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Abstract 14 

Epilepsy is a common disease of the central nervous system. This study aims to investigate the 15 

role of mitochondrial Rho (Miro) 1 in epilepsy using a mouse model of pilocarpine-induced status 16 

epilepticus (SE). Intraperitoneal injection of pilocarpine induced epileptic seizure in mice and 17 

significantly decreased Miro 1 expression in the hippocampus. Moreover, pilocarpine treatment 18 

increased the serum levels of heat shock protein 70 (HSP70) and S100 calcium binding protein B 19 

(S100B), and led to hippocampal neuronal injury and apoptosis. The intrinsic apoptotic pathway 20 

was activated in the hippocampal neurons following pilocarpine-induced SE, as evidenced by 21 

increased levels of cleaved caspase-3 and Bax, downregulation of Bcl-2, and the release of 22 

cytochrome C from mitochondria to cytoplasm. By contrast, forced expression of Miro 1 by lateral 23 

ventricular administration of adenovirus mitigated pilocarpine-induced epileptic seizure, reduced 24 

the elevation of HSP70 and S100B, and inhibited hippocampal neuronal apoptosis by suppressing 25 

the intrinsic apoptotic pathway. In summary, our data demonstrated that ectopic expression of 26 

Miro 1 alleviated pilocarpine-induced SE and protected hippocampal neurons by inhibiting the 27 

intrinsic apoptotic pathway. These findings provide new insights in epileptic disorders and 28 

suggest a potential neuroprotective value of Miro 1 in the treatment of epilepsy. 29 

 30 

Keywords: cytochrome C; epilepsy; hippocampus; mitochondrial Rho 1; neuronal apoptosis31 
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Introduction   32 

  Epilepsy is one of the most common diseases of the central nervous system, with more than 50 33 

million patients around the world and estimated 2.4 million newly diagnosed cases each year 34 

(WHO 2016). Epilepsy is a chronic brain dysfunction characterized by recurrent seizures, and 35 

temporal lobe epilepsy (TLE) is the most form of representative refractory epilepsy (Nagae et al. 36 

2016). Hippocampal sclerosis (HS) is the most common lesion associated with TLE and it is 37 

observed in 60-75% of patients with medically intractable TLE. HS is characterized by severe 38 

neuronal loss and gliosis in hippocamal region, and the progressive volume loss in the 39 

hippocampus (Fuerst et al. 2003). Currently, the main treatment approaches for TLE are surgery 40 

and anti-epileptic drugs, but the therapeutic efficacy is not satisfactory, and some additional 41 

damages may be caused (Habibi et al. 2016; Haerian et al. 2010). Moreover, refractory epilepsy, 42 

including TLE, is resistant to a range of anti-epileptic drugs (Kwan and Brodie 2000). Therefore, it 43 

is necessary to understand the mechanism of epileptogenesis for the development of novel 44 

therapies. 45 

  Mitochondrial Rho (Miro) is a member of the Ras superfamily, and it has two isoforms: Miro 1 46 

and Miro 2 (Fransson et al. 2003). Miro is specifically associated with mitochondria, and it was 47 

first identified in metazoans to play a critical role in the regulation of mitochondrial transport 48 

(Yamaoka and Hara-Nishimura 2014). Mitochondria are the main site of ATP production that is 49 

needed for synaptic transmission, and they also play central roles in neurotransmitter synthesis, 50 

calcium homoeostasis, redox signaling and neuronal survival (Davis and Williams 2012; Duchen 51 

2000; Wallace et al. 2010). Mitochondrial dysfunction has been implicated in the etiology of 52 

acute seizures and chronic epilepsy (Kovacs et al. 2002). As Miro 1 is essential for axonal 53 
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mitochondrial trafficking along the microtubules (Fransson et al. 2003; Glater et al. 2006), 54 

disruption of Miro 1-dependent mitochondrial movement could result in nervous system 55 

diseases, such as Parkinson’s disease and Alzheimer’s disease (Iijima-Ando et al. 2012; Liu et al. 56 

