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 Abstract
Reactive oxygen species (ROS) may attack several types of tissues and chronic exposure to ROS may attenuate various 
biological functions and increase the risk of several types of serious disorders. It is known that treatments with ROS attack 
neurons and induce cell death. However, the mechanisms of neuronal change by ROS prior to induction of cell death are not 
yet understood. Here, it was found that treatment of neurons with low concentrations of hydrogen peroxide induced neurite 
injury, but not cell death. Unusual bands located above the original collapsin response mediator protein (CRMP)-2 protein 
were detected by western blotting. Treatment with tocopherol or tocotrienols signifi cantly inhibited these changes in neuro2a 
cells and cerebellar granule neurons (CGCs). Furthermore, prevention by tocotrienols of hydrogen peroxide-induced neur-
ite degeneration was stronger than that by tocopherol. These fi ndings indicate that neurite beading is one of the early events 
of neuronal degeneration prior to induction of death of hydrogen peroxide-treated neurons. Treatment with tocotrienols may 
protect neurite function through its neuroprotective function.  

  Keywords:   ROS  ,   neurite  ,   antioxidant  ,   cell death  ,   tocotrienol   
  Introduction 

 Oxidative stress is known to result in the production 
of various types of reactive oxygen species (ROS), 
including superoxide, hydrogen peroxide and hydroxyl 
radicals [1]. ROS may attack several types of tissue. 
Chronic exposure to ROS may gradually increase the 
risk of development of several types of serious disor-
ders, such as cancer, arteriosclerosis and neurodegen-
erative disorders, due to the enhancement of oxidative 
injury, e.g. lipid peroxidation, attenuation of antioxi-
dant enzyme activity and other effects. We previously 
found apoptosis 7 days after exposure to ROS in 
rodent models [2]. These changes were not noted 
after stress alone. It has been reported that ROS are 
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generated from glycation reaction [3,4] and amyloid 
plaque [5 – 7]. These fi ndings indicate that one of the 
reasons for the development of these diseases is related 
to ROS generation and the accumulation of ROS-
derived oxidative injury. ROS are related to ageing. 
In 1956, Harman [8] had already reported the rela-
tionship between ROS and ageing, i.e. the free-radical 
theory of ageing. Thus, if ROS-derived oxidation in 
living tissues accelerates ageing via attenuation of 
various biological functions, treatment with antioxi-
dant substances may be benefi cial in opposing ageing. 
It is well known that ROS attack polyunsaturated 
fatty acids, including eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA) [9,10]. The brain 
, Department of Bioscience and Engineering, College of Systems 
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  Figure 1.     Chemical structures of vitamin E (tocopherols and 
tocotrienols).  
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has high concentrations of these polyunsaturated fatty 
acids and uses a large amount of oxygen, accounting 
for one-fi fth of total oxygen consumption [11]. The 
brain is therefore at great risk of ROS damage at all 
times. However, the relationship between ROS and 
degeneration of neuronal functions during ageing 
remains to be elucidated in detail. 

 Vitamin E is one of the most common natural lipo-
philic vitamins. Its most important function is as an 
antioxidant. Recently, other possible functions of vita-
min E have been considered, including prevention of 
neurodegenerative disorders and enhancement of 
immune response [12 – 14]. In our previous studies we 
found that treatment with   α  -tocopherol signifi cantly 
prevented cognitive dysfunction, such as that involv-
ing learning and memory, in rodent models of expo-
sure to ROS in several maze tasks [2,15]. Moreover, 
chronic defi ciency of   α  -tocopherol in young rats 
results in deterioration of cognitive function. Rates of 
learning and memory retention in these trials were 
similar to those in old animals. These results indicated 
that ROS is one of the causes of cognitive dysfunction 
during ageing. Using immunohistochemistry, we also 
identifi ed neuronal apoptosis [2] and   β  -amyloid-like 
proteins in the CA1 region of the rat hippocampus 
[16]. However, at this point, it is diffi cult to maintain 
a neuronal network, because neurons have already 
died. It is important to fi nd early events of neuronal 
change before the induction of death in ROS-exposed 
neurons. 

