bcl-2 pathway in ALS, and knockdown of Homer1b/c partially suppressed mtSOD1
(G93A)-induced neuronal apoptosis. Overexpression of Homer1b/c will induce cell damage via
intracellular calcium overload, glutamate-mediated excitotoxicity, and calcium-dependent production
of reactive oxygen species (ROS). Thus, the inhibition of Homer1b/c protected ALS neurons not only
via the apoptosis pathway, but also by other pathways, which need further study.

Lithium and VPA are two common mood-stabilizing drugs and are used to treat bipolar
disorder [26]. It was reported that lithium and VPA had neuroprotective effects in vivo and in vitro
via inhibition of the glycogen synthase kinase-3 (GSK-3) pathway [27]. Lithium modifies pathological
cascades implicated in many neurodegenerative disorders, which includes Alzheimer’s disease (AD),
Huntington’s disease (HD), multiple system atrophy (MSA), and ALS [28]. However, lithium treatment
for ALS patients is not the best strategy in clinical trials. The effects of lithium on ALS are mainly
dependent on the beneficial therapeutic window for lithium treatment, the blood lithium levels, and
route of administration and frequency [29]. It has recently been shown that neuroprotection by lithium
is antagonized by riluzole (the only FDA-approved drug for ALS), suggesting that the drug’s neurotoxic
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effects may cover up the potential neuroprotective action of lithium [30]. The beneficial effect of
VPA has been documented in different neurodegenerative experimental models, including ALS [31].
Our previous studies showed that lithium and VPA delayed the disease symptom onset, increased
survival time, reduced neurological deficits in mtSOD1 (G93A) mice, and that the combination of
lithium and VPA was more consistent than lithium or VPA alone [32]. Recently, a 21-month clinical
trial showed that cotreatment with lithium and VPA significantly increased survival rate and exerted
a neuroprotective effect in patients with sporadic ALS [33]. In our study, the effects of LiCl and VPA
cotreatment on the ALS model are better than with single LiCl and VPA separately. Therefore, we
believe that there is a need for better-designed preclinical studies to present the potential beneficial
effects of lithium for ALS. Our recent research showed that lithium and VPA inhibited the activation
of the Notch pathway in mtSOD1 (G93A) mice [34]. However, the effects of lithium and VPA on
Homer1b/c expression were unknown. In vitro study showed that Homer1b/c mRNA expression
was significantly reduced after treatment with LiCl and VPA. Furthermore, apoptosis-related protein
Bcl-2 increased significantly, while Bax expression decreased after treatment with LiCl and VPA.
This suggests that lithium and VPA treatment protect neurons from apoptosis through suppressed
expression of Homer1b/c. We also found that lithium and VPA significantly decreased the expression
of Homer1b/c in mtSOD1 (G93A) mice. In particular, combined treatment of LiCl and VPA had
synergistic effects on the expression of Homer1b/c. This suggests that lithium and VPA synergistically
alleviate ALS by suppressing the expression of Homer1b/c, and downregulation of Homer1b/c is
a new potential mechanism of the neuroprotective effect of lithium and valproic acid.

4. Materials and Methods

4.1. Cell Culture and Treatment

The plasmid of human SOD1 gene with G93A mutation is stably transfected into NSC34 cell line
(Cedarlane Laboratories, Vancouver, BC, Canada), a hybrid cell line of mouse neuroblastoma and
embryonic spinal motor neurons, named as SOD1 G93A (mtSOD1) NSC34 cell line. In this study, the
mtSOD1 NSC34 cell line acted as a cell model of ALS, while NSC34 cell line transfected with wild
type human SOD1 (WT) was used as control. The cells were cultivated in Dulbecco’s Modified Eagle’s
Medium-High Glucose (GE Healthcare Life Sciences Hyclone, Pittsburgh, PA, USA) with 10% fetal
bovine serum (FBS), 100 U/mL penicillin/streptomycin (GE Healthcare Life Sciences Hyclone), and
200 µg/mL of puromycin (G418, Life Technologies Corporation, Grand Island, NY, USA), which was
selected to maintain the stable cell line translation. Cells were grown in a humidified atmosphere
of 5% CO2 in air at 37 ◦C. mtSOD1 NSC34 cells were treated with LiCl (Sigma, St. Louis, MO, USA)
1.0 mM, VPA (Sigma) 0.6 mM, and LiCl plus VPA (LiCl 1.0 mM + VPA 0.6 mM), with 0.9% normal
saline as control. After treatment for 72 h, mtSOD1 NSC34 cells were collected for further total RNA
and protein extraction.

