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ABSTRACT: Amyotrophic lateral sclerosis (ALS) is a progressive, paralytic disorder caused by selective 

degeneration of motor neurons in the brain and spinal cord. Our previous studies indicated that abnormal protein 

aggregation and dysfunctional autophagic flux might contribute to the disease pathogenesis. In this study, we 

have detected the role of the Ca2+ dependent autophagic pathway in ALS by using the L-type channel Ca2+ 

blocker, verapamil. We have found that verapamil significantly delayed disease onset, prolonged the lifespan and 

extended disease duration in SOD1G93A mice. Furthermore, verapamil administration rescued motor neuron 

survival and ameliorated skeletal muscle denervation in SOD1G93A mice. More interestingly, verapamil 

significantly reduced SOD1 aggregation and improved autophagic flux, which might be mediated the inhibition 

of calpain 1 activation in the spinal cord of SOD1G93A mice. Furthermore, we have demonstrated that verapamil 

reduced endoplasmic reticulum stress and suppressed glia activation in SOD1G93A mice. Collectively, our study 

indicated that verapamil is neuroprotective in the ALS mouse model and the Ca2+-dependent autophagic pathway 

is a possible therapeutic target for the treatment of ALS. 
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Amyotrophic lateral sclerosis (ALS) is the most common 

motor neuron disease characterized by the progressive 

loss of motor neurons (MNs) in the spinal cord, brainstem 

and cerebral cortex [1]. About 10% of ALS cases are 

familial and among them, 20% of patients have mutations 

in the SOD1 (superoxide dismutase 1) gene [2]. Many 

studies indicated that familial and sporadic ALS shared a 

similar neurodegenerative pattern and were clinically and 

pathologically indistinguishable [3, 4], suggesting that 

these two forms share common molecular mechanisms in 

MN degeneration. The mechanisms underlying disease 

manifestations in ALS remain unclear, but a toxic gain of 

function resulting from abnormal protein aggregation is 

probably one of the important causes resulting in the 

occurrence of the disease [5]. Thus, strategies to 

accelerate the clearance of aggregated proteins are 
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emerging as an attractive therapeutic target for ALS 

treatment.  

Macroautophagy (hereafter referred to as autophagy) 

is a major degradation pathway that is involved in the 

clearance of protein aggregation and injured organelles 

[6]. Autophagy delivers cargo to the lysosome through 

sequestration into a double membrane vesicle known as 

autophagosomes (AVs) [7]. Then, AVs further mature 

and fuse to the lysosome to continue with degradation [7]. 

Our findings and other previous studies have 

demonstrated the accumulation of AVs in MNs of 

SOD1G93A mice and ALS patients [8, 9]. Activation of 

autophagy might be protective in certain conditions by 

inducing the removal of toxic protein aggregates [10]. 

However, abnormalities in autophagy have been observed 

in numerous neurodegenerative diseases, including ALS 

[11]. Pharmacological and genetic modulation of 

autophagy could result in diverse and even opposite 

outcomes to the survival of ALS models [12, 13], 

suggesting the need for developing autophagy inducers 

with higher specificity and lower cytotoxicity.  

Intracellular Ca2+ serves as a biological messenger 

that is involved in controlling almost all cell processes 

including muscle contraction, proliferation, protein 

synthesis and autophagy [14]. Several studies illustrated 

the elevation of cytosolic Ca2+ and the abnormalities of 

Ca2+ homeostasis in ALS MNs [15, 16]. Elevated 

intracellular Ca2+ has been shown to modulate autophagy 

in an mTOR-independent manner at the level of both AVs 

formation and AVs fusion with lysosomes [17]. 

Intracellular Ca2+ activates calpains, which are Ca2+-

dependent cysteine proteases, that cleave several Atg 

proteins including Atg5 and inhibit the formation of 

Atg12-Atg5 [18]. A screen to identify autophagy 

modulators has revealed that L-type channel Ca2+ blockers 

(CCBs) act as enhancers of autophagy by increasing AVs 

synthesis and facilitate the clearance of autophagy 

substrates [19]. In SOD1G93A mice, decreasing 

intracellular Ca2+ level by blocking AMPA receptors or 

enhancing the Ca2+ buffering capacity have shown 

protective effects [20, 21]. However, the effects of L-type 

CCBs on the survival of ALS MNs are still unclear.  

Verapamil belongs to the dihydropyridine family of 

the L-type CCBs and is used clinically to treat 

cardiovascular disease such as high blood pressure and 

cardiac arrhythmias. It has been reported that verapamil 

causes an activation of autophagy and induction of an 

autophagic flux by reducing the level of intracellular Ca2+ 

[19]. The latest study indicated that verapamil could 

effectively transport Riluzole to brain cells which could 

be used to improve ALS therapy [22]. Furthermore, 

verapamil was found to show neuroprotective effects 

through novel anti-inflammatory mechanisms in an in 

vitro model of Parkinson's disease [23].  

In this study, we administered verapamil to 

SOD1G93A mice to study its effects on motor neuron 

survival and explore the possible mechanisms involved in 

ALS pathogenesis.  