 To clarify early events of ROS-induced neuronal 
degeneration, we focused on neurite formation, which 
plays an important role in neurotransmission. Fur-
thermore, synapses exist on the distal ends of neu-
rites. Neurites exhibit expansion and contraction and 
a large number of substances including proteins and 
lipids are carried from the cell body by the axonal 
transport system. It is well known that neurite degen-
eration is classifi ed as anterograde and retrograde. In 
Wallerian degeneration, neurite induces anterograde 
degeneration. On the other hands, with a decrease in 
neuritic ATP or neuro-growth factors (NGF)-free 
medium, neurite degeneration begins distally and 
proceeds in a retrograde fashion, in a process of dying 
back [17,18]. These phenomena indicate that neurites 
are more sensitive than the cell body to types of outer 
stimulation such as deprivation of NGF, defi ciency of 
zinc ion and other factors [18,19]. 

 Collapsin response mediator proteins (CRMPs) 
belong to a family of cytoplasmic proteins in the 
brain. As one member of this protein family, CRMP-2 
plays a crucial role in neurite polarity and axon guid-
ance [20 – 22]. Changes in CRMP-2 level have been 
implicated in various neurodegenerative disorders, 
including Alzheimer ’ s disease, ischemia and Wallerian 
degeneration [23 – 26]. Induction of the cleaved form 
of CRMP-2 protein by calpain 1 in the presence of 
calcium ions is involved in the common process of 
neurite degeneration [18]. However, the relationship 
between ROS-induced neurite degeneration and 
changes in CRMP-2 protein remains to be elucidated 
in detail. 

 Tocotrienols, which include four different isoforms 
(  α  -,   β  -,   γ  - and   δ  -tocotrienol), comprise a vitamin E 
family (Figure 1). One structural feature of tocot-
rienols is their possession of an unsaturated phytyl 
chain. It has been reported that rice oat bran and olive 
oils contain relatively large amounts of   α  -tocotrienol, 
while rice oat bran and palm oils contain relatively 
large amounts of   γ  - and   δ  -tocotrienol [27]. Reported 
biological functions of tocotrienols include induc-
tion of apoptosis in cancer cells [28,29], antioxidant 
activity and suppression of 3-hydroxy-3-methyglu-
taryl coenzyme A (HMG CoA) reductase [30,31]. 
Khanna et al. [32] reported that   α  -tocotrienol 
prevented glutamate-induced neuronal degeneration 
via modulation of 12-lipoxygenase. These researchers 
suggested the possibility of neuroprotective effects of 
this agent. Several types of evidence indicate that the 
biological activity of tocotrienols is stronger than that 
of tocopherols. 

 The purpose of this study was to determine whether 
treatment of neurons with hydrogen peroxide induces 
neurite degeneration in one of the early events before 
induction of cell death and to determine the preven-
tion by   α  - and   γ  -tocotrienols of such effects in hydro-
gen peroxide-treated neurons. We therefore examined 
neurite formation and CRMP-2 protein levels in 
hydrogen peroxide-treated neuronal cells. We col-
lected basic data in this research and in the near 
future hope to examine the relationship between 
ROS-derived neurite degeneration and cognitive 
dysfunction during ageing.   
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 Materials and methods  

 Animals and reagents 

 The wild-type C57BL ⁄ 6 mouse strains used were 
obtained from Japan SLC, Inc. (Hamamatsu, Japan).   α  -
tocopherol was purchased from Tama Biochemical Co., 
Ltd (Tokyo, Japan).   α  - and   γ  -tocotrienols were kindly 
provided by Eisai Food  &  Chemical Co., Ltd (Tokyo, 
Japan). All other chemical agents were obtained from 
either Wako Pure Chemicals Industries, Ltd. (Osaka, 
Japan) or Sigma-Aldrich Corporation (St. Louis, MO). 
All animal experiments were performed with the permis-
sion of the Animal Protection and Ethics Committee of 
the Shibaura Institute of Technology. All tissue culture 
plates and dishes were purchased from Becton, Dick-
inson and Company (Franklin Lakes, NJ). All other 
reagents were purchased from Sigma-Aldrich.   

 Cell cultures 

 Neuro2a cells from mouse neuroblastoma C1300 
tumour were originally obtained from the Human 
Science Research Resources Bank (HSRRB) 
(#IFO50081) (Osaka, Japan). The cells were grown 
in minimum essential medium (MEM) containing 
5% heat-inactivated foetal calf serum (FCS) (Bio-
logical Industries, Beit Haemek, Israel), 50 U/mL 
penicillin and 50  μ g/mL streptomycin and were plated 
on polyethyleneimine-coated well plates. In order to 
elicit neurite extension, FCS concentration was 
decreased from 5 to 1%. After 72 h, the cells were 
used in experiments. 