4.2. Animals and Drug Treatments

Transgenic mice with a mutant SOD1 G93A gene (B6SJL-Tg (SOD1-G93A) 1Gur/J) overexpression
were used as a mouse model of ALS, which were obtained from Jackson Laboratory (Bar Harbor, ME,
USA). The animal protocol was approved by the Institutional Animal Care and Use Committee at
Harbin Medical University (No. HMUIRB-2008-06) and the Institute of Laboratory Animal Science of
China (A5655-01). Mice were administered with LiCl (60 mg/kg), VPA (300 mg/kg), or LiCl (60 mg/kg)
plus VPA (300 mg/kg) twice daily from the 30th day after birth by intraperitoneal (i.p.) injection for
100 days. The mice in control group were treated with the same volume of saline.

4.3. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from NSC34 cells and mouse spinal cords using TRIzol (Life Technologies)
according to the manufacturer’s instructions. β-Actin was used as the internal control. The primer



Int. J. Mol. Sci. 2016, 17, 2129 9 of 12

pairs are as follows: hSOD1 (NM_000454.4) Forward: 5′-TGGGCCAAAGGATGAAGAG-3′, Reverse:
5′-TTACACCACAAGCCAAACGAC-3′; mSOD1 (NM_011434.1) Forward: 5′-GTCCGTCGGCTTCT
CGTC-3′, Reverse: 5′-ACCGCTTGCCTTCTGCTC-3′; Homer1 (NM_001284189) Forward:
5′-CTGAACCAGACAGTGCAGGA-3′, Reverse: 5′-TACTGCGGAAAGCCTCTTGT-3′; β-actin
(NM_007393.5) Forward: 5′-CCAGCCTTCCTTCTTGGGTAT-3′, Reverse: 5′-TGCTGGAAGGTG
GACAGTGAG-3′. We determined the appropriate cycle threshold (Ct) using the automatic baseline
determination feature and analyzed data by relative quantitative analysis method.

4.4. Western Blot

NSC34 cells and mouse spinal cords were homogenized in RIPA lysis buffer (Thermo Scientific,
Grand Island, NY, USA) and extract was centrifuged for 10 min at 14,000× g in 4 ◦C centrifuge.
Total protein samples (30–100 µg) were analyzed by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gel and transferred to polyvinylidene difluoride (PVDF) membranes
by a wet blotting procedure (100 V, 120 min, 4 ◦C). Blocking buffer (5%) incubation was followed
by incubation with primary antibodies at 4 ◦C overnight using the following concentration: SOD1
(ab52950; Abcam, Cambridge, MA, USA) 1:1000, Homer1b/c (sc-25271, Santa Cruz, Dallas, TX,
USA) 1:1000, Bcl-2 (Zhongshan Jinqiao Biotechnology, Beijing, China) 1:1000, Bax (Zhongshan Jinqiao
Biotechnology) 1:1000, and β-actin (Santa cruz Biotechnology, Dallas, TX, USA) 1:1000, which acted
as the internal control for normalization of protein expression. Primary antibody incubation was
followed by alkaline phosphatase-conjugated secondary antibody. Visualization of bound antibody
was achieved with film (Kodak, Rochester, NY, USA) by using 5-bromo-4-chloro-3-indolyl phosphate
(BCIP)/nitro blue tetrazolium (NBT) (Beyotime Institute of Biotechnology, Jiangsu, China).