2012). A gain-of-function mutant of Miro 1 is shown to impair mitochondrial transport and cause 57 

mitochondrial aggregation (Fransson et al. 2006). In mice, loss of Miro 1 results in neural 58 

respiratory control defects, and neuron-specific Miro 1 knockout leads to upper motor neuron 59 

disease phenotypes and pathology (Nguyen et al. 2014). Although Miro 1 has been demonstrated 60 

to play an important role in the central nervous system function, its role in the pathogenesis of 61 

epileptic disorders remains elusive. 62 

  The pilocarpine-induced epilepsy model is a commonly used rodent model to reproduce 63 

human TLE characteristics because it replicates the symptoms, gene induction pattern and 64 

hippocampal neuronal loss as in TLE patients (Jefferys et al. 2016). In our preliminary study, we 65 

found that the expression of Miro 1 was decreased in the hippocampus of pilocarpine-induced 66 

epilepsy mouse model. In the present study, the implication of Miro 1 downregulation in epilepsy 67 

was investigated in a mouse model of pilocarpine-induced status epilepticus (SE). Meanwhile, the 68 

potential therapeutic effect of ectopic Miro 1 on epilepsy was assessed. 69 

Materials and methods 70 

Ethical statement 71 

  The procedures on the experimental animals were in line with the Guide for the Care and Use 72 

of Laboratory Animals, and the protocol was approved by the Ethics Committee of Zhengzhou 73 

University. 74 

Animal model 75 
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  The epilepsy model was established according to previously described methods 76 

(Jimenez-Mateos et al. 2015) with some modifications. Male adult C57BL/6 mice of 18-25 g (Vital 77 

River, Beijing, China) were used in this study. After being anesthetized with 10% chloral hydrate, 78 

the mice in the Model group were injected subcutaneously with scopolamine (1 mg/kg) (Sigma, 79 

St. Louis, MO, USA), followed by an intraperitoneal injection of pilocarpine (340 mg/kg) (Sigma) 80 

30 min later to induce SE. Ninety min after pilocarpine administration, lorazepam (6 mg/kg) was 81 

injected to terminate epileptic seizures. Mice in the Sham group were anesthetized and injected 82 

with an equal volume of saline. At 4 h and 24 h after pilocarpine injection, the mice in the Sham 83 

and Model groups were sacrificed, and the hippocampal tissue samples were collected for the 84 

examination of Miro 1 expression. 85 

To investigate the role of Miro 1 in epilepsy, mice were randomly divided into four groups: 86 

Sham, Model, negative control (NC) and Miro 1 (n=6 per group). After being anesthetized with 10% 87 

chloral hydrate, the mice in the Miro 1 group and the NC group received a lateral ventricular 88 

injecton of 2 μl (2×10
7
) adenoviruses containing Miro 1 expression construct or empty NC vector 89 

(Hanbio, Shanghai, China). Twenty-four hours later, the mice in the Model, NC and Miro 1 groups 90 

were subjected to the induction of epileptic seizures as described earlier, and the sham-operated 91 

mice were injected with an equal volume of saline. Three days later, all mice were sacrificed, and 92 

their hippocampi and blood samples were collected for the subsequent analyses.  93 

Racine scale 94 

  The severity of epileptic seizures was assessed one hour after pilocarpine injection using the 95 

Racine scale (Phelan et al. 2015). The severity was classified into five grades: Ⅰ: facial muscles 96 

twitch, including blinking, whisker shaking and chewing; Ⅱ: head nodding on top of facial and 97 
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mouth movements; Ⅲ: unilateral forelimb clonus on the top of the movements in grade Ⅱ; Ⅳ: 98 

bilateral forelimb clonus; Ⅴ: severe bilateral forelimb clonus and falling down. 99 

RNA extraction, reverse transcription (RT) and real-time PCR  100 

  Total RNAs were extracted from the hippocampal tissues using a total RNA extraction kit 101 