 Primary cultures of cerebellar granule cells (CGCs) 
were prepared from 7-day-old post-natal mice as 
described previously, with some modifi cations [33]. 
Briefl y, the cerebellum was dissected after decapita-
tion, cleaned free of meninges and then treated with 
0.125% (w/v) trypsin in MEM for 10 min at 37 ° C. 
The reaction was terminated by adding feed medium 
consisting of MEM, 25  μ g/mL streptomycin, 25 U/
mL penicillin and 5% FCS supplemented with K �  to 
a fi nal concentration of 25 mM. After trituration, the 
cells were suspended and plated onto 6- or 24-well 
dishes coated with 0.1% polyethyleneimine; this was 
designated Day 0 (DIV0). At Day 1, cytosine-D-
arabinofuranoside was added to a fi nal concentration 
of 1 μ M to prevent non-neuronal cell proliferation. 
CGCs were used in experiments on Day 3.   

 Judgement of cell death 

 Cell survival was assessed by trypan blue dye exclusion 
assay. Cells at a density of 5.0 – 7.0  �  10 4  cells/well were 
treated with each concentration of hydrogen peroxide 
in the presence or absence of 5  μ M of each isoform of 
vitamin E. After 24 h of treatment with each concentra-
tion of hydrogen peroxide, the same volume of 0.8% 
(w/v) trypan blue in phosphate-buffered saline (PBS) 
was added and incubated for 20 min in a CO 2  incubator. 
The cells were then washed in PBS at least three times. 
The number of cells that had died was counted per 
area and presented as the percentage of the total num-
ber of cells (100 – 150 s). At least three wells were anal-
ysed for all experimental cultures. Experiments were 
repeated three times. Counting was independently 
confi rmed by a student not involved in this study. Data 
were analysed using Student ’ s  t -test, with fi ndings of 
 p   �  0.01 considered signifi cant.   

 Neurite degeneration 

 Axon or dendrite degeneration was evaluated by mon-
itoring morphological hallmarks of neurite degenera-
tion such as beading and fragmentation, as described 
previously with some modifi cations [20,35]. Twenty-
four hours after treatment with hydrogen peroxide, 
neuro2a cells were fi xed with 4% (w/v) paraformalde-
hyde (PFA) in PBS for 15 min at 4 ° C. Photomicro-
graphs of the cells were taken on an Olympus IX81 
phase-contrast microscope (Olympus Corp., Tokyo, 
Japan) equipped with a DP71 digital camera (Olym-
pus), stored and then processed on a personal com-
puter. At least 50 neurites were evaluated for beading 
formation per exposure. In the case of CGCs, after 
18 h of transfection, the cells were treated with 5  μ M 
hydrogen peroxide in the presence or absence of 
10  μ M of   α  -tocopherol. Eight hours after treatment 
with hydrogen peroxide, the cells were fi xed with 4% 
PFA solution and observed under a confocal laser 
scanning microscope (Fluoview; Olympus). The num-
ber of beadings per 100  μ m length of neurites was 
determined. At least 30 neurites were evaluated per 
exposure. Data were plotted as the mean  �  SD of 
results of three independent experiments. Counting 
was independently confi rmed by a student not involved 
in this study. Data were analysed using Student ’ s  t -test, 
with fi ndings of  p   �  0.01 considered signifi cant.   