4.5. Transient Interference Assay

Homer1 small interference RNA (si-Homer1) was used to silence the expression of Homer1b/c
in SOD1 G93A NSC34 cells. The final concentration of 100 nM si-Homer1 (sc-35582, Santa Cruz
Biotechnology) or the negative control siRNA (si-Control, sc-37007, Santa Cruz Biotechnology) were
delivered by Lipofectamine™ RNAiMAX (Life Technologies) in 6-well plates and incubated for 72 h at
37 ◦C in a CO2 incubator. All the transfections were repeated more than three times independently.

4.6. Immunohistochemical Staining

Paraformaldehyde (4%)-fixed and paraffin-embedded tissues from the spinal cords of
mouse were used for immunohistochemical staining. Six-micrometer sections were cut from
paraffin-embedded spinal cord tissues and deparaffinized. Then, the sections were blocked with
10% nonimmune goat serum (Zhongshan Jinqiao Biotechnology) and incubated overnight with
primary anti-Homer1b/c antibody (sc-25271, Santa Cruz) (1:200) at 4 ◦C. The signals were detected
with DAB (3,3′-diaminobenzidine) substrate (Zhongshan Jinqiao Biotechnology). Hematoxylin was
used as a counterstain. The sections were observed by Leica microscope (Leica, Wetzlar, Germany).
The immunohistochemical staining images were analyzed by Image-Pro Plus 6.0 software (Media
Cybermetics, Inc., Silver Spring, MD, USA).

4.7. MTT Assay

The number of viable cells was estimated using the MTT assay. NSC34 cells (4 ×104 cells/well)
were plated into 96-well plates and cultured at 37 ◦C for 24 h. After 24h incubation, the medium
was removed from each well and 100 µL of the culture medium comprising 20 µL of MTT reagent
(5 mg/mL) was added into wells and incubated for 4 h at 37 ◦C. After this incubation period, 100 µL
of dimethyl sulfoxide was added, and the optical density of each well was measured at 570 nm using
an ELISA plate reader (BioTek Instruments, Inc., Winooski, VT, USA).
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4.8. TUNEL Staining

NSC34 (EV, WT, and mtSOD1) cells were seeded into 6-well plates and cultured at 37 ◦C for
24 h, then Hoechst-stained. Apoptotic NSC34 cells were detected with TUNEL using a commercial kit
(Roche, Basel, Switzerland) according to the manufacturer’s protocol and observed using fluorescence
microscopy (Olympus, Tokyo, Japan).

4.9. Statistical Analysis

Student’s t-test was used to compare the difference between two groups. Statistical comparisons
among multiple groups were performed by Tukey’s post hoc test and one-way ANOVA. All data are
presented as mean ± SEM, and p < 0.05 was considered as significantly different.

5. Conclusions

Our study showed that Homer1b/c increased in mtSOD1 G93A transgenic mice, which contributes
to neuronal apoptosis in ALS. The inhibition of Homer1b/c by its siRNA and lithium and VPA
protected against neuronal apoptosis in ALS induced by mtSOD1 G93A. Our findings suggest that
Homer1b/c is a new potential regulator or drug target in the treatment of ALS.

Acknowledgments: This research was supported by grants from the Natural Science Foundation of China (grant
number 81571227); the Major Program of Natural Science Foundation of Heilongjiang Province of China (grant
number ZD201417) and the Health Department Project of Heilongjiang Province (grant number 2013017).

