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Abstract  
Even though many studies have identified roles of proteasomes in axonal degeneration, the mole-

cular mechanisms by which axonal injury regulates proteasome activity are still unclear. In the 

present study, we found evidence indicating that extracellular calcium influx is an upstream regula-

tor of proteasome activity during axonal degeneration in injured peripheral nerves. In degenerating 

axons, the increase in proteasome activity and the degradation of ubiquitinated proteins were sig-

nificantly suppressed by extracellular calcium chelation. In addition, electron microscopic findings 

revealed selective inhibition of neurofilament degradation, but not microtubule depolymerization or 

mitochondrial swelling, by the inhibition of calpain and proteasomes. Taken together, our findings 

suggest that calcium increase and subsequent proteasome activation are an essential initiator of 

neurofilament degradation in Wallerian degeneration. 
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INTRODUCTION 

    

Following nerve injury, a catastrophic de-

struction of axons occurs in the distal side 

of an injured axon, and the degeneration is 

the result of several enzymatic processes 

that are distinct from cell death signaling 

pathways
[1-6]

.  Energy failure in axons fol-

lowing nerve injury appears to result in the 

accumulation of intraaxonal sodium, and it 

subsequently leads to a rise of intraaxonal 

calcium levels through the activation of the 

reverse flow of the sodium/calcium ex-

changer
[1, 7-8]

. One of the enzymes acti-

vated by extracellular calcium influx in 

axons is calpain, a calcium-dependent 

cysteine protease, and calpain breaks 

down axonal cytoskeletal structures such 

as neurofilaments
[8-15]

. Axonal degeneration 

encompasses the destruction of organelles, 

including mitochondria, as well as the de-

struction of axonal cytoskeletons. In axonal 

degeneration following nerve injury, 

rod-shaped mitochondria swell and break 

down
[16-17]

, and this mitochondrial failure 

appears to be related to the energy distur-

bance observed in degenerating axons
[16-18]

. 

In contrast to the calcium-mediated de-

struction of neurofilament, we recently re-

ported that microtubule depolymerization 

and mitochondrial swelling are not tightly 

regulated by extracellular calcium influx
[17]

.  

 

The ubiquitin-proteasome pathway has pre-

viously been implicated in axonal degenera-

tion
[19-29]

. Proteasomes may de grade intra-

cellular molecules that promote axonal survi- 
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val such as AKT and nicotinamide mononucleotide ade-

nylyltransferase following nerve injury
[20-21]

, thereby in-

ducing axonal degeneration, or proteasomes may directly 

regulate the destruction of cytoskeletal proteins
[22, 29]

. Even 

though many studies have identified the roles of 

proteasomes in axonal degeneration, the molecular 

mechanisms by which axonal injury regulates protea- 

some activity are still unclear. In the present study, using 

sciatic nerve explant cultures
[30-32]

, we tried to find 

evidence showing that extracellular calcium influx is an 

upstream regulator of proteasome activation and that 

proteasomes may not be related to microtubule 

depolymerization and mitochondrial swelling.    

 

 

RESULTS 

 

Inhibition of extracellular calcium influx and 

proteasomes significantly prevented neurofilament 

degradation in sciatic nerve explant cultures 

We employed sciatic nerve explant cultures, which is a 

good ex vivo model for axonal degeneration
[30-32]

, to de-

termine the molecular mechanism of axonal degenera-

tion. After 3 days of incubation (3 days in vitro, 3DIV), 

axonal degeneration was analyzed by neurofilament 

(high molecular weight) immunofluorescence staining 

and western blot analysis. In accordance with previous 

findings, an extracellular calcium chelator ethylene glycol 

tetraacetic acid (5 mmol/L), a calpain inhibitor (calpeptin, 

50 μmol/L)
[33]

 and a proteasome inhibitor (MG132; 20 

μmol/L)
[34]

 significantly protected against axonal dege-

neration (Figure 1A, B). As we previously reported
[17]

, the 

repletion of energy with nicotinamide adenine dinucleo-

tide, nicotinamide and methyl pyruvate also prevented 

axonal degeneration in sciatic nerve explant cultures 

(Figure 1A, B). Consistent with the results of immunoflu-

orescence staining, western blot analysis showed that 

ethylene glycol tetraacetic acid and MG132 significantly 

suppressed neurofilament degradation (Figure 1C, D), 

indicating a role of the calcium/calpain pathway and 

proteasomes in neurofilament degradation in an axonal 

degeneration model. 