 Western blotting 

 After 24 h of treatment with hydrogen peroxide, the 
samples were collected and used in western blotting 
as described previously, with some modifi cations 
[35]. The lysates were centrifuged and protein con-
tent was determined using a Bio-Rad protein assay 
according to the manufacturer ’ s procedure. Protein 
extracts (15  μ g) were separated on 10% SDS-poly-
acrylamide gels and transferred to immobilon transfer 
membranes (PVDF; Millipore, Billerica, MA). The 
membranes were washed and then incubated in block-
ing solution (Tris-HCl-buffered saline, pH 7.6 (TBS), 
containing 0.1% Tween20 and 3% bovine serum 
albumin (BSA)) for 1 h at room temperature (R/T). 
The membranes were washed in TBS containing 
0.1% Tween20 and then treated with anti-human 
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  Figure 2.     Vitamin E prevents cell death after treatment of neuro2a 
cells with hydrogen peroxide. Neuro2a cells were treated with   α  -
tocopherol (5  μ M),   α  -tocotrienol (5  μ M) or   γ  -tocotrienol (5  μ M) 
in the presence or absence of various concentrations of hydrogen 
peroxide. After 24 h, the number of dead neuro2a cells was counted 
by trypan blue dye exclusion assay. Each column represents the 
mean of results of three independent experiments. At least three 
wells were used per experiment. Data were analysed by Student ’ s 
 t -test, with fi ndings of  p   �  0.01 considered signifi cant.  
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CRMP-2 (C4G) mouse IgG monoclonal antibody 
(#11096, Immuno-Biological Laboratories Co., Ltd, 
Gunma, Japan) at 1:400 dilution overnight at 4 ° C. 
Anti-mouse IgG HRP antibody (Promega Corp., 
Madison, WI) was used as a secondary antibody at 
1:4000 dilution for 1 h at R/T. Chemiluminescent 
signals were generated by incubation with the detec-
tion reagents (ECL Western Blotting Analysis Reagent; 
GE Healthcare UK Ltd., Buckinghamshire, UK) 
according to the manufacturer ’ s procedure. For nor-
malization of each band of CRMP-2, the membranes 
were re-probed with anti-  β   actin antibodies (Abcam 
Plc., Cambridge, UK). The relative intensity of 
CRMP-2 protein was determined using ImageQuant 
TL (GE Healthcare). Western blotting experiments 
were performed at least three times.   

 Immunocytochemical analysis 

 Neuro2a cells were washed and fi xed with 4% PFA 
in PBS for 15 min at 4 ° C. The cells were then blocked 
with 10% goat serum in PBS for 1 h at R/T and 
probed with antibodies to CRMP-2 at 1:400 dilution 
in PBS containing 1% goat serum, 1% BSA and 
0.05% Triton X-100 for 1 h at R/T. The cells were 
then incubated with Alexa Fluor 488-coupled anti-
mouse IgG antibody (Molecular Probes Inc., Eugene, 
OR) at 1:500 dilution as a secondary antibody diluted 
in PBS for 1 h at R/T. Photomicrographs of neuro2a 
cells were taken on a IX81 phase-contrast microscope 
equipped with a digital camera, stored and then pro-
cessed on a personal computer.   

 Transfection 

 CGCs were transfected according to the calcium 
phosphate method [36]. An equal volume of solution 
containing 250 mM CaCl 2  and a pEGFP-C1 mam-
malian expression vector (Clontech Takara Bio Inc., 
Tokyo, Japan) was added to 2  �  HEPES-buffered 
saline (140 mM NaCl, 1.5 mM Na 2 HPO 4  and 
50 mM HEPES: pH 7.05). After 1 min, the mixture 
was added drop-wise to the cells at 1 DIV. After 
18 h, the cells were washed with KRB containing 
5 mM EGTA for 30 s with MEM containing 2% 
dimethyl sulphoxide for 1 min. Transfection effi -
ciency was within 10 – 20%. The transfected cells were 
observed with a confocal laser scanning microscope.    

 Results  

 Optimization of hydrogen peroxide concentration 
in neuro2a cells 

 Neuro2a cells, a neuroblastoma cell line, are usually 
roughly round and do not have long neurites. In order 
to induce neurite extension in neuro2a cells, we changed 
FCS concentration from 5 to 1% and maintained it for 
72 h. Neuro2a cells with neurite extension were treated 
with hydrogen peroxide as oxidative stress. Twenty-four 
hours of treatment with hydrogen peroxide induced 
signifi cant death of neuro2a cells (Figure 2). Moreover, 
treatment with hydrogen peroxide enhanced the death 
of neuro2a cells in a concentration-dependent fashion 
(0.1, 0.5, 1, 2 and 5  μ M). Treatment with 1  μ M of 
hydrogen peroxide induced  ∼  40% death of neuro2a 
cells. In this case, large numbers of neurites exhibited 
fragmentation (Figure 3A). This result showed that less 
than 0.5  μ M of hydrogen peroxide did not induce the 
death of neuro2a cells. Since the purpose of this study 
was to detect early events of cell degeneration before 
induction of cell death, we chose less than 0.5  μ M 
hydrogen peroxide and used it to produce hydrogen 
peroxide-treated samples in subsequent experiments.   