Author Contributions: Hai-Zhi Jiang, Shu-Yu Wang and Hong-Lin Feng conceived and designed the experiments;
Shu-Yu Wang, Xiang Yin, Tian-Hang Wang, Yan Qi, Yue-Qing Yang, Ying Wang, Chun-Ting Zhang and
Hai-Zhi Jiang performed the experiments; Hong-Quan Jiang and Xu-Dong Wang analyzed the data; Jing Wang
contributed reagents/materials/analysis tools; Hai-Zhi Jiang wrote the paper. Authorship must be limited to
those who have contributed substantially to the work reported.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Belsh, J.M.; Schiffman, P.L. The amyotrophic lateral sclerosis (ALS) patient perspective on misdiagnosis and
its repercussions. J. Neurol. Sci. 1996, 139, 110–116. [CrossRef]

2. Chattopadhyay, M.; Valentine, J.S. Aggregation of copper-zinc superoxide dismutase in familial and sporadic
ALS. Antioxid. Redox Signal. 2009, 11, 1603–1614. [CrossRef] [PubMed]

3. Orrell, R.W. Understanding the causes of amyotrophic lateral sclerosis. N. Engl. J. Med. 2007, 357, 822–823.
[CrossRef] [PubMed]

4. Simonian, N.A.; Coyle, J.T. Oxidative stress in neurodegenerative diseases. Annu. Rev. Pharmacol. Toxicol.
1996, 36, 83–106. [CrossRef] [PubMed]

5. Van Den Bosch, L.; van Damme, P.; Bogaert, E.; Robberecht, W. The role of excitotoxicity in the pathogenesis
of amyotrophic lateral sclerosis. Biochim. Biophys. Acta 2006, 1762, 1068–1082. [CrossRef] [PubMed]

6. Sathasivam, S.; Ince, P.G.; Shaw, P.J. Apoptosis in amyotrophic lateral sclerosis: A review of the evidence.
Neuropathol. Appl. Neurobiol. 2001, 27, 257–274. [CrossRef] [PubMed]

7. Mu, X.; He, J.; Anderson, D.W.; Trojanowski, J.Q.; Springer, J.E. Altered expression of Bcl-2 and Bax mRNA in
amyotrophic lateral sclerosis spinal cord motor neurons. Ann. Neurol. 1996, 40, 379–386. [CrossRef] [PubMed]

8. Vukosavic, S.; Dubois-Dauphin, M.; Romero, N.; Przedborski, S. Bax and Bcl-2 interaction in a transgenic
mouse model of familial amyotrophic lateral sclerosis. J. Neurochem. 1999, 73, 2460–2468. [CrossRef] [PubMed]

9. Li, M.; Ona, V.O.; Guegan, C.; Chen, M.; Jackson-Lewis, V.; Andrews, L.J.; Olszewski, A.J.; Stieg, P.E.; Lee, J.P.;
Przedborski, S.; et al. Functional role of caspase-1 and caspase-3 in an ALS transgenic mouse model. Science
2000, 288, 335–339. [CrossRef] [PubMed]

10. Kostic, V.; Jackson-Lewis, V.; de Bilbao, F.; Dubois-Dauphin, M.; Przedborski, S. Bcl-2: Prolonging life in
a transgenic mouse model of familial amyotrophic lateral sclerosis. Science 1997, 277, 559–562. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/0022-510X(96)00088-3
http://dx.doi.org/10.1089/ars.2009.2536
http://www.ncbi.nlm.nih.gov/pubmed/19271992
http://dx.doi.org/10.1056/NEJMe078146
http://www.ncbi.nlm.nih.gov/pubmed/17671249
http://dx.doi.org/10.1146/annurev.pa.36.040196.000503
http://www.ncbi.nlm.nih.gov/pubmed/8725383
http://dx.doi.org/10.1016/j.bbadis.2006.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16806844
http://dx.doi.org/10.1046/j.0305-1846.2001.00332.x
http://www.ncbi.nlm.nih.gov/pubmed/11532157
http://dx.doi.org/10.1002/ana.410400307
http://www.ncbi.nlm.nih.gov/pubmed/8797527
http://dx.doi.org/10.1046/j.1471-4159.1999.0732460.x
http://www.ncbi.nlm.nih.gov/pubmed/10582606
http://dx.doi.org/10.1126/science.288.5464.335
http://www.ncbi.nlm.nih.gov/pubmed/10764647
http://dx.doi.org/10.1126/science.277.5325.559
http://www.ncbi.nlm.nih.gov/pubmed/9228005