 

MATERIALS AND METHODS 

 

Transgenic mice and treatment 

 

Transgenic SOD1G93A mice expressing mutant human 

SOD1 with a Gly93Ala substitution (B6SJL-Tg-

SOD1G93A-1Gur) were originally obtained from 

Jackson Laboratories (No. 002726). The genotypes of the 

transgenic mice were identified by PCR as in our previous 

reports [8]. Verapamil (Sigma-Aldrich) was dissolved in 

ddH2O to a final concentration of 0.125mg/μL and further 

diluted with ddH2O before intraperitoneal injection. As 

there is gender differences in terms of disease progression 

and lifespan in SOD1G93A mice [24], we used only male 

mice to avoid gender diversity. To assess the effect of 

verapamil on disease onset and survival, 24 male 

SOD1G93A mice were randomly divided into 2 groups: (1) 

Tg-Vera group, intraperitoneally injected with verapamil 

at a dose of 25 mg/kg body weight/day (n = 12); (2) Tg-

Con group, used as control, intraperitoneally injected with 

the same volume of ddH2O (n = 12). The injection was 

given once a day starting from 64 days after birth until the 

day of death. No significant side effects under this dosage 

were observed in our experiment. 

To explore the mechanisms of neuroprotective 

effects provided by verapamil, 24 SOD1G93A mice and 24 

age- and sex-matched wild-type (WT) littermates were 

randomly divided into four groups: verapamil treatment at 

the dose of 25mg/kg body weight/day in SOD1G93A mice 

(Tg-Vera, n = 12) or WT mice (WT-Vera, n = 12), and 

ddH2O treatment in SOD1G93A mice (Tg-Con, n = 12) or 

WT mice (WT-Con, n = 12). These mice were sacrificed 

at the age of 120 days for Western blotting and skeletal 

muscle analysis, immunofluorescent staining, electron 

microscopy analysis and calpain activity assay. 

All animals were housed at 21 ~ 24℃ and controlled 

12-hour light/dark cycle. Animal use was approved by the 

Animal Care and Use Committee of Shanghai Jiaotong 

University School of Medicine and all procedures in our 

experiments were conducted in accordance with the 

guidelines of NIH for animal care. 

 

Behavioral Study 

 

Test of motor function (Rotarod test) 

 

Rotarod performance was examined in SOD1G93A mice 

starting at 80 days of age. Mice were trained for 1 week 

prior to testing to allow them to adapt to the apparatus 
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(Med Associates Inc., ENV-575M, USA). The rotarod 

test was performed every 2 days to determine the time that 

the mice remained on the rotating rod (4 cm diameter, 20 

rpm). The date of disease onset was recorded when the 

mouse could not stay on the rod for 5 minutes.  

 

Assessment of life span 

 

The date of “death” was defined as the day when the 

mouse could not set itself upright within 30 s after being 

placed on a flat surface. All mice were tested every day 

after disease onset. All behavioral tests were performed 

by a technician blinded to experimental conditions 

throughout the entire duration of the study.  

 

Immunofluorescent staining  

 

Mice were anesthetized and perfused transcardially with 

phosphate buffered saline (PBS) at the age of 120 days. 

For histopathological analysis, the spinal cord (L4-5) was 

removed, post fixed and dehydrated in 15% and 30% 

sucrose each for 24 hours then frozen at -80 ℃. For 

Western blot assay, the spinal cord (C1-L3) was quickly 

removed and preserved in liquid nitrogen for further 

detection. The fixed L4-5 spinal cords were serially cut at 

10 μm thickness and mounted on gelatin-coated slides. 

The slides were incubated in 3% bovine serum in PBS 

containing 0.3% Triton X-100 for 1 hour at room 

temperature, followed by overnight incubation with 

primary antibodies against SMI-32 antibody (1:1000, 

Abcam), LC3B (1:200, CST) and SOD1 (1:200, Abcam). 

After thoroughly washing with PBS, the slides were 

incubated with Cy2-conjugated or Cy3-conjugated 

secondary antibodies (1:1000, Jackson Immunoresearch) 

then visualized at a magnification of 600 using a 

fluorescent microscope (Nikon, 80i).  

 

Motor neuron survival analysis 

 

A total of 200 serial sections (from L4-5) in each mouse 

were collected and frozen at -80 ℃ until further use. For 

Nissl staining, every 4th section was selected and to be 

stained with 1% Cresyl violet. The stained sections were 

photographed under a microscope (Olympus, IX81) and 

the number of MNs on both sides of the anterior horns 

were examined by a technician who was blinded to the 

experimental conditions. The number of MNs was 

counted as described previously [13].  

For the SMI-32 positive MNs assay, sections were 

stained for immunofluorescence with the SMI-32 

antibody according to the immunofluorescent staining 

method and results were captured by microscope. Twenty 

slices were collected per mouse at an interval of 10 slices. 

The number of MNs on both sides of the anterior horn 

were counted by investigators in a blinded manner.  

 

Extraction of soluble and insoluble proteins 

 

According to our previously reported protocol [25], the 

spinal cords were removed and lysed by sonication in ice-

cold extraction buffer, containing 10 mM Tris–HCl, pH 

8.0, 1 mM EDTA, 100 mM NaCl, 0.5% NP-40, 

supplemented with protease inhibitor cocktail, 1 mM 

PMSF and 50 mM iodoacetamide. After centrifuging at 

130,000g for 15 min at 4 ℃, the supernatant fraction was 

kept as the soluble sample. Then, the pellet as 

ultrasonically dissolved in resuspension buffer (10 mM 

Tris–HCl, pH 8.0, 1 mM EDTA, 100 mM NaCl, 0.5% NP-

40, 0.5% deoxycholic acid and 2% SDS) and reserved as 

insoluble protein sample for further analysis by Western 

blotting.  