(BioTeke, Beijing, China). After measurement of concentration, RNAs were reversely transcribed 102 

into cDNA by M-MLV super reverse transcriptase (BioTeke), in the presence of oligo(dT) and 103 

random primers. All instruments in this section were pre-treated with Surface RNase Erasol 104 

(TIANDZ, Beijing, China), and all reagents were RNase-free. 105 

  The cDNA was used for real-time PCR detection of Miro 1 mRNA by using 2×Power Taq PCR 106 

Master Mix (BioTeke) and SYBR Green (Solarbio, Beijing, China). The amplification procedure was 107 

set as follows: 95 ℃ for 10 min, 40 cycles of 95 ℃ for 10 s, 60 ℃ for 20 s and 72 ℃ for 30 s, 108 

and finally 4 ℃ for 5 min. The data were calculated according to the 2
-ΔΔCt

 method. The 109 

sequences of real-time PCR primers were shown in Table 1. 110 

Western blot 111 

Total cellular protein was extracted from the hippocampal tissue using RIPA lysis buffer 112 

(Wanleibio, Shenyang, Liaoning, China), and the mitochondrial protein was extracted from the 113 

hippocampal tissue with a mitochondria isolation kit (Beyotime, Haimen, Jiangsu, China) 114 

according to the manufacturer’s protocol. The protein samples were denatured by 5-min boiling, 115 

separated by SDS-PAGE, and transferred onto a PVDF membrane (Millipore, Boston, MA, USA). 116 

After blocking with 5% skim milk at room temperature for 1 h, the PVDF membrane was 117 

incubated with one of the following antibodies at 4 ℃ overnight: anti-Miro 1 (1:1000; Abcam, 118 

Cambridge, UK); anti-cleaved caspase-3 (1:1000; Abcam); anti-Bax (1:2000; Proteintech, Chicago, 119 
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IL, USA); anti-Bcl-2 (1:400; Boster, Wuhan, Hubei, China); anti-cytochrome C (1:400; Boster); 120 

anti-heat shock protein 70 (HSP70) (1:500; Bioss, Beijing, China). After rinsing with TBST, the 121 

PVDF membrane was incubated with the corresponding HRP-conjugated secondary antibody at 122 

37 ℃ for 45 min, followed by a signal exposure using the ECL reagent (Wanleibio). After 123 

removing the antibodies with stripping buffer (Wanleibio), the PVDF membrane was re-blotted 124 

with anti-β-actin (1:1000; Santa Cruz, CA, USA) or anti-voltage-dependent anion channel (VDAC) 125 

1 (1:500; Sangon) and the secondary antibodies. β-actin served as the internal control for total 126 

cellular protein or cytosolic protein, and VDAC1 served as the internal control for mitochondrial 127 

protein. 128 

TUNEL assay 129 

  The hippocampus was fixed with 4% paraformaldehyde (Sinopharm, Beijing, China) at room 130 

temperature overnight, dehydrated with scending concentrations of ethanol (70% for 2 h, 80% for 131 

2 h, 90% for 2 h, and 100% for 1 h twice), permeated with xylene (Sinopharm) for 30 min, and 132 

embedded in paraffin at 60 ℃. The paraffin block was cut into sections of 5 μm. The sections 133 

were dewaxed with xylene, and rehydrated with descending concentrations of ethanol (100% for 134 

5 min twice, 95% for 2 min, 85% for 2 min, 75% for 2 min). Thereafter, the sections were 135 

permeabilized with 0.1% Triton X-100 (Beyotime) for 8 min, blocked with 3% H2O2 (Sinopharm) 136 

for 10 min, and incubated with the TUNEL reagent (Roche, Basel, Switzerland) at 37 ℃ for 60 137 

min. After washing with PBS, the sections were incubated with Converter-POD (Roche) at 37 ℃ 138 

for 30 min in the dark, and then briefly incubated with the chromogenic DAB reagent (Solarbio). 139 