Int. J. Mol. Sci. 2016, 17, 2129 11 of 12

11. Reyes, N.A.; Fisher, J.K.; Austgen, K.; VandenBerg, S.; Huang, E.J.; Oakes, S.A. Blocking the mitochondrial
apoptotic pathway preserves motor neuron viability and function in a mouse model of amyotrophic lateral
sclerosis. J. Clin. Investig. 2010, 120, 3673–3679. [CrossRef] [PubMed]

12. Shaw, A.S.; Filbert, E.L. Scaffold proteins and immune-cell signalling. Nat. Rev. Immunol. 2009, 9, 47–56.
[CrossRef] [PubMed]

13. Shiraishi-Yamaguchi, Y.; Furuichi, T. The homer family proteins. Genome Biol. 2007, 8, 206. [CrossRef]
[PubMed]

14. Shiraishi, Y.; Mizutani, A.; Yuasa, S.; Mikoshiba, K.; Furuichi, T. Differential expression of homer family
proteins in the developing mouse brain. J. Comp. Neurol. 2004, 473, 582–599. [CrossRef] [PubMed]

15. Xiao, B.; Tu, J.C.; Petralia, R.S.; Yuan, J.P.; Doan, A.; Breder, C.D.; Ruggiero, A.; Lanahan, A.A.; Wenthold, R.J.;
Worley, P.F. Homer regulates the association of group 1 metabotropic glutamate receptors with multivalent
complexes of homer-related, synaptic proteins. Neuron 1998, 21, 707–716. [CrossRef]

16. Tappe, A.; Klugmann, M.; Luo, C.; Hirlinger, D.; Agarwal, N.; Benrath, J.; Ehrengruber, M.U.; During, M.J.;
Kuner, R. Synaptic scaffolding protein homer1a protects against chronic inflammatory pain. Nat. Med. 2006,
12, 677–681. [CrossRef] [PubMed]

17. Cui, Z.; Zhou, L.; Liu, C.; Zhu, G.; Wu, X.; Yan, Y.; Xia, X.; Ben, Z.; Song, Y.; Zhou, Y.; et al. The role of
homer1b/c in neuronal apoptosis following LPS-induced neuroinflammation. Neurochem. Res. 2015, 40,
204–215. [CrossRef] [PubMed]

18. Sala, C.; Futai, K.; Yamamoto, K.; Worley, P.F.; Hayashi, Y.; Sheng, M. Inhibition of dendritic spine
morphogenesis and synaptic transmission by activity-inducible protein homer1a. J. Neurosci. 2003, 23,
6327–6337. [PubMed]

19. Brakeman, P.R.; Lanahan, A.A.; O'Brien, R.; Roche, K.; Barnes, C.A.; Huganir, R.L.; Worley, P.F. Homer:
A protein that selectively binds metabotropic glutamate receptors. Nature 1997, 386, 284–288. [CrossRef]
[PubMed]

20. Jardin, I.; Lopez, J.J.; Berna-Erro, A.; Salido, G.M.; Rosado, J.A. Homer proteins in Ca2+ entry. IUBMB Life
2013, 65, 497–504. [CrossRef] [PubMed]

21. Mao, L.; Yang, L.; Tang, Q.; Samdani, S.; Zhang, G.; Wang, J.Q. The scaffold protein homer1b/c links
metabotropic glutamate receptor 5 to extracellular signal-regulated protein kinase cascades in neurons.
J. Neurosci. 2005, 25, 2741–2752. [CrossRef] [PubMed]

22. Khasraw, M.; Ashley, D.; Wheeler, G.; Berk, M. Using lithium as a neuroprotective agent in patients
with cancer. BMC Med. 2012, 10, 131. [CrossRef] [PubMed]

23. Riadh, N.; Allagui, M.S.; Bourogaa, E.; Vincent, C.; Croute, F.; Elfeki, A. Neuroprotective and neurotrophic
effects of long term lithium treatment in mouse brain. Biometals 2011, 24, 747–757. [CrossRef] [PubMed]