 

Western blot analysis 

 

Samples were lysed in a lysis buffer containing the 

following: 50 mmol/L Tris–HCl, 150 mmol/L NaCl, 1% 

Nonidet P40, 0.5% sodium deoxycholate, 1 mmol/L 

EDTA, 1 mmol/L phenylmethylsulphonyl fluoride 

(PMSF), with protease inhibitor cocktail (pepstatin 1 

g/mL, aprotinin 1 g/mL, leupeptin 1 g/mL). Protein 

concentrations were measured using the BCA method and 

40 μg of proteins were loaded and separated using SDS-

PAGE, transferred onto polyvinylidene fluoride 

membranes, and blocked in 5% nonfat milk or 5% bovine 

serum albumin. Membranes were incubated at 4 ℃ 

overnight with the following antibodies: anti-SOD1 

(1:2000, Abcam), anti-LC3 (1:1000, Sigma), anti-p62 

(1:1000, CST), anti-Beclin1 (1:1000, CST), anti-mTOR 

(1:1000, Abcam), anti-ATG5 (1:500, MBL), anti-p62 

(1:500, MBL), anti-calpain 1 (1:1000, Abcam), anti-Bip 

(1:1000, CST), IRE1α (1:500, CST), CHOP (1:1000, 

CST) and PDI (1:1000, CST), anti-cleaved-caspase-12 

(1:500, CST) and anti-β-actin (1:10000, Sigma). The 

membranes were then incubated with appropriate 

peroxidase-conjugated secondary antibodies for 2 hours. 

Protein bands were visualized using ECL (Pierce, USA) 

and an image analyzer was used to quantify the densities 

of interested protein bands (Bio-Rad, Image lab 4.1).  

 

Electron microscopy analysis  

 

L4-5 spinal cords were fixed in 2.5% glutaraldehyde and 

cut into 50 μm thick sections. These sections were post 

fixed with 1% OsO4, dehydrated and embedded in 

Durcupan (ACM) on a microscope slide and cover-

slipped. Sections were further cut by a Reichert 

ultramicrotome into 70 nm thick sections. The ultra-thin 
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sections were stained with uranyl acetate and evaluated 

with an electron microscope.  

Motor neurons were selected based on strict criteria 

(multipolar cells with dispersed nuclear chromatin and 

prominent nucleoli) including size exclusion where 

neurons exhibiting a maximum diameter of at least 30 μm 

were counted. EM images from 25 MNs per mice were 

captured at a magnification of 10,000 and the number of 

autophagosomes and autolysosomes in each captured 

field was measured using previously established criteria 

[26]. 

 

Pathological analysis of skeletal muscles 

 

Biopsied gastrocnemius muscles (5 × 5 × 10 mm3) were 

dissected from the right leg and immediately in liquid 

nitrogen cooled isopentane. Serial cryostat sections were 

cut at 10 μm and stained by hematoxylin and eosin (HE) 

and nicotinamide adenine dinucleotide hydrogen 

(NADH) according to our previously described protocols 

[25]. Twenty-five HE images at a final magnification of 

200× were counted in each mouse. The Image J software 

was used to measure the area of gastrocnemius muscle 

fibers in each group.  

 

Calpain Activity Assay  

 

A calpain activity assay kit (Abcam) was used to quantify 

relative calpain enzyme activity. Spinal cords of 120 days 

old mice were snap frozen in liquid nitrogen, and stored 

at -80 °C. Before the detection of calpain activity, spinal 

cords were pulverized using a pestle under liquid nitrogen 

and then ice-cold extraction buffer was added. Samples 

were centrifuged at 4°C at 21,000 × g for 5 min. Super-

natants were transferred to a fresh, ice-cold tube, and 

protein content was quantified using the Pierce BCA 

protein assay. Calpain activity was measured in 50 µg of 

total protein for each sample according to the 

manufacturer’s protocol. Changes in relative fluorescent 

units were detected at 400/505 nm and quantified with a 

microplate reader (BioTek, Synergy H4). Relative 

fluorescent units for each sample were blank-subtracted, 

divided by the total protein loaded, and normalized to the 

average of vehicle controls within each experiment. 

Calpain activity is reported as the percentage of WT-Con. 

 

Statistics 

 

All values were expressed as mean ± SEM. Significant 

differences were defined as P < 0.05. Disease onset and 

lifespan among groups were analyzed using the Kaplan-

Meier survival analysis (SPSS 22.0). Other data analysis 

was performed using one-way ANOVA followed by 

Tukey’s post hoc test (Prism 7, GraphPad Inc.). 

 

 
 

Figure 1. Effects of verapamil on disease onset and lifespan of SOD1G93A mice. The results of Kaplan-Meier survival analysis (SPSS 

22.0) showed the probability of disease onset (A) and the probability of survival (B) in Tg-Con and Tg-Vera mice, n = 12 per group. 