 Tocotrienols prevent hydrogen peroxide-induced neurite 
degeneration in neuro2a cells 

 Treatment with each isoforms of vitamin E signifi -
cantly prevented the death of hydrogen peroxide-
treated neuro2a cells (Figure 2). The preventive effects 
of   α  - and   γ  -tocotrienols were signifi cantly stronger 
than that of   α  -tocopherol in hydrogen peroxide-
treated neuro2a cells. This result indicates that the 
neuroprotective effect of tocotrienols is stronger than 
that of   α  -tocopherol. To detect early events of cell 
degeneration, we checked neurite formation by 
neuro2a cells with phase-contrast microscopy. Treat-
ment with hydrogen peroxide induced neurite degen-
eration in neuro2a cells in a dose-dependent fashion 
(0.1, 0.5 and 1  μ M) (Figures 3A and B). Treatment 
with 0.1  μ M of hydrogen peroxide did not affect the 
neurite morphology of neuro2a cells (Figure 3A). 
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Figure 3. Treatment of neuro2a cells with low concentrations of 
hydrogen peroxide induces neurite beading, which is prevented by 
vitamin E. Neuro2a cells were treated with α-tocopherol (5 μM), 
α-tocotrienol (5 μM) or γ-tocotrienol (5 μM) in the presence or 
absence of various concentrations of hydrogen peroxide. After 
24 h, the cells were fi xed with 4% PFA in PBS. Photomicrographs 
of the cells were taken and analysed on a personal computer. The 
scale bar is 10 μm. Arrows indicate beading on the degenerating 
neurites of neuro2a cells (A). The results of quantitative analysis 
of neurite beading are shown (B). Each column represents the 
mean of results of three independent experiments. At least three 
wells were used per experiment. Data were analysed by Student’s 
t-test, with fi ndings of p � 0.01 considered signifi cant.
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Almost no beading was observed. However, treatment 
with 0.5  μ M hydrogen peroxide induced abnormal 
morphology and signifi cantly induced neurite bead-
ings. Fragmented nuclei were not found on Hoechst 
33258 staining. This fi nding indicates that treatment 
with 0.5  μ M hydrogen peroxide induced neurite 
degeneration of neuro2a cells but not induction of a 
large number of cell death. More than 1  μ M hydrogen 
peroxide completely eliminated neurite formation 
in neuro2a cells. Our results indicate that neurite 
degeneration occurred as one of the early events in 
hydrogen peroxide-treated neuro2a cells. Treatment 
with each isoform of vitamin E signifi cantly inhibited 
neurite beading in hydrogen peroxide-treated neuro2a 
cells. The inhibitory effects of   α  - and   γ  -tocotrienol 
were in this respect signifi cantly stronger than that of 
  α  -tocopherol. To examine the effi cacy of tocotrienols 
in preventing this neurite degeneration, further exper-
iments were performed with tocotrienols rather than 
tocopherols.   

 Tocotrienols prevented hydrogen peroxide-induced 
CRMP-2 protein denaturation on western blot analysis 

 To clarify the mechanism of neurite degeneration 
after treatment with hydrogen peroxide in neuro2a 
cells, we measured CRMP-2 protein level using a 
C4G monoclonal antibody. CRMP-2 protein is local-
ized in axons, growth cones and the cell body and 
plays a crucial role in neurite formation [22]. On 
western blotting, two original bands of CRMP2 (64 
and 72-kDa) were detected for a mouse brain 
homogenate sample on the data sheet of IBL Co., Ltd 
(http://www.ibl-japan.co.jp/eng/index.htm). Touma 
et al. [18] reported that the 72-kDa band is a minor 
component of CRMP-2 protein. Treatment of 
neuro2a cells with hydrogen peroxide induced two 
unusual bands located above the two original bands 
of CRMP-2 protein (Figure 4A). Treatment with   α  - or 
  γ  -tocotrienol signifi cantly inhibited the appearance of 
these unknown bands. The relative intensity of total 
CRMP-2 protein was signifi cantly increased after 
treatment of neuro2a cells with hydrogen peroxide in 
the presence or absence of each tocotrienol (Figure 
4B). Furthermore, treatment of neuro2a cells with 
hydrogen peroxide signifi cantly increased the unusual 
bands of CRMP-2 protein (Figure 4C). Treatment of 
hydrogen peroxide-treated neuro2a cells with   α  - or 
  γ  -tocotrienol inhibited induction of unusual CRMP-2 
protein, but not total CRMP2 protein induction. The 
ratio of band intensities for the unusual CRMP-2 pro-
tein was after treatment of hydrogen peroxide-treated 
neuro2a cells with each tocotrienol similar to that for 
the control. These results showed that tocotrienols 
increased CRMP-2 protein while decreasing unusual 
CRMP-2 protein.   