 

Calcium-dependent activation of the proteasome and 

calpain 

We next examined the role of calcium influx and calpain 

activation in proteasome activation in degenerating 

axons. First, calpain activity in the distal stump of an 

injured sciatic nerve was determined in vivo (Figure 2A). 

It was found that a sciatic nerve axotomy induced the 

calpain activation in a time-dependent manner. At 48 

hours after axotomy, calpain activity was increased by ~3 

fold compared to uncut controls. We also observed cal-

pain activation in sciatic nerve explant cultures at 2 DIV 

(Figure 2B). As expected, the inclusion of calpeptin and 

extracellular calcium chelation by ethylene glycol te-

traacetic acid in explant cultures completely suppressed 

calpain activity. This finding suggests that extracellular 

calcium influx regulates calpain activity during Wallerian 

degeneration. 

 

We studied the activity of 20S proteasomes
[35]

 in dege-

nerating axons (Figure 2A). Proteasome activity in the 

distal stump was increased within 12 hours following 

axotomy, and maximal activity was reached at 48 hours 

after axotomy. We next examined whether extracellular 

calcium influx is involved in proteasome activation using 

sciatic nerve explant cultures. The addition of ethylene 

glycol tetraacetic acid completely suppressed protea-

some activation (Figure 2B). However, calpeptin did not 

inhibit proteasome activation, suggesting that calcium 

influx, but not calpain, is the primary regulator of pro-

teasome activity. 

 

Destruction of ubiquitinated proteins were inhibited 

by calcium chelation 

Ubiquitinated proteins are degraded by proteasomes, 

and the inhibition of proteasomes with a proteasome 

inhibitor results in the accumulation of ubiquitinated pro-

teins. Thus, extracellular calcium chelation may prevent 

the degradation of ubiquitinated proteins by inhibiting 

proteasomes. Using western blot analysis, we found that 

several ubiquitinated proteins were degraded in sciatic 

nerve explants, and the addition of ethylene glycol te-

traacetic acid prevented the degradation of ubiquitinated 

proteins (Figure 3). Together, these findings further 

suggest that extracellular calcium influx is an upstream 

regulator of proteasomes. 

 

Proteasomes were required for neurofilament 

degradation but not for energy depletion, microtubule 

depolymerization or mitochondrial swelling  

It was recently reported that extracellular calcium che-

lation prevented neurofilament degradation but not 

energy depletion, microtubule depolymerization or mi-

tochondrial swelling in degenerating axons
[17]

. Because 

proteasome activation is downstream of extracellular 

calcium influx in degenerating axons, proteasomes also 

may not play a role in energy depletion, microtubule 

depolymerization or mitochondrial swelling. We thus 

investigated the role of proteasomes in these processes 

using electron microscopy (Figure 4A). At 2DIV, sciatic 

nerves showed absolute axon degeneration and swol-

len mitochondria, as demonstrated by a decreased 
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length index and increased mitochondrial diameter 

(Figure 4A–C, see Materials and Methods). Calpeptin 

(50 μmol/L) significantly suppressed axonal degenera-

tion, however, calpain-protected axons contained 

swollen mitochondria (length index, 1.24 ± 0.28; di-

ameter, 0.53 ± 0.15; Figure 4A–C) and did not show any 

microtubules when viewed using electron microscopy 

(Figure 4A). In explant cultures treated with MG132 (20 

μmol/L) for 2 days, the length of mitochondria in pro-

tected axons was 1.39 ± 0.07, and the mean diameter 

was 0.43 ± 0.02 μm (Figure 4A–C). In addition, neuro-

filaments, but not microtubules, were well preserved in 

MG132-treated axons (Figure 4A), suggesting that both 

mitochondrial swelling and microtubule depolymeriza-

tion still occur even after proteasome activity is    

suppressed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  Extracellular calcium and proteasomes participated in neurofilament degradation in sciatic nerve explant cultures.  