Data are presented as mean ± SEM. **P < 0.01, compared with Tg-Con group. 
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Figure 2. Effects of verapamil on motor neuron survival in SOD1G93A mice. Representative Nissl stained photomicrographs of MNs 

in the anterior horn of the spinal cord (A); The number of MNs in L4-5 segments by Nissl staining (B); Representative 

photomicrographs of MNs in the anterior horn of the spinal cord by SMI-32 immunostaining (C). n = 3 per group; arrowheads indicate 

motor neurons. Scale bar = 100 μm; The mean number of SMI-32 positive MNs in both sides of one slice of an L4-5 segment (D). Data 

were analyzed using one-way ANOVA followed by Tukey’s post hoc test. All values are presented as mean ±SEM. **P < 0.01, 

compared with WT-Con group; &P < 0.05, compared with Tg-Con group.  

 

RESULTS 

 

Verapamil delayed disease onset and prolonged the 

lifespan of SOD1G93A mice 

 

The SOD1G93A mice recapitulated the clinical symptoms 

of ALS by displaying overt hindlimb disability at 90 days, 

and the animals usually die around at the age of 120 days. 

SOD1G93A mice treated with verapamil showed delay of 

disease onset compared with Tg-Con group mice (100.7 ± 

0.89 days vs. 93.4 ± 1.02 days, χ2 = 16.63, P < 0.01) (Fig. 

1A). The lifespan of SOD1G93A mice treated with 

verapamil was 17.0 days longer than the Tg-Con group 

mice (146.0 ± 1.91 days vs. 129.0 ± 1.81 days, χ2 = 17.99, 

P < 0.01) (Fig. 1B). Moreover, there was an obvious 

extension in disease duration in Tg-Vera mice compared 

with Tg-Con mice (45.3 ± 2.63 days vs. 35.6 ± 2.12 days, 

P < 0.01).  

 

 
Figure 3. Effects of verapamil on skeletal muscle pathology in SOD1G93A mice. HE (A) and NADH (B) staining of gastrocnemius 

muscle sections. n = 3 per group. Arrows indicate significant grouped atrophic fibers and hematoxylin inclusions. Scale bar = 100 μm. 

(C) Quantitative analysis of average fiber area of gastrocnemius muscle in the 4 groups. Data were analyzed using one-way ANOVA 

followed by Tukey’s post hoc test. All values are presented as mean ± SEM. **P < 0.01, compared with WT-Con group; &&P < 0.01, 

compared with Tg-Con group.  
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Figure 4. Effects of verapamil on autophagy-related proteins and protein aggregation in SOD1G93A mice. Western blot analysis 

of protein levels of LC3 and p62 (A), soluble and insoluble SOD1 (B) in the 4 different mouse groups. Quantitative analysis of LC3B 

(C), p62 (D), human soluble and insoluble SOD1 protein (E) in the spinal cord of SOD1G93A mice. Immunostaining of LC3 (F) and 

SOD1 (H) in the motor neurons of 4 mouse groups; Scale bar = 20 μm. Quantitative analysis of the density of LC3 (G) and SOD1 (I) 

immunofluorescence in the MNs of the 4 mouse groups. n = 3 per group. Data were analyzed using one-way ANOVA followed by 

Tukey’s post hoc test. All values are presented as mean ± SEM. **P < 0.01 and *P < 0.05, compared with WT-Con group; &&P < 0.01 

and &P < 0.05, compared with Tg-Con group. 

Verapamil protected motor neuron survival in SOD1G93A 

mice 

 

To determine the effects of verapamil on MN survival, we 

performed Nissl staining and SMI-32 immunostaining to 

examine the number of MNs in the L4-5 section of the 

spinal cord of SOD1G93A mice. According to the Nissl 

stain results, we found there were ~74% loss of MNs in 

Tg mice compared with age-matched WT mice. The 

number of MNs surviving in Tg-Vera mice was 

significantly increased when compared with Tg-Con mice 

(338.1 ± 17.61 vs. 211.0 ± 11.65, P < 0.05) (Fig. 2A and 

B). Furthermore, immunostaining with SMI-32 used to 

detect the survival of MNs per slice in the spinal cord of 

SOD1G93A mice indicated that verapamil treatment could 

alleviate MN degeneration in SOD1G93A mice (Fig. 2C). 

Statistical analysis showed that the number of MNs 

surviving in the Tg-Vera group was nearly more than 

twice that of the Tg-Con group (12.25 ± 1.03 vs. 6.52 ± 

1.43, P < 0.01) (Fig. 2D). There was no difference in the 

number of MNs between WT-Vera and WT-Con mice 

(28.5 ± 1.55 vs. 27.0 ±1.29, P > 0.05) (Fig. 2D). 

 

Verapamil attenuated skeletal muscle denervation in 

SOD1G93A mice 

 

Besides the loss of MNs, muscle atrophy is also a ALS 

phenotype. To detect the therapeutic effect of verapamil 

in ALS, we analyzed morphological changes of the 

gastrocnemius muscle using HE and NADH staining. 