24. De Bartolomeis, A.; Tomasetti, C.; Cicale, M.; Yuan, P.X.; Manji, H.K. Chronic treatment with lithium or valproate
modulates the expression of homer1b/c and its related genes shank and inositol 1,4,5-trisphosphate receptor.
Eur. Neuropsychopharmacol. 2012, 22, 527–535. [CrossRef] [PubMed]

25. Yao, Y.X.; Jiang, Z.; Zhao, Z.Q. Knockdown of synaptic scaffolding protein homer 1b/c attenuates secondary
hyperalgesia induced by complete freund’s adjuvant in rats. Anesth. Analg. 2011, 113, 1501–1508. [CrossRef]
[PubMed]

26. Yasuda, S.; Liang, M.H.; Marinova, Z.; Yahyavi, A.; Chuang, D.M. The mood stabilizers lithium and valproate
selectively activate the promoter IV of brain-derived neurotrophic factor in neurons. Mol. Psychiatry 2009, 14,
51–59. [CrossRef] [PubMed]

27. Chen, G.; Huang, L.D.; Jiang, Y.M.; Manji, H.K. The mood-stabilizing agent valproate inhibits the activity of
glycogen synthase kinase-3. J. Neurochem. 1999, 72, 1327–1330. [CrossRef] [PubMed]

28. Forlenza, O.V.; Aprahamian, I.; de Paula, V.J.; Hajek, T. Lithium, a therapy for ad: Current evidence from
clinical trials of neurodegenerative disorders. Curr. Alzheimer Res. 2016, 13, 879–886. [CrossRef] [PubMed]

29. Agam, G.; Israelson, A. Why lithium studies for ALS treatment should not be halted prematurely.
Front. Neurosci. 2014, 8, 267. [CrossRef] [PubMed]

30. Yanez, M.; Matias-Guiu, J.; Arranz-Tagarro, J.A.; Galan, L.; Vina, D.; Gomez-Pinedo, U.; Vela, A.; Guerrero, A.;
Martinez-Vila, E.; Garcia, A.G. The neuroprotection exerted by memantine, minocycline and lithium,
against neurotoxicity of CSF from patients with amyotrophic lateral sclerosis, is antagonized by riluzole.
Neurodegener. Dis. 2014, 13, 171–179. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI42986
http://www.ncbi.nlm.nih.gov/pubmed/20890041
http://dx.doi.org/10.1038/nri2473
http://www.ncbi.nlm.nih.gov/pubmed/19104498
http://dx.doi.org/10.1186/gb-2007-8-2-206
http://www.ncbi.nlm.nih.gov/pubmed/17316461
http://dx.doi.org/10.1002/cne.20116
http://www.ncbi.nlm.nih.gov/pubmed/15116392
http://dx.doi.org/10.1016/S0896-6273(00)80588-7
http://dx.doi.org/10.1038/nm1406
http://www.ncbi.nlm.nih.gov/pubmed/16715092
http://dx.doi.org/10.1007/s11064-014-1460-6
http://www.ncbi.nlm.nih.gov/pubmed/25503822
http://www.ncbi.nlm.nih.gov/pubmed/12867517
http://dx.doi.org/10.1038/386284a0
http://www.ncbi.nlm.nih.gov/pubmed/9069287
http://dx.doi.org/10.1002/iub.1162
http://www.ncbi.nlm.nih.gov/pubmed/23554128
http://dx.doi.org/10.1523/JNEUROSCI.4360-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15758184
http://dx.doi.org/10.1186/1741-7015-10-131
http://www.ncbi.nlm.nih.gov/pubmed/23121766
http://dx.doi.org/10.1007/s10534-011-9433-6
http://www.ncbi.nlm.nih.gov/pubmed/21373826
http://dx.doi.org/10.1016/j.euroneuro.2011.11.006
http://www.ncbi.nlm.nih.gov/pubmed/22245542
http://dx.doi.org/10.1213/ANE.0b013e31822c0b98
http://www.ncbi.nlm.nih.gov/pubmed/22003220
http://dx.doi.org/10.1038/sj.mp.4002099
http://www.ncbi.nlm.nih.gov/pubmed/17925795
http://dx.doi.org/10.1046/j.1471-4159.2000.0721327.x
http://www.ncbi.nlm.nih.gov/pubmed/10037507
http://dx.doi.org/10.2174/1567205013666160219112854
http://www.ncbi.nlm.nih.gov/pubmed/26892289
http://dx.doi.org/10.3389/fnins.2014.00267
http://www.ncbi.nlm.nih.gov/pubmed/25228854
http://dx.doi.org/10.1159/000357281
http://www.ncbi.nlm.nih.gov/pubmed/24356417