Subsequently, the sections were stained with hematoxylin (Solarbio) for 3 min, soaked in 1% 140 

hydrochloric acid/ethanol for 3 s, and washed with running water for 20 min. Finally, the sections 141 
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were dehydrated with scending concentrations of ethanol (75% for 2 min, 85% for 2 min, 95% for 142 

2 min, and 100% for 10 min twice) and xylene (10 min twice), mounted with gum, and 143 

photographed by microscopy (Olympus, Tokyo, Japan). The number of TUNEL-positive cells and 144 

total cells on each coronal section was counted by two pathologists without knowing the group 145 

setting, and the obtained data were further averaged. The apoptosis rate = TUNEL-positve cell 146 

number/ total cell number x 100%. 147 

Nissl staining 148 

The hippocampal tissue was processed into paraffin sections according to the previously 149 

described method, followed by deparaffinization and rehydration. After removing the residual 150 

liquid, the sections were stained with 0.5% cresyl violet (Sinopharm) for 10 min, soaked in 0.25% 151 

acetic acid/ethanol (Kermel, Tianjin, China), and dehydrated with 100% ethanol for 5 min twice 152 

and then with xylene for 10 min twice. Finally, the sections were mounted gum, and 153 

photographed with a microscope (Olympus).  154 

Immunohistochemistry 155 

  The hippocampal sections were dewaxed, rehydrated and subjected to heated antigen retrieval. 156 

After blocking with 3% H2O2 for 15 min and then with goat serum (Solarbio) for 15 min, the 157 

sections were incubated with an antibody against Miro 1 (1:200; Abcam) at 4 ℃ overnight, and 158 

then incubated with biotin-labeled goat anti-mouse IgG (1:200; Beyotime) at 37 ℃ for 30 min. 159 

Subsequently, the sections were incubated with streptavidin-HRP (Beyotime) at 37 ℃ for 30 min 160 

in the dark, developed with DAB (Solarbio), and counterstained with hematoxylin (Solarbio). 161 

Finally, the sections were dehydrated, mounted, and observed under microscope at 400× 162 

magnification. 163 
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Enzyme-linked immunosorbent assay (ELISA) 164 

  The levels of HSP70 and S100 calcium binding protein B (S100B) in the serum were determined 165 

with the HSP70 ELISA kit and the S100B ELISA kit (USCN, Wuhan, Hubei, China), respectively, 166 

according to the manufacturer’s instructions. 167 

  HSP70 standards (50, 25, 12.5, 6.25, 3.12, 1.56 and 0.78 ng/ml) were mixed with Detection A 168 

solution (1:100, diluted with water), and incubated at 37 ℃ for 1 h. After washing thrice with 169 

the washing buffer, the standards were incubated with Detection B solution (1:100, diluted with 170 

water) at 37 ℃ for 30 min, washed 5 times, and reacted with TMB substrate at 37 ℃ in the 171 

dark. Later on, the reaction was terminated by adding the termination buffer, and the optical 172 

density (OD) was detected at 450 nm. The standard curve of the HSP70 was drawn based on the 173 

OD450 of HSP70 standards. The OD450 of each serum sample was measured in the same way, and 174 

the concentration of HSP70 was calculated according to the standard curve. 175 

  S100B standard curve was drawn using S100B standards (1000, 500, 250, 125, 62.5, 31.2 and 176 

15.6 pg/ml) following the same procedures as for HSP70. The S100B concentration in the serum 177 

was detected and calculated based on the S100B standard curve. 178 

Statistical analysis 179 

  The data in this study were presented as mean ± SD of six individuals in each group. The Racine 180 

scores were analyzed by Wilcoxon signed rank test. The differences in Miro 1 expression between 181 

the Sham and the Model groups at 4 h and 24 h were analyzed by two-way ANOVA test, and 182 

differences between the Sham, Model, NC and Miro 1 groups were analyzed by one-way ANOVA 183 

test with post hoc Bonferroni’s multiple comparisons. P<0.05 was considered statistically 184 

significant (*p<0.05, **p<0.01, ***p<0.001). 185 
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Results 186 