Compared to WT-Con mice, HE stains showed significant 

atrophic fibers, hematoxylin inclusions and central nuclei 

in Tg-Con mice (Fig. 3A). Verapamil treatment increased 

the cross-section area of muscle fibers and reduced the 

central nuclei in SOD1G93A mice. The average muscular 

fiber area in Tg-Vera mice was significantly larger than 

that in Tg-Con mice (1141.0 ± 70.28 μm2 vs. 686.5 ± 

79.69 μm2, P < 0.05) (Fig. 3C). NADH staining showed 

grouped type I (dark blue) and type II (light blue) muscle 

fibers and increased oxidative metabolism in Tg-Con 

mice (Fig. 3B). Verapamil treatment attenuated the 

grouped myofibers and reduced the oxidative muscle 

fibers in SOD1G93A mice. 
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Figure 5. Effects of verapamil on the numbers of autophagosomes and autolysosomes in the motor neurons of 

SOD1G93A mice. Representative EM photomicrographs of autophagosomes (marked by yellow arrowheads) and 

autolysosomes (marked by yellow arrows) in the motor neurons of WT-Vera mice (A) and Tg-Vera mice (B-D). (E) 

Quantitative analysis of the number of autophagosomes per field of 4 mouse groups. (F) Quantitative analysis of 

autophagosome/autolysosome ratios per motor neuron of the 4 different mouse groups. Scale bar = 1 μm; n = 3 per group. 

Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test. All values are presented as mean ± SEM.**P 

< 0.01, compared with WT-Con group; &&P < 0.01 and &P < 0.05, compared with Tg-Con group.  

 

Verapamil induced autophagy activation and reduced 

SOD1 aggregation in SOD1G93A mice 

 

Abnormal SOD1 aggregation is involved in the 

pathogenesis of ALS and reducing mutant SOD1 protein 

aggregation is considered as a potential strategy to treat 

ALS [5]. We detected a significant decrease in SOD1 

aggregates in Tg-Vera mice compared with Tg-Con mice 

(Fig. 4H). Statistical analysis showed that the density of 

SOD1 immunostaining in the MNs of Tg-Vera mice was 

reduced by ~30% compared with Tg-Con mice (Fig. 4I). 

In addition, Western blot analysis showed a 42% and 49% 

decrease of soluble and insoluble SOD1 protein in the 

spinal cords of Tg-Vera mice when compared with Tg-

Con mice, respectively (both P < 0.01) (Fig. 4B and E).  

Considering the degradation functions of autophagy 

in reducing abnormal aggregated proteins, we examined 

the expression of autophagy-related proteins such as 

LC3B and p62 in all groups. Quantitative analysis of 

Western blots showed that a 26% increase of LC3B 

protein in the spinal cord of Tg-Vera as compared with 

Tg-Con mice (P < 0.05) (Fig. 4A and C). Moreover, the 

result of immunofluorescent staining indicated a 27% 

increase of LC3 density in the MNs of Tg-Vera mice 

compared with Tg-Con mice (P < 0.05) (Fig. 4F and G). 

Meanwhile, there was a reduction in the level of p62 

protein in Tg-Vera mice vs. Tg-Con mice (Fig. 4A). 

Statistical analysis of Western blots revealed a 29% 

reduction of p62 protein in the spinal cord of Tg-Vera vs. 

Tg-Con groups (P <0.05) (Fig. 4D). These results indicate 

that verapamil can reduce SOD1 aggregation in MNs 

possibly by activating autophagy in SOD1G93A mice.  

 

Verapamil ameliorated dysfunctional autophagic flux in 

SOD1G93A mice 

 

The reduction of p62 in Tg-Vera mice indicated improved 

autophagic flux in the spinal cord of SOD1G93A mice. To 

further determine the ultra-structure alteration in 

SOD1G93A mice with verapamil administration, we used 

EM to quantify the number of autophagosomes and 

autolysosomes in the MNs of the different groups. EM 

results showed that there were double-membraned 

autophagosomes (marked with arrowheads) and obvious 
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autolysosomal aggregation (marked with arrows) in the 

MNs of the WT-Vera (Fig. 5A) and Tg-Vera mice (Fig. 

5B-D). The number of autophagosomes was increased by 

31% in the MNs of Tg-Vera mice when compared with 

Tg-Con mice (Fig. 5E). Interestingly, we found that the 

size of autophagosomes in WT-vera mice seems smaller 

than in Tg-Vera mice or Tg-Con mice. In most of the WT-

Vera autophagosomes, there were no organelles or 

aggregated proteins which is vastly different with Tg mice 

with or without verapamil treatment (Fig. 5A and B). 

Moreover, quantitative analysis demonstrated a 

significant reduction of autolysosome /autophagosome 

ratio in the Tg-Con mice when compared with WT-Con 

mice (Fig. 5F). Verapamil administration significantly 

improved the ratio of autolysosome /autophagosome in 

the MNs of SOD1G93A mice (3.35 ± 0.41 vs. 1.23 ± 0.38, 

P < 0.01) (Fig. 5F). Taken together, EM results further 

indicate that the dysfunction in autophagic flux is 

ameliorated in verapamil-treated mice.  

 

 

 
 
Figure 6. Effects of verapamil on calpain 1 and its substrate proteins. Western blot analysis of protein levels of the inactive and 

active calpain 1 subunit in the different groups (A). Quantitative analysis of the ratio of active calpain 1 (B) and calpain activity 

(C) in the different groups; (D) Western blot analysis of protein levels of Beclin-1 and Atg5. Quantitative analysis of the ratio of 

Beclin-1 (E) and Atg5 (F). n = 3 per group. Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test. All 

values are presented as mean ± SEM. **P < 0.01 and *P < 0.05, compared with WT-Con group; &&P < 0.01 and &P < 0.05, compared 

with Tg-Con group. 