 Localization of CRMP-2 protein by 
immunocytochemical analysis 

 CRMP-2 protein plays crucial roles in neurite func-
tion, such as neurite outgrowth and transport func-
tion [36]. We examined the localization of CRMP-2 
protein by immunocytochemical analysis using C4G 
antibody (see Materials and methods). Figure 5 shows 
that CRMP-2 protein was found not only throughout 
the neurites but also in the region of beadings in 
hydrogen peroxide-induced neurite degeneration in 
neuro2a cells.   
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Figure 4. Denatured CRMP-2 proteins appear after treatment of 
neuro2a cells with hydrogen peroxide. Neuro2a cells after treatment 
with hydrogen peroxide in the presence or absence of α-tocotrienol 
(5 μM) or γ-tocotrienol (5 μM) were lysed and used for western 
blotting analysis. The same membranes were re-probed and used for 
the detection of β-actin (A). CRMP-2 band intensities were calculated 
using ImageQuant TL. Relative band intensities of total CRMP-2 
protein are shown (B). Relative band intensities of denatured 
CRMP-2 protein are plotted as a ratio of the intensity of bands for 
total CRMP-2 protein. Control values were set to 100%. All scores are 
normalized to the band intensity of β-actin (C). Each column represents 
the mean of three independent experiments. Data were analysed 
by Student’s t-test, with fi ndings of p � 0.05 considered signifi cant.
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 Hydrogen peroxide induces neurite degeneration in 
EGFP-transfected CGCs 

 To obtain more fi ndings about hydrogen peroxide-
induced neurite degeneration, we examined neurite 
morphology using primary culture of mouse CGCs. 
For judgement of neurites in CGCs, we prepared 
a pEGFP1-C1 mammalian expression vector and 
transfected it into CGCs using calcium-phosphate 
methods [35]. After 18 h of transfection, neurite 
degeneration had been induced in hydrogen peroxide-
treated CGCs. Treatment of CGCs with hydrogen 
peroxide induced signifi cant neurite beading. In con-
trast, treatment of hydrogen peroxide-treated CGCs 
with   α  -tocopherol signifi cantly inhibited neurite 
degeneration (Figures 6A and B). The promotion of 
neurite degeneration in CGCs was similar to that in 
neuro2a cells.    

 Discussion  

 Hydrogen peroxide induces neurite degeneration before 
induction of death of neuro2a cells 

 We used hydrogen peroxide in this study to detect 
early events of ROS-induced cell degeneration before 
induction of cell death. Hydrogen peroxide is ROS 
and a by-product of the super-oxide dismutase reac-
tion in living tissues. Before starting this study, we 
optimized hydrogen peroxide concentration. Treat-
ment of neuro2a cells with hydrogen peroxide 
induced cell death in a dose-dependent fashion (Fig-
ure 2). Treatment with 1  μ M of hydrogen peroxide 
induced  ∼  40% death of neuro2a cells. Less than 
0.5  μ M hydrogen peroxide did not induce the death 
of a large number of cells. Rates of cell death were 
 ∼  8.9% (0.1  μ M) and 20% (0.5  μ M). We chose less 
than 0.5  μ M of hydrogen peroxide and used it 
to produce hydrogen peroxide-treated samples in 
subsequent experiments. 