Int. J. Mol. Sci. 2016, 17, 2129 12 of 12

31. Naganska, E.; Matyja, E.; Taraszewska, A.; Rafalowska, J. Protective effect of valproic acid on cultured motor
neurons under glutamate excitotoxic conditions—Ultrastructural study. Folia Neuropathol. 2015, 53, 309–316.
[CrossRef] [PubMed]

32. Feng, H.L.; Leng, Y.; Ma, C.H.; Zhang, J.; Ren, M.; Chuang, D.M. Combined lithium and valproate treatment
delays disease onset, reduces neurological deficits and prolongs survival in an amyotrophic lateral sclerosis
mouse model. Neuroscience 2008, 155, 567–572. [CrossRef] [PubMed]

33. Boll, M.C.; Bayliss, L.; Vargas-Canas, S.; Burgos, J.; Montes, S.; Penaloza-Solano, G.; Rios, C.; Alcaraz-Zubeldia, M.
Clinical and biological changes under treatment with lithium carbonate and valproic acid in sporadic
amyotrophic lateral sclerosis. J. Neurol. Sci. 2014, 340, 103–108. [CrossRef] [PubMed]

34. Wang, S.Y.; Ren, M.; Jiang, H.Z.; Wang, J.; Jiang, H.Q.; Yin, X.; Qi, Y.; Wang, X.D.; Dong, G.T.; Wang, T.H.; et al.
Notch pathway is activated in cell culture and mouse models of mutant SOD1-related familial amyotrophic
lateral sclerosis, with suppression of its activation as an additional mechanism of neuroprotection for lithium
and valproate. Neuroscience 2015, 301, 276–288. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.5114/fn.2015.56545
http://www.ncbi.nlm.nih.gov/pubmed/26785365
http://dx.doi.org/10.1016/j.neuroscience.2008.06.040
http://www.ncbi.nlm.nih.gov/pubmed/18640245
http://dx.doi.org/10.1016/j.jns.2014.03.005
http://www.ncbi.nlm.nih.gov/pubmed/24667005
http://dx.doi.org/10.1016/j.neuroscience.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26067594
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Human mtSOD1 and Wild Type (WT) SOD1 Expressions Were Detected in Amyotrophic Lateral Sclerosis (ALS) Cell Model 
	Homer1b/c Expression Was Increased in mtSOD1 NSC34 Cells 
	Knockdown of Homer1b/c Protected mtSOD1 NSC34 Cells from Apoptosis 
	Lithium and VPA Reduced Homer1b/c and Apoptosis-Related Gene Expressions in mtSOD1 NSC34 Cells 
	Expression of Homer1b/c Was Upregulated in SOD1 G93A Transgenic Mice 
	Lithium and VPA Suppressed the Expression of Homer1b/c in SOD1 G93A Transgenic Mice 

	Discussion 
	Materials and Methods 
	Cell Culture and Treatment 
	Animals and Drug Treatments 
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 
	Western Blot 
	Transient Interference Assay 
	Immunohistochemical Staining 
	MTT Assay 
	TUNEL Staining 
	Statistical Analysis 

	Conclusions 