 

Verapamil inhibited calpain 1 expression and its 

pathway in SOD1G93A mice 

 

Calpain 1 is a Ca2+-dependent cysteine protease that plays 

an important role in the Ca2+-associated autophagy and 

apoptosis pathways [18]. To determine the alteration of 

calpain 1 related pathways, we examined the protein level 

of calpain 1 in the spinal cords of 4 different group mice. 

Western blot results indicated that the level of active 

calpain 1 was significantly increased in SOD1G93A mice 

as compared with age-matched WT-Con mice, while 

verapamil treatment decreased the levels of calpain 1 by 

41% in Tg-Con mice (Fig. 6A and B). Additionally, 

calpain activity was substantially decreased in the spinal 

cord of SOD1G93A mice with verapamil treatment as 

compared with Tg-Con mice (Fig. 6C). Our results 

indicated the alteration of calpain 1 level and activity in 

SOD1G93A mice and verapamil can reduce the calpain 1 

expression in ALS mice. Moreover, compared with Tg-

Con mice, verapamil administration significantly 

increased the levels of Beclin-1 and Atg5 in SOD1G93A 

mice, which are the substrates for calpain 1 (Fig. 6D-F). 

Taken together, we speculate that verapamil may 

modulate autophagy associated protein expression by 

regulating the calpain 1 related pathway in SOD1G93A 

mice.  

 

Verapamil ameliorated endoplasmic reticulum (ER) 

stress in SOD1G93A mice 

 

Numerous studies indicated that elevated ER stress and 

up-regulated ER stress proteins can result in selective 

neuronal vulnerability and apoptosis in ALS, which 

contributes to the pathogenesis of this disease [27]. To 
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investigate the effects of verapamil on ER-related 

proteins, we measured the protein levels of Bip, IRE1α, 

CHOP, PDI and apoptosis-related protein cleaved 

caspase-12 in the spinal cords of all groups. Quantitative 

analysis of Western blot showed that Bip, IRE1α, CHOP 

and PDI protein levels were decreased by 26%, 23%, 

24%, 26%, respectively, in Tg-Vera mice vs. Tg-Con 

mice (Fig. 7 A and C-F). It was reported that ER stress 

leads to the activation of caspase-12, which in turn can 

induce apoptosis and cell death [26]. Here, we found that 

verapamil treatment reduced the expression of cleaved 

caspase-12 in SOD1G93A mice (Fig. 7B and G), indicating 

the effects of verapamil on MN survival through the 

inhibition of caspase-12 induced apoptosis.  

 

 

 

 

 

 

 

 

 

 

Figure 7. Effects of verapamil on ER 

stress related proteins. Western blot 

analysis of protein levels of (A) Bip, 

IRE1α, CHOP and (B) PDI, cleaved 

caspase-12 in the different groups. 

Quantitative analysis of the ratio of Bip 

(C), IRE1α (D), CHOP (E) and PDI 

(F), cleaved caspase-12 (G). n = 3 per 

group. Data were analyzed using one-

way ANOVA followed by Tukey’s 

post hoc test. All values are presented 

as mean ± SEM.**P < 0.01 and *P < 

0.05, compared with WT-Con group; 
&&P < 0.01 and &P < 0.05, compared 

with Tg-Con group. 

 

Verapamil inhibited the activation of glial cells in 

SOD1G93A mice 

 

Glial activation in the spinal cord was investigated using 

immunohistochemistry. We used Iba-1 and GFAP to 

examine the status of microglia and astrocytes in the 

spinal cords of SOD1G93A mice. Our results demonstrate 

that the resting glial cells exhibited a ramified 

morphology, which was characterized by small cell 

somata and a few long and branched processes. However, 

the activated astrocytes or microglia exhibited enlarged 

round and aggregated soma with short processes. The 

numbers of total astrocytes and microglia were found to 

be elevated at least 1-fold in the 120 days SOD1G93A mice 

compared with the age-matched WT mice (P < 0.01) (Fig. 

8), while the numbers of activated astrocytes and 

microglia in SOD1G93A mice were found to be increased 

approximately 7- and 9-fold compared with WT mice (P 

< 0.01) (Fig. 8B and D). In contrast, mice treated with 

verapamil displayed a 45.8% (P < 0.01) and 42.7% (P 

<0.01) reduction in the numbers of activated astrocytes 

and microglia, respectively (Fig. 8 B and D). 
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Figure 8. Effects of verapamil on glial activation in SOD1G93A mice. Immunofluorescence labeling of GFAP (red) 

in the spinal cord of the 4 mouse groups (A). White arrows: typical activated astrocytes; Yellow arrows: typical resting 

astrocytes; Quantification of activated astrocytes in the lumbar spinal cords of each group (B); Immunofluorescent 

labeling of Iba-1 (green) in the spinal cord of the different groups (C). White arrows: typical activated microglia; 

Yellow arrows: typical resting microglia; Quantification of activated microglia in the lumbar spinal cords of each 

groups (D). n = 3 per group. Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test. All values 

are presented as mean ± SEM.**P < 0.01 and *P < 0.05, compared with WT-Con group; &&P < 0.01 and &P < 0.05, 

compared with Tg-Con group. 