 We thus attempted to detect early events of hydro-
gen peroxide-induced neuronal degeneration before 
induction of cell death and focused on neurite for-
mation. Neurite formation plays important roles in 
neurotransmission. As noted above, neuro2a cells 
are usually roughly round. In order to induce neurite 
extension in neuro2a cells, we changed FCS concen-
tration from 5 to 1% and maintained it for 72 h. In 
this condition, the neuro2a cells were starved and 
the neurites of neuro2a cells grew to more than 
10-times normal length. After optimization of hydro-
gen peroxide concentration (Figure 2), we treated 
neuro2a cells with 0.5  μ M hydrogen peroxide for 
24 h and found neurite degeneration, but not cell 
death on phase-contrast microscopy (Figure 3A). 
We found no nuclear condensation or fragmentation 
on trypan blue dye exclusion assay and Hoechst33258 
staining (data not shown). Large numbers of beadings 
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Figure 5. CRMP-2 protein is localized in regions of neurite beading in neuro2a cells. Immunohistochemical analysis of neuro2a cells using 
C4G antibody. Neuro2a cells were treated with each concentration of hydrogen peroxide (0.1, 0.5, 1 μM) in the presence or absence of 
α-tocotrienol (5 μM) or γ-tocotrienol (5 μM). After 24 h, the cells were fi xed with 4% PFA solution. Phase-contrast (left) or fl uorescence 
photomicrographs were taken (right). The scale bar is 10 μm. The method of immunohistochemical analysis is described in Materials and 
methods.
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appeared in the neurites (Figure 3B). Beading for-
mation is well known as a major index of neurite 
degeneration [35]. Colchicine, which acts as an 
inhibitor of microtubule polymerization by binding 
to tubulin, was used as a positive control and admin-
istered to neuro2a cells. Micro tubules, a component 
of cytoskeletal proteins, are ubiquitously present in 
cells. It is well known that microtubules play an 
important role in axonal extension [17,37]. Further-
more, many kinds of protein are presented in neu-
rites and these proteins are necessary for control of 
microtubule dynamics, including polymerization, 
stabilization and destabilization [38]. After 24 h 
treatment with 1 nM colchicine, the cells exhibited 
neurite beading. These fi ndings suggest that treat-
ment with a low concentration of hydrogen peroxide 
induces neurite degeneration via effects on microtu-
bule polymerization. The cell body was not or was 
only weakly affected by a low concentration of 
hydrogen peroxide. However, it is unclear whether 
treatment with hydrogen peroxide affects microtu-
bule directly or indirectly.   

 Neuroprotective effect of tocotrienols is stronger than 
that of tocopherol in neuro2a cells 

 Treatment with vitamin E (  α  -tocopherol,   α  -tocot-
rienol or   γ  -tocotrienol) signifi cantly prevented neurite 
beadings in hydrogen peroxide-treated neuro2a cells 
(Figures 3A and B). Treatment with each type of vita-
min E prevented the death of hydrogen peroxide-
treated neruo2a cells in a dose-dependent fashion 
(data not shown). These fi ndings indicated that one 
of the reasons for neurite degeneration was oxidative 
injury. However, the inhibitory effects of   α  - and   γ  -
tocotrienol were in this respect signifi cantly stronger 
than that of   α  -tocopherol. The number of beadings 
on hydrogen peroxide-treated neuro2a cells did not 
differ between treatment with   α  - or   γ  -tocotrienol. 
Tocopherols and tocotrienols are well known anti-
oxidant substances [11,31]. We have been examining 
the relationship between the antioxidant functions of 
  α  -tocopherol and oxidative injury using  in vivo  and 
 in vitro  models [2,15,16]. Recently, several lines of 
evidence have shown that the antioxidant activity of 
tocotrienols is stronger than those of tocopherols. 
Furthermore, tocotrienols are now believed to have 
other benefi cial effects (e.g. induction of apoptosis in 
cancer cells [28,29], enhancement of cholesterol-
lowering activity [39] and anti-angiogenic effects 
[31]). One such function is neuroprotective [32]. In 
this study, treatment with   α  -tocopherol,   α  - or   γ  -tocot-
rienol signifi cantly inhibited neurite degeneration in 
hydrogen peroxide-treated neuro2a cells. These fi nd-
ings indicated that tocotrienols exhibited not only 
antioxidant but neuroprotective effects in our model. 
Furthermore, the neuroprotective effects of   α  - and 
  γ  -tocotrienol from ROS were signifi cantly stronger 
than that of   α  -tocopherol [30,31]. In this study, the 
same fi ndings were observed. The preventive effects 
of tocotrienols from hydrogen peroxide were signifi -
cantly stronger than that of   α  -tocopherol. For these 
reasons, we used tocotrienols for subsequent experi-
ments in our study.   
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Figure 6. Neurite beading was induced by treatment of EGFP-
transfected CGCs with hydrogen peroxide. (A) Each image was 
taken by confocal microscopy. After 18 h of transfection with 
EGFP, the CGCs were treated with 5 μM hydrogen peroxide in 
the presence or absence of 10 μM α-tocopherol. Magnifi ed images 
represent the regions defi ned in the yellow box of each fl uorescence 
photomicrograph. Arrows show beading along the neurites. The 
scale bar is 50 μm (upper panels) or 10 μm (lower panels). (B) The 
results of quantitative analysis of neurite beading in hydrogen 
peroxide-treated CGCs. Each column represents the mean of three 
independent experiments. Data were analysed by Student’s t-test, 
with fi ndings of p � 0.01 considered signifi cant. The method of 
transfection is described in Materials and methods.
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 Treatment with hydrogen peroxide increased induction 
of total CRMP-2 protein in neuro2a cells 