(A) Immunofluorescence staining against high molecular weight neurofilament (NF). Immunofluorescence microscopic images 
of cross-sections of sciatic nerve explants cultured for 3DIV were analyzed under a laser confocal microscope. Green 
fluorescence dots indicate neurofilament-positive axons. DIV: day in vitro. Scale bar: 100 μm. (B) Quantitative analysis of the 

number of high molecular weight NF in the sciatic nerve explant cultures. aP < 0.05, vs. vehicle-treated nerve controls. (n = 3; 
mean ± SD). 1: Vehicle; 2: nicotinamide adenine dinucleotide (NAD; 5 mmol/L); 3: nicotinamide (NAM; 20 mmol/L); 4: methyl 
pyruvate (20 mmol/L); 5: NAD (5 mmol/L) + methyl pyruvate (20 mmol/L); 6: ethylene glycol tetraacetic acid (EGTA, an 

extracellular calcium chelator; 5 mmol/L); 7: calpeptin (50 μmol/L; a calpain inhibitor); 8: MG132 (20 μmol/L; a proteasome 
inhibitor). (C) Western blot analysis showing the degradation of medium chain neurofilament (NF-M) in sciatic nerve explants 
cultured for 3DIV. MG5: 5 μmol/L of MG132; MG20: 20 μmol/L of MG132, EGTA (5 mmol/L). (n = 3; mean ± SD). (D) 

Quantitative analysis of NF-M immunoreactive bands. The intensity of bands was displayed as relative intensity to uncut nerve 
control. At least three independent experiments were performed for each condition. -: No treatment. aP < 0.05. Differences in 
the means between groups were statistically assessed using one-way analysis of variance followed by Bonferroni post hoc 

test. 
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Energy failure, as demonstrated by the decrease of ni-

cotinamide adenine dinucleotide and ATP levels in the 

sciatic nerve explant cultures, is known to be an early 

event that precedes microtubule depolymerization and 

mitochondrial swelling
[17]

. In this study, we measured 

nicotinamide adenine dinucleotide and ATP levels in 

degenerating sciatic nerves in the presence or absence 

of MG132 using sciatic nerve explant cultures (Figure 

4D), and found that energy failure in degenerating axons 

was not rescued by MG132. 

 

 

DISCUSSION 

 

In the present study, we revealed for the first time that 

extracellular calcium influx affects proteasome activity in 

degenerating axons. This is in agreement with previous 

results showing that proteasome activity is regulated by 

calcium in neuronal and non-neuronal cells
[36-39]

. Our 

findings are novel because they show that calcium re-

gulates the final steps of axonal degeneration via both 

calpain and proteasomes. 

 

Axonal degeneration in rodent peripheral nerves fol-

lowing nerve injury shows the sequence of two mor-

phologically distinct phases, a latency period and an 

execution period
[1]

. During the latency period, axonal 

cytoskeletons appear to be normal. However, we have 

recently reported that the major energy failure and mi-

crotubule depolymerization begin to occur in this pe-

riod
[17]

. During the execution period, calcium influx from 

outside the axons is known to be a critical factor in the 

catastrophic destruction of axons. Our previous findings 

demonstrated that the inhibition of calcium influx could 

not prevent energy failure and microtubule depolyme-

rization further supports a specific role of calcium influx 

during the execution period.  

Figure 2  Calcium-induced activation of proteasome in the sciatic nerves following nerve injury.  