Expression of Miro 1 was decreased in mouse hippocampus after pilocarpine-induced SE  187 

  Epilepsy was induced in mice by intraperitoneal injection of pilocarpine, and the expression 188 

levels of Miro 1 in the hippocampus were detected by real-time PCR and western blot 4 h and 24 189 

h after pilocarpine injection. The results showed that the mRNA level of Miro 1 was decreased by 190 

54% (P<0.001) and 61% (P<0.001) at post-induction 4 h and 24 h, respectively (Fig. 1A). 191 

Consistently, Miro 1 protein was decreased by 79% (P<0.001) and 85% (P<0.001), respectively, at 192 

4 h and 24 h after pilocarpine administration (Fig. 1B). These results suggest that downregulation 193 

of Miro 1 may be associated with pilocarpine-induced SE. 194 

Ectopic expression of Miro 1 alleviated pilocarpine-induced epileptic seizure and reversed the 195 

upregulation of TLE markers  196 

  To investigate the implication of Miro 1 downregulation in pilocarpine-induced epilepsy, 197 

adenovirus containing Miro 1 expression construct was injected into the lateral ventricle one day 198 

before the induction of epilepsy. One hour after pilocarpine injection, the Racine scale was used 199 

to assess the severity of epilepsy seizures in the four groups of mice. As shown in Fig. 2A, 200 

pilocarpine induced epilepsy seizure in mice (P=0.0335), and adenovirus-mediated expression of 201 

Miro 1 significantly alleviated seizure severity (P=0.0477) as compared with the NC group. 202 

Moreover, two epilepsy markers, HSP70 and S100B (Chang et al. 2012; Yang et al. 2008) were 203 

examined after pilocarpine-induced SE. As shown in Fig. 2B and C, the levels of HSP70 in the 204 

hippocampus and the serum increased 4.05-fold (P<0.001) and 3.99-fold (P<0.001), respectively, 205 

three days after pilocarpine injection. By contrast, ectopic expression of Miro 1 decreased 206 

hippocampal and serum levels of HSP70 by 57% (P<0.001) and 40% (P<0.01), respectively (Fig. 2B 207 
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and C). Similarly, delivery of Miro 1 expression adenovirus to the lateral ventricle attenuated the 208 

elevation of serum S100B following pilocarpine-induced SE (Fig. 2D). In addition, immunoblotting 209 

and immunohistochemical results revealed that the Miro 1 expression was reduced by 82% 210 

(P<0.001) three days after pilocarpine treatment, whereas adenovirus-mediated expression of 211 

Miro 1 restored Miro 1 expression in the hippocampus (Fig. 2E). 212 

Forced expression of Miro 1 reduced pilocarpine-induced hippocampal neuronal injury and 213 

apoptosis  214 

  Since neuronal dysfunction and injury always exists in epilepsy, Nissl staining and TUNEL assay 215 

were performed to detect hippocampal neuronal injury and apoptosis three days after 216 

pilocarpine-induced SE. The Nissl staining result showed that pilocarpine injection caused 217 

prominent neuronal injury in the hippocampus, and the survived neuron number was decreased 218 

by 88% (P<0.001), however, it was increased 4.45-fold (P<0.001) by ectopic Miro 1 expression (Fig. 219 

3A-B). The TUNEL results showed that the apoptosis rate in the hippocampus was elevated 220 