 

DISCUSSION  

 

Mounting evidence support the view that abnormal 

protein aggregation is involved in the pathogenesis of 

both familial and sporadic ALS [3, 4]. Abnormalities of 

Ca2+ homeostasis contributed to the SOD1 aggregation 

within specific MNs [28] however, the effects of CCBs in 

the pathology of ALS has not yet been elucidated. Results 

of a screen for autophagy enhancers indicated that 

verapamil increased LC3B level most significantly when 

compared with other CCBs, which suggests verapamil’s 

potency as an autophagic activator [19]. In addition, as a 

classic drug, verapamil did not show any major toxic side 

effects when used in the clinical setting. In the present 

study, we report that verapamil could delay disease onset, 

prolong the lifespan and extend disease duration in the 

SOD1G93A mouse model of ALS. Furthermore, we found 

that verapamil treatment could alleviate degeneration of 

MNs in the anterior horn of the spinal cord of SOD1G93A 

mice, which might be related with the decreased SOD1 

protein aggregation and improved autophagic flux in 

MNs.  

Protein quality control, especially the protein 

degradation process, has a crucial function in 
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neurodegenerative diseases, including ALS [29]. The 

presence of intracellular, insoluble inclusions composed 

of misfolded proteins is a hallmark of ALS pathology 

[30]. Our previous study reported that misfolded protein 

aggregation was detected in the spinal cord even at the 

presymptomatic stage of the disease [8, 13]. Abnormal 

protein accumulation has been proposed to induce MN 

degeneration by gain of function toxicity and perturbing 

multiple cellular functions including mitochondrial 

function, ER stress and axonal transport [31]. Therefore, 

clearance of mutant SOD1 toxic aggregation might show 

insights into the possible application of therapeutic 

strategies. Our findings provide evidence that verapamil 

was able to reduce SOD1 aggregation, particularly, by 

decreasing insoluble SOD1 in the MNs of SOD1G93A 

mice. It is interesting that verapamil treatment decreased 

human soluble SOD1 protein in SOD1G93A mice. There 

are two major pathways for cellular protein degradation: 

ubiquitin proteasome system (UPS) and autophagy. 

Autophagy has been shown to degrade soluble and 

aggregated protein substrates that are too large to enter the 

UPS pore, such as the toxic SOD1 protein aggregates in 

SOD1G93A mice. UPS mainly participates in soluble 

SOD1 protein degradation. A previous study suggested an 

interconnectivity between calcium signaling and the UPS 

system [32]. Calcium-mediated regulation of the UPS is 

important in cell physiology and can be seen in primary 

cultured neurons [32, 33]. These studies indicate that 

verapamil could decrease the level of soluble SOD1 

protein by influencing the UPS.  

Autophagy is a main process for the degradation of 

aggregated proteins or damaged organelles in mammalian 

cells, which plays a diverse, even controversial effect for 

the survival of MNs in the model of ALS [34]. 

Clemastine, an antihistaminergic drug, modulated 

autophagy and neuroinflammation in NSC34 SOD1G93A 

motor neuron cells in a time dependent manner, in parallel 

with the different beneficial or detrimental effects exerted 

by short and long treatment in SOD1G93A mice [35]. A 

recent study reported that rilmenidine, an imidazoline-1 

receptor agonist, upregulated autophagy in MNs, but 

worsened MN degeneration and symptom progression in 

SOD1G93A mice, highlighting the complex effects 

autophagy has in ALS [36]. Using different mTOR-

dependent or mTOR-independent autophagic activators, 

our previous study indicated the possibility of a defective 

autophagic flux in SOD1G93A mice, specifically a 

dysfunction in the autophagosome-lysosome fusion 

process [13, 25]. 

Autophagy is regulated by changes in intracellular 

Ca2+ levels through an mTOR-independent pathway [19]. 

Abundant studies provide evidence that elevated cytosolic 

Ca2+ could induce autophagy dysfunction, which occurs 

at both the level of autophagosome formation and 

autophagosome-lysosome fusion [37]. Using EM, we 

demonstrated that a classic L-type Ca2+ channel blocker, 

verapamil, could not only increase the number of 

autophagosomes, but also significantly improve the 

autophagosome/lysosome ratio in MNs of SOD1G93A 

mice. Based on these results, we speculate that verapamil 

can ameliorate the autophagic flux defect by inducing 

autophagosome formation and autophagosome-lysosome 

fusion. Consistent with previous reports [25], results of 

increased LC3B and decreased p62 levels induced by 

verapamil treatment further indicated its role in improving 

autophagic flux in SOD1G93A mice.  

Elevated cytosolic Ca2+ can activate calpains, which 

are a family of Ca2+- dependent cysteine proteases [38]. 

When activated, calpains influence the structure and 

expression of their substrate proteins by increasing 

enzymatic activity [38]. So far, 15 calpain members have 

been identified. Between them, calpain 1 and calpain 2 are 

ubiquitously expressed [38]. In the nervous system, 

calpain 1 is mostly expressed in neurons while calpain 2 

is more abundant in glial cells [38]. It was reported that 

calpain regulated autophagy appeared to be independent 

of mTOR activity in that calpain inhibition induced 

autophagy independently of mTOR pathway [39]. 

Calpain-mediated hydrolysis of Beclin-1 and Atg5 under 

stress has been reported in nerve tissues [18, 40]. 