(A) Following axotomy, the distal stump of the sciatic nerves was processed to measure calpain and proteasome activity. Each 
time point indicates the time after axotomy (n = 3; mean ± SD). aP < 0.05, vs. uncut control nerves (0 hour, 100 %). (B) Levels 

of calpain and proteasome activity in sciatic nerve explant cultures. Sciatic nerve explants were cultured for 2 days in the 
presence or absence of ethylene glycol tetraacetic acid (EGTA; 5 mmol/L) and MG132 (20 μmol/L), and the activities were 
measured. At least three independent experiments were performed for each condition. -: No treatment. aP < 0.05, vs. uncut 

control nerves. Differences in the means between groups were statistically assessed using one-way analysis of variance 
followed by Bonferroni post hoc test. 

Figure 3  Calcium chelation suppressed the destruction 
of ubiquitinated proteins in degenerating axons. 

Sciatic nerve explants were cultured for 24 and 36 hours in 
the presence or absence of ethylene glycol tetraacetic 
acid (EGTA; 5 mmol/L). Western blot analysis was 

performed to demonstrate ubiquitinated proteins (Ubi-P) in 
sciatic nerve explants using an antibody against ubiquitin. 
β-Actin: beta-actin. 
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In the present study, we found evidence suggesting that 

proteasomes might also be a late effector, not an early 

initiator, of axonal degeneration. First, proteasome in-

hibition did not block energy depletion or microtubule 

depolymerization, two events that occur during the la-

tency period. Second, neurofilament degradation was 

inhibited by proteasome inhibition. Finally, proteasomes 

were regulated by an extracellular calcium influx. Neuro-

filaments have previously been reported as a target of 

the ubiquitin-proteasome pathway and calpain
[22, 39-40]

, 

and thus, neurofilament degradation during axonal de-

generation might also be performed by both calpain and 

proteasomes. It has previously been reported that mi-

crotubule depolymerization in degenerating cultured 

axons is delayed by proteasome inhibitors
[19, 21]

. The 

reasons for the discrepancy between these findings and 

our results are currently unknown, although they may 

have resulted from different experimental conditions and 

analysis methods. For example, we used explant cul-

tures, whereas they employed cultured primary neurons, 

and we used an electron microscopy to examine micro-

tubule integrity whereas they used immunofluorescent 

light microscopy. It is possible that non-neuronal cells 

such as Schwann cells included in the ex vivo system 

have some effects on axonal degeneration. In addition, 

the explant culture system may require higher concentra-

tion of reagent than the concentration used in cell culture. 

However, we could not test this possibility because we 

Figure 4  Calcium and the proteasome are late effectors in axonal degeneration. 

(A) Representative ultrathin longitudinal cross-sections showing protection against axonal degeneration by MG132 (20 μmol/L) 

and calpeptin (50 μmol/L) in sciatic nerve explant cultures. Arrowheads: Microtubules. Scale bars: 0.2 μm. (B) Mean diameters 
(μm) of mitochondria in degenerating axons. (C) Mean length index (length/diameter) of mitochondria in degenerating axons. 
(D) The decrease of NAD and ATP levels in sciatic nerve explants cultured for 1 day could not be rescued by MG132. (B–D) 

Data were expressed as mean ± SD (n = 3). At least three independent experiments were performed for each condition. aP < 
0.05, vs. uncut nerve controls (0 day). Differences in the means between groups were statistically assessed using one-way 
analysis of variance followed by Bonferroni post hoc test. 
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have experienced that higher levels of MG132 induced 

non-specific toxicity on non-neuronal cells in the explant 

cultures. Further studies on how the ubiquitin-proteasome 

pathway regulates cytoskeletal degeneration at a mole-

cular level will provide a better understanding of the mo-

lecular mechanisms of axonal degeneration. 