77.79-fold (P<0.001), but reduced by 50% (P<0.001) after Miro 1 ectopic expression (Fig. 3C-D). In 221 

addition, three important apoptotic executors, cleaved caspase-3, Bax, and Bcl-2, were detected 222 

by western blotting. The results showed that pilocarpine treatment led to 3.17-fold elevation of 223 

cleaved caspase-3 (P<0.001) and 3.34-fold elevation of Bax (P<0.001) in the hippocampal tissue, 224 

and it also reduced the expression of Bcl-2 by 55% (P<0.001). Compared with the NC group, 225 

forced expression of Miro 1 reduced levels of cleaved caspase-3 and Bax by 53% (P<0.001) and 36% 226 

(P<0.05), respectively, and increased the expression of Bcl-2 by 1.4-fold (P<0.01) (Fig. 4A and B). 227 

These results demonstrated that Miro 1 inhibited hippocampal neuronal apoptosis in mice after 228 

pilocarpine-induced SE. 229 
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Miro 1 inhibited pilocarpine-induced release of cytochrome C in hippocampal neurons 230 

  Cell apoptosis can be classified into the extrinsic pathway or the intrinsic pathway, wherein the 231 

former is activated by dead receptor and the latter is mediated by the release of cytochrome C 232 

from mitochondria (Sarvothaman et al. 2015). As Miro 1 is associated with mitochondrial 233 

function, we speculated that the neuronal apoptosis in the epileptic mice may be initiated by the 234 

intrinsic pathway. Thus, the subcellular localization of cytochrome C, the key mediator of intrinsic 235 

apoptotic pathway, was measured. The immunoblotting results showed that the content of 236 

cytochrome C in the cytoplasm was increased 2.56-fold (P<0.001) and the content in the 237 

mitochondria was decreased by 65% (P<0.001) three days after pilocarpine treatment (Fig. 4C 238 

and D). However, the expression of exogenous Miro 1 downregulated the level of cytosolic 239 

cytochrome C by 29% (P<0.05) and elevated the content of mitochondrial cytochrome C by 240 

1.68-fold (P<0.05) compared with the NC group (Fig. 4C and D). These results demonstrated that 241 

forced expression of Miro 1 inhibited the release of cytochrome C from mitochondria into 242 

cytoplasm, thus blocked the intrinsic apoptotic pathway in the hippocampal neurons after 243 

pilocarpine-induced SE. 244 

Discussion 245 

  In mammalian and human neurons, mitochondrial transport along axons and dendrites is 246 

essential for ensuring ATP availability during the energetically-demanding process at the synapses 247 

(Harris et al. 2012). Disruption of mitochondrial function, transport or distribution can lead to 248 

nervous system disorders, such as epilepsy. Axonal mitochondrial transport relies on the 249 

microtubule-based kinesin and dynein (Sheng 2014), and Miro 1 is associated with both classes of 250 

motor proteins. Kinesin binds cargo via its light chains, the kinesin adaptor Milton recruits kinesin 251 
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heavy chain to the mitochondrion and interacts directly with Miro 1 (Glater et al. 2006). It has 252 

been reported that Miro 1 knockout mice were cyanotic, having unexpanded lungs and died very 253 

shortly after birth (Nguyen et al. 2014). The mutant yeast strain of gem1, encoding a homologue 254 

of Miro in S. cerevisiae, grew significantly slower than the wild-type strain and exhibited distorted 255 

mitochondrial morphology and defective mitochondrial distribution (Frederick et al. 2004). 256 

Moreover, knockdown of miro homologous genes in zebrafish resulted in posterior body-axis 257 

elongation defects and a smaller head, and ultimately embryonic lethality (Hollister et al. 2016).  258 

In our study, Miro 1 was decreased in the hippocampus of mice with pilocarpine-induced SE. At 259 

the same time, pilocarpine led to elevation of two epilepsy markers, HSP70 and S100B, as well as 260 

neuronal injury in the hippocampus. Restoration of Miro 1, however, attenuated the epileptic 261 

seizure, reduced the ascents of HSP70 and S100B, and suppressed hippocampal neuronal 262 

apoptosis in pilocarpine-treated mice. These results suggest that Miro 1 plays a critical role in 263 

pilocarpine-induced epilepsy.  264 

It is well known that epilepsy is associated with mitochondrial dysfunction (Zsurka and Kunz 265 