Inhibition of calpain with chemical agents or its genetic 

knockdown increased autophagic flux without affecting 

the mTOR pathway [19, 41]. Conversely, activation of 

calpain by elevated cytosolic Ca2+ inhibits 

autophagosome formation [19]. Studies suggest that 

calpain is a downstream mediator of cytosolic Ca2+ in the 

autophagic process [19, 42]. Ca2+ may be a key factor in 

modulating SOD1 toxicity in ALS MNs [28]. It was 

reported that Ca2+ specifically accumulated in the spinal 

cord and brain stem MNs of ALS patients as well as in 

SOD1G93A mice [43, 44]. Studies on ALS animal models 

have shown that Ca2+ overload promoted and correlated 

with SOD1 aggregation [45]. Interestingly, the ER could 

release stored Ca2+ which impairs autophagosome 

maturation and blocks autophagosome-lysosome fusion 

[46]. In our study, we found elevated activated calpain 1 

protein level and calpain activity in the spinal cord of 

SOD1G93A mice, which was ameliorated by verapamil 

treatment. Together with previous reports [37, 39, 46], we 

speculate that the neuroprotective effects of verapamil 

may be mediated by the improvement in the calpain-

induced autophagic flux and inducing autophagosomes 

formation and autophagosome-lysosome fusion, in 

SOD1G93A mice.  

MNs express high levels of Ca2+-permeable AMPA 

receptors which makes them more vulnerable to 

excitotoxicity and dysregulation of intracellular Ca2+ 

homeostasis [47, 48] due to the low calcium buffering 
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capacity because of the lack of Ca2+ buffering proteins 

[49]. Lautenschlager et al reported a decelerated cytosolic 

Ca2+ clearance due to the disturbance of endoplasmic 

reticulum/mitochondria in MNs of SOD1G93A mice, which 

may enhance resting Ca2+ levels [50]. Thus, the terminal 

Ca2+ level is likely altered in a way to enhance synaptic 

transmission and hyperexcitability which leads to Ca2+ 

overload induced apoptosis or necrosis in MNs of 

SOD1G93A mice [51, 52]. More studies are needed to 

explore the possibility that verapamil reduces 

excitotoxicity and ameliorates hyperexcitability by 

lowering Ca2+ level in the MNs of SOD1G93A mice.                                                                           

Many studies have characterized the activation of 

microglia and astrocytes in the post-mortem central 

nervous system of ALS patients and in the spinal cord of 

the transgenic mouse model of ALS [53]. In ALS, 

microglia and astrocytes switch from a surveying state, 

characterized by a small cell body, to an activated state, 

characterized by an enlarged cell body accompanied by 

releasing potentially neurotoxic cytokines [53]. Our 

previous study showed that glia cells become activated 

before clinical disease onset at about 90 days of age in 

SOD1G93A mice [13]. Of note, selective expression of 

mutant SOD1 in MNs did not result in a loss of motor 

neurons or the behavioral phenotype, which provided 

evidence that surrounding glial cells play an important 

role in MN degeneration [54]. Chemical or genetic 

inhibition of glia activation significantly slowed disease 

progression, improved survival and rescued MNs in the 

transgenic mouse model of ALS [55, 56]. In our study, 

activated Iba-1 positive microglia and GFAP positive 

astrocytes were highly expressed in the spinal cord of 

SOD1G93A mice, and verapamil treatment significantly 

suppressed glia activation, which may partially explain 

the neuroprotective effects of verapamil in ALS. In the 

last few decades, a new gaseous neurotransmitter, 

hydrogen sulphide (H2S), has been introduced. Several 

studies suggested that H2S is mainly released by activated 

astrocytes and microglia, which is extremely and 

selectively toxic to MNs in SOD1G93A mice [57, 58]. 

Furthermore, H2S can increase Ca2+ concentration and in 

turn affect the survival of MNs in SOD1G93A mice [59]. 

More interestingly, H2S-induced Ca2+ elevation was 

significantly attenuated by antagonists of L-type blockers 

such as verapamil [60]. Further studies are warranted to 

investigate the effects of H2S in verapamil-mediated 

neuroprotection in SOD1G93A mice. 

In 1996, Miller et al reported that verapamil did not 

show significant effectiveness in slowing the clinical 

progression in ALS patients [61]. However, it was not a 

placebo-controlled, randomized, double-blinded clinical 

trial i.e., no Riluzole-controlled group and the study had 

no detailed clinical subgroup. Therefore, more clinical 

trials are required to confirm the effects of verapamil or 

other calcium channel blockers in ALS. 

In conclusion, our study provides new evidence in 

support of L-type Ca2+ channels inhibitor, verapamil, for 

MN survival, delaying onset of ALS and prolonging 

lifespan in SOD1G93A mice. These effects are mediated by 

inducing autophagy, improving autophagic flux, reducing 

SOD1 protein aggregation, ameliorating ER stress and 

inhibiting glia activation in SOD1G93A mice. Our study 

highlights the important role of calpain 1 and its pathway 

in verapamil-mediated neuroprotective effects. The 

results from the present study indicate that cytosolic Ca2+ 

dysfunction is a critical pathological event for ALS. In 

fact, the elevation of calcium to toxic levels has serious 

implications for neuronal survival through the activation 

of injury mechanisms in neurodegenerative diseases such 

as Alzheimer's disease, Parkinson's disease and ALS [62, 

63]. The approaches to reduce cellular Ca2+ level (such as 

verapamil or other CCBs) might prove to be an effective 

therapeutic strategy for patients with ALS and other 

neurodegenerative diseases.  
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