 

Although calcium appeared to regulate proteasome ac-

tivity in degenerating axons, we could not find the inhi-

bitory effect of calpeptin on proteasome activation. This 

finding may indicate a calpain-independent activation of 

proteasomes in axonal degeneration. However, it seems 

too early to draw such a conclusion for the following rea-

sons. First, there are more than ten calpains in eukaryotic 

cells that could not be suppressed by calpeptin
[33]

. There-

fore, the potential role of calpeptin-insensitive calpains in 

proteasome activation cannot be excluded. Second, cal-

pain-dependent proteasome activation in a proteolytic 

degradation has been reported
[36, 38]

. It may be possible 

that the role of calpain in proteasome activations is 

cell-type specific or is dependent on local milieu in a cell. 

Further studies on the mechanistic relation between 

calpain and proteasomes are required. 

 

The failure of axonal energy metabolism has been pro-

posed as a key mechanism of axonal degeneration after 

injury
[41-42]

. The mechanisms by which axonal injury re-

sults in energy failure are still unknown. It was recently 

proposed that proteasomal destruction of nicotinamide 

mononucleotide adenylyltransferase, a nicotinamide 

adenine dinucleotide source, may underlie injury-induced 

axonal degeneration in cultured neurons
[20]

. However, it 

is still uncertain whether nicotinamide mononucleotide 

adenylyltransferase destruction is indeed responsible for 

energy failure in degenerating axons. We found that 

proteasome inhibition could not rescue nicotinamide 

adenine dinucleotide and adenosine triphosphate (ATP) 

reduction in sciatic nerve explant cultures, suggesting 

that the ubiquitin-proteasome pathway may not partici-

pate in energy failure in injured axons.  

 

Because calcium buffering by intact mitochondria is im-

portant for calcium homeostasis in cells
[42-44]

, swollen and 

dysfunctional mitochondria may participate in axonal 

degeneration by providing an intra-axonal calcium in-

crease
[16-17]

. The activation of mitochondrial permeability 

transition pore is a mechanism of mitochondrial swelling 

in many pathological conditions and has been implicated 

in the loss of calcium buffering during axonal degenera-

tion
[42-44]

. Several mitochondrial proteins including vol-

tage-dependent anion channel, a component of mito-

chondrial permeability transition pore, are targets of the 

ubiquitin-proteasome pathway and proteasomes appear 

to implicate in mitochondrial swelling in a pathological 

condition
[45-49]

. However, in this study, we did not observe 

an absolute requirement of proteasomes in mitochondrial 

swelling during axonal degeneration in peripheral nerves. 

It was recently shown that mitochondrial swelling is an 

outcome but not a cause of energy failure in axonal de-

generation
[17]

, and energy failure as demonstrated by 

nicotinamide adenine dinucleotide and ATP reduction 

was not rescued by proteasome inhibition in this study. 

Therefore, the ubiquitin-proteasome pathway may not be 

a principal stimulator for mitochondrial degeneration in 

degenerating axons. This is in agreement with a recent 

study showing that axonal mitochondria may not be an 

initiating factor for axonal degeneration
[50]

. 

 

In conclusion, our results show a role of extracellular 

calcium influx in the regulation of proteasome-mediated 

protein degradation in axonal degeneration. This sug-

gests that proteasomes are a calcium-dependent late 

effector of axonal degeneration. 

 

 

MATERIALS AND METHODS 

 

Design 

A randomized, controlled ex vivo experiment. 

 

Time and setting 

This experiment was performed in the Department of 

Physiology, Dong-A University Medical School, South 

Korea from June 2011 to May 2013. 

 

Materials 

A total of 102 C57BL/6 female mice were obtained from 

Samtaco Inc, Daejeon, South Korea for providing sciatic 

nerve explants. Antibodies against tubulin and ubiquitin 

were obtained from Sigma (St. Louis, MO, USA). Polyc-

lonal antibodies against high and medium chain neurofi-

lament, calpeptin and MG132 were purchased from Mil-

lipore, Billerica, MA, USA. Other reagents were pur-

chased from Sigma. 