2015), and Miro 1 plays a crucial role in mitochondrial transport and function. Thus, loss of Miro 266 

1 may lead to mitochondrial dysfunction and epileptogenesis. In addition to the defects in 267 

mitochondrial morphology and distribution, downregulation of Miro 1 was found associated with 268 

an increased level of Bax, a decreased level of Bcl-2 and translocation of cytochrome C from 269 

mitochondria to cytoplasm following pilocarpine-induced SE. It is known that allosterically 270 

activated Bax/Bak causes the permeabilization of mitochondrial outer membrane and the release 271 

of cytochrome C, for the initiation of intrinsic apoptosis, whereas the allosteric activation of 272 

Bax/Bak could be inhibited by Bcl-2/Bcl-XL (Kvansakul and Hinds 2015; Sarvothaman et al. 2015). 273 
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In our study, pilocarpine-induced upregulation of Bax, downregulation of Bcl-2 and mitochondrial 274 

release of cytochrome C were abolished by ectopic expression of Miro 1. Thus, we conclude that 275 

Miro 1 inhibits epilepsy-associated release of cytochrome C and activation of the intrinsic 276 

apoptosis pathway by modulating the expression of Bcl-2 family members.  277 

TLE is the most common refractory epilepsy with complex and unclear etiology. Recently, 278 

increasing evidences have implicated the dysfunction and deregulated distribution of 279 

mitochondria in the pathogenesis of TLE (Nguyen et al. 2014). In this study, forced expression of 280 

Miro 1 alleviated epileptic seizure and inhibited hippocampal neuronal apoptosis by suppressing 281 

the intrinsic apoptosis pathway in pilocarpine-induced SE mice. As the rodent pilocarpine model 282 

is a well-recognized TLE model, our findings may provide new insights in the anticonvulsant and 283 

neuroprotective properties of Miro 1 in TLE, and this may have clinical significance for the 284 

treatment of TLE. Seizures are known to damage the hippocampus, particularly prolonged 285 

seizures and SE, and neuronal loss is the primary charateristic. To protect the hippocampal 286 

neurons is important for the intervention and prevention of epilepsy (Thom et al. 2005). Our data 287 

demonstrated that the hippocampal neuronal injury and apoptosis after SE were significantly 288 

mitigated by the ectopic expression of Miro 1. 289 

However, our study demonstrated a beneficial effect of ectopic Miro 1 against acute epileptic 290 

seizure, whether Miro 1 exhibits a therapeutic effect in a long run demands further study.  291 

Conclusion 292 

Ectopic expression of Miro 1 ameliorated pilcarpine-induced SE, and exerted hippocampal 293 

neuroprotection by inhibiting intrinsic apoptosis in a mouse epilepsy model. Our findings may 294 

provide new insights in the pathological mechanism of TLE, and may be of clinical significant for 295 

Page 14 of 27

https://mc06.manuscriptcentral.com/bcb-pubs

Biochemistry and Cell Biology



Draft

15 

 

the treatment of TLE. 296 
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Figure legends 379 

Fig. 1 Miro 1 was decreased in mouse hippocampus after pilocarpine-induced SE  380 

(A) The mRNA level of Miro 1 in the hippocampus of pilocarpine-treated mice was detected by 381 

real-time PCR 4 h and 24 h after pilocarpine injection. (B) The protein level of Miro 1 in mouse 382 

hippocampus was detected by western blot in 4 h and 24 h after induction of epilepsy. n=6 each 383 

group; the data were analyzed by two-way ANOVA test; *P<0.05, **P<0.01, ***P<0.001; Miro 1, 384 

mitochondrial Rho 1. 385 

Fig. 2 Ectopic expression of Miro 1 inhibited pilocarpine-induced epileptic seizure and 386 

attenuated the upregulation of epileptic markers 387 

(A) The Racine scale was employed to assess the severity of epileptic seizure of mice one hour 388 

after pilocarpine injection. (B) The expression level of HSP70 in the hippocampus was detected by 389 

western blot 3 days after pilocarpine administration. (C) The expression level of HSP70 in serum 390 

was detected by ELISA 3 days after pilocarpine-induced SE. (D) The expression level of S100B in 391 

the serum was detected by ELISA 3 days after pilocarpine-induced SE. (E) The expression level of 392 