 

Methods 

Sciatic nerve explant cultures 

Sciatic nerve explant cultures were performed as pre-

viously reported
[30]

. Sciatic nerves were sectioned 5 mm 

proximal to the tibioperoneal bifurcation with a fine iris 

scissor (FST Inc., Foster City, CA, USA) under anesthe-

sia by intraperitoneal injection of a mixture of 10% keta-

mine hydrochloride (Sanofi-Ceva, Düsseldorf, Germany; 

0.1 mL/100 g body weight) and Rompun (Bayer, Lever-
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kusen, Germany; 0.05 mL/100 g body weight). Right 

side sciatic nerves were collected, and the connective 

tissues surrounding the nerves were carefully detached 

in ice-cold calcium/magnesium-free Hank’s buffered 

solution under a stereomicroscope (SZX16, Olympus, 

Osaka, Japan). The sciatic nerves were then cut into 

small explants of about 3 mm in length. The explants 

were maintained in Dulbecco’s modified Eagle’s me-

dium (DMEM) containing 1% (v/v) heat-inactivated fetal 

bovine serum at 37°C with 5% CO2 for the indicated 

time. After culture, the nerve explants were prepared for 

further experiments. For uncut nerve controls, sciatic 

nerves (right side) of adult mice were removed and then 

used for an analysis within minutes. 

 

Immunofluorescence staining 

After sciatic nerve explant cultures or sciatic nerve 

axotomy, the sciatic nerve was fixed with 4% parafor-

maldehyde overnight. The sciatic nerves were cryo-

protected in 20% sucrose, and frozen cross-sections 

(14 μm thick) were made with a cryostat (Frigocut, 

Leica, Germany), and processed for immunofluorescent 

staining. The slides were blocked with PBS containing 

0.2% Triton X-100 and 2% bovine serum albumin for 1 

hour. The sections were then incubated with a rabbit 

polyclonal antibody against high chain neurofilament 

(NF-M, 1:2 000) for 16 hours at 4°C and washed three 

times with PBS. Next, the slides were incubated with 

Alexa 488-conjugated goat anti-rabbit IgG (Amersham, 

Piscatway, NJ, USA;1:800) for 3 hours at room tem-

perature. The sections were then washed three times 

with PBS, and coverslips were adhered to glass slides 

with a mounting medium and viewed under a laser 

confocal microscope (LSM510, Carl Zeiss, Germany). 

For the quantitative estimation of axonal degeneration, 

we counted the number of neurofilaments stained posi-

tively from two randomly selected areas (100 μm × 100 

μm) of a sciatic nerve and six nerves were used for 

counting.  

 

Calpain and proteasome activity assay 

The quantitative measurement of calpain activity was 

performed using a Calpain Activity Assay Kit (BioVision, 

Mountain View, CA, USA). Sciatic nerves were homo-

genized in an extraction buffer (Qiagen, Valencia, CA, 

USA) with a TissueLyser system (Qiagen). The lysates 

were centrifuged at 8 000 × g, and the supernatants 

were used for enzymatic reactions. The calpain sub-

strate was Ac-LLY-AFC, and the reaction product 

emited a yellow-green fluorescence measured at 505 

nm with a spectrofluorometer (Molecular Devices, 

Sunnyvale, CA, USA).  

For the proteasome assay, a 20S Proteasome Assay 

System (Enzo, Plymouth, PA, USA) was employed. Scia-

tic nerves were homogenized in an extraction buffer 

(Qiagen) with a TissueLyser system. The lysates were 

centrifuged at 8 000 × g, and the supernatant was col-

lected. The 20S proteasome substrate was Suc-LLVY- 

AMC, and proteasome activity was determined by mea-

suring the fluorescence of the reaction product at 460 nm.  