Miro 1 in the hippocampus tissue 3 days after pilocarpine administration was detected by 393 

western blotting. (F) Immunohistochemistry was performed to detect the expression level of 394 

Miro 1 in the hippocampus (scale bar represents 50 μm). n=6 each group; the data of Racine 395 

scores were analyzed by Wilcoxon signed rank test, and the data of ELISA and western blot were 396 

analyzed by one-way ANOVA test with post hoc Bonferroni’s multiple comparisons; *P<0.05, 397 

**P<0.01, ***P<0.001; Miro 1, mitochondrial Rho 1; HSP70, heat shock protein 70; S100B, S100 398 

calcium binding protein B; ELISA, enzyme-linked immunosorbent assay.   399 

Fig. 3 Forced expression of Miro 1 reduced hippocampal neuronal injury and apoptosis after 400 
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pilocarpine-induced SE  401 

(A) Nissl staining was performed to detect hippocampal neuronal injury 3 days after 402 

pilocarpine-induced SE (scale bar in images of 40x magnification represents 500 μm, scale bar in 403 

images of 200x magnification represents 100 μm, scale bar in images of 400x magnification 404 

represents 50 μm; the injured neurons were indicated with arrows). (B) The survived neuron 405 

numbers in the hippocampus were counted in the 400x images of (A). (C) TUNEL assay was 406 

performed to detect hippocampal neuronal apoptosis 3 days after pilocarpine injection (scale bar 407 

in images of 400x magnification represents 50 μm, scale bar in images of 600x magnification 408 

represented 50 μm; the TUNEL-positive neurons were indicated with arrows). (D) The 409 

TUNEL-positive cell percentage in the hippocampus was calculated. n=6 each group; the data 410 

were analyzed by one-way ANOVA test with post hoc Bonferroni’s multiple comparisons; *P<0.05, 411 

**P<0.01, ***P<0.001; Miro 1, mitochondrial Rho 1.  412 

Fig. 4 Miro 1 inhibited pilocarpine-induced intrinsic apoptosis in the hippocampal neurons 413 

(A) and (B) The levels of cleaved caspase-3, Bax and Bcl-2 in the hippocampus were detected by 414 

western blot 3 days after pilocarpine-induced SE. (C) and (D) The levels of cytochrome C in the 415 

cytoplasm and mitochondria of hippocampal neurons were detected by western blot 3 days after 416 

pilocarpine administration. n=6 in each group; the data were analyzed by two-way ANOVA test; 417 

*P<0.05, **P<0.01, ***P<0.001; Miro 1, mitochondrial Rho 1.  418 
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Tables 

Table 1. The information of real-time PCR primers used in this study. 

Abbreviation: Miro 1: Mitochondrial Rho 1; F: forward; R: reverse; nt: nucleotide; Tm: 

temperature of melting; bp: base pair 

 

Name Sequence Length Tm 
Length of 

amplicon 
Gene ID 

Miro 1 F 5’-CGACGATTTGGTTATGACGATG-3’ 22nt 60.6℃ 
173bp NM_021536.7 

Miro 1 R 5’-AGTTCATCAGGCGACAAAGCAC-3’ 22nt 61.8℃ 

β-actin F 5’-CTGTGCCCATCTACGAGGGCTAT-3’ 23nt 64.5℃ 
155bp NM_007393.5 

β-actin R 5’-TTTGATGTCACGCACGATTTCC-3’ 23nt 63.2℃ 
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