 

Electron microscopic examination and morphometry 

of the mitochondria 

The processing of sciatic nerves for electron microscopy 

has been previously reported
[17]

. Briefly, sciatic nerve 

explant cultures were fixed in 2% glutaraldehyde in   

0.1 mol/L phosphate buffer (pH, 7.2). For semithin sec-

tions, 2 mm-long sciatic nerves were Epon-resin em-

bedded, sectioned, stained with toluidine blue and ex-

amined with an Axiophot light microscope (Carl Zeiss, 

Germany). Ultrathin sections were examined with a Hi-

tachi transmission electron microscope equipped with a 

digital camera. At least three independent experiments 

were performed for each condition, and about 100 ran-

domly selected myelinated axons from three experiments 

were analyzed for cytoskeletal destruction and mito-

chondrial morphometry. In longitudinal sections, 

rod-shaped mitochondria are frequently found in axons, 

and we measured the length index of the mitochondria 

(length/diameter) to demonstrate mitochondrial swelling 

in degenerating axons using about 100 mitochondria. 

The mean length index and diameter of the mitochondria 

in normal axons were 6.92 and 0.21 μm, respectively 

(Figure 4A–C). 

 

Western blot analysis  

For western blot analysis, the distal stumps of the sciatic 

nerves were harvested and homogenized with a polytron 

homogenizer in modified radioimmune precipitation as-

say lysis buffer (150 mmol/L NaCl, 1% Nonidet P-40,    

1 mmol/L ethylenediamine tetraacetic acid, 0.5% deox-

ycholic acid, 2 µg/mL aprotinin, 1 mmol/L phenylmethyl-

sulfonyl fluoride, 5 mmol/L benzamidine, 1 mmol/L so-

dium orthovanadate, and 1 × protease inhibitor cocktail). 

The lysates were centrifuged at 8 000 × g for 10 minutes 

at 4°C, and the supernatant was collected. Protein 

(25–35 μg) was separated by sodium dodecyl sulfate- 

polyacrylamide gel electrophoresis, and then transferred 

onto a nitrocellulose membrane (Amersham). After 

blocking with 0.1% Tween-20 and 5% nonfat dry milk in 

Tris-buffered saline (TBS, 25 mmol/L Tris-HCl pH 7.5, 

140 mmol/L NaCl) at room temperature for 1 hour, the 

membrane was incubated with a rabbit polyclonal anti-

body against medium chain neurofilament (1: 2 000; 
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Sigma) or beta-actin (1:5 000; Sigma) in TBST containing 

2% nonfat dry milk at 4°C overnight. After three washes 

with TBST for 15 minutes each, the membranes were 

incubated with a horseradish peroxidase-conjugated 

goat anti-rabbit IgG (1:3 000; Amersham) for 1 hour at 

room temperature. The signals were detected using the 

Enhanced Chemiluminescence System (Amersham).  

 

Nicotinamide adenine dinucleotide and ATP 

measurements 

Quantitative measurement of nicotinamide adenine di-

nucleotide and ATP concentration in the sciatic nerves 

was performed as previously reported
[17]

. Briefly, an En-

zyChrom Assay Kit (BioAssay Systems, Hayward, CA, 

USA) was used for nicotinamide adenine dinucleotide 

measurement. After sciatic nerve explant culture, the 

sciatic nerves were homogenized in an extraction buffer 

(BioAssay Systems) and the supernatants were used for 

enzymatic reactions. The reaction products were chro-

mogenic and were measured at 565 nm with a spectrof-

luorometer. For ATP measurement, Enliten ATP Assay 

System (Promega, San Luis Obispo, CA, USA) was 

used
[17]

. Sciatic nerve lysates were quick frozen with 

liquid nitrogen, and then boiled for 3 minutes at 95°C. 

The extracts were centrifuged at 8 000 × g for 20 minutes 

at 4°C, and the supernatant was collected. Luciferase 

reaction was performed with components of the assay 

system as Vendor’s instruction.  

 

Statistical analysis 

Differences in the means between groups were statisti-

cally assessed using one-way analysis of variance fol-

lowed by Bonferroni post hoc test (SPSS 12.0; IBM, Ar-

monk, New York, NY, USA). Data were represented as 

mean ± SD. The differences were considered to be sta-

tistically significant at P < 0.05.  
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