 To determine the mechanism of hydrogen peroxide-
induced neurite beading in neuro2a cells, we exam-
ined CRMP-2 protein levels using western blotting 
and immunohistochemical analysis. CRMPs belong 
to a family of cytoplasmic proteins in the brain. 
Several lines of evidence have shown that CRMP-2 
protein plays crucial roles in neurite polarity and 
axon guidance [37]. Gu and Ihara [40] showed 
expression of CRMP-2 protein in neuro2a cells. Over-
expression of CRMP-2 protein induces multiple 
axons in cultured hippocampal neurons [41]. Changes 
in CRMP-2 protein level have been implicated in 
various neurodegenerative disorders, including 
Alzheimer ’ s disease and ischemia [23 – 26]. CRMP-2 
protein is cleaved by calpain 1 and induces neurite 
degeneration in mice [18]. In the present study, total 
CRMP-2 protein level in hydrogen peroxide-treated 
neuro2a cells increased to three times the normal 
level (Figure 4B). This fi nding showed that treatment 
with low concentrations of hydrogen peroxide 
enhances induction of CRMP-2 protein in neuro2a 
cells. Total CRMP-2 protein levels in hydrogen per-
oxide-treated neuro2a cells were unchanged in the 
presence or absence of tocotrienols. This fi nding 
showed that treatment with tocotrienols did not 
affect CRMP-2 production in neuro2a cells. Neu-
rons may protect neurite function against ROS 
through enhancement of CRMP-2 protein produc-
tion. It is very important for neurons to maintain 
neurite function. Synapses, which play crucial roles 
in neurotransmission, exist at the distal ends of neu-
rites. Several types of substances such as trophic fac-
tors, neurotransmitters and other proteins are carried 
by axonal transport. On the other hand, waste sub-
stances are carried from the neurites to the cell body 
by the ubiquitin-proteasome or autophagy pathway 
[19]. The neurites of 0.5  μ M hydrogen peroxide-
treated neuro2a cells were quite fi ne, while the neu-
rite of 1  μ M hydrogen peroxide-treated neuro2a cells 
were completely fragmented (Figure 3A). CRMP-2 
protein is involved in microtubule organization [23]. 
In this study, treatment with colchicine signifi cantly 
induced neurite beadings in neuro2a cells. Enhance-
ment of the production of CRMP-2 protein may pro-
tect neurite function against hydrogen peroxide 
through protection of microtubule components. The 
transport of many types of substances between the 
cell body and the distal end of neurites may be 
stopped, with gradual accumulation of such sub-
stances, since microtubule composition is altered by 
some changes in ROS-derived CRMP-2 protein.   

 Treatment with tocotrienol prevents induction of 
unusual CRMP-2 protein in hydrogen peroxide-treated 
neuro2a cells 

 On western blotting, we detected two unknown bands 
which reacted with anti-human CRMP-2 (C4G) 
mouse monoclonal antibody in hydrogen peroxide-
treated neuro2a cells. These bands appeared above 
the two original bands of CRMP-2 protein (Figure 
4A). We detected multiple bands after treatment of 
neuro2a cells with hydrogen peroxide. Unfortunately, 
we could not identify the two unusual bands in hydro-
gen peroxide-treated neuro2a cells. Several lines of 
evidence have characterized CRMP-2 protein. The 
possibility of existence of sub-types and various 
phosphorylation forms of CRMP-2 protein have been 
suggested [21 – 23,25,40,42]. Yuasa-Kawada et al. [22] 
showed that CRMP-2 protein was found to include 
two sub-types they termed CRMP-2A and -2B 
proteins. These two proteins have opposite effects. 
CRMP-2B protein exists in axons and dendrites 
and induces axon branching and a reduction of axon 
length, while CRMP-2A protein exists only in 
axons and blocks the effects of CRMP-2B [21]. Both 
proteins are involved in maintenance of neurite 
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morphology via changes in microtubule organization. 
Anti-human CRMP-2 (C4G) mouse monoclonal 
antibody detected both CRMP-2A and -2B protein 
[40]. In this study, we used C4G-antibody with west-
ern blotting and immunohistochemical assay and 
detected multiple bands after treatment of neuro2a 
cells with hydrogen peroxide. It is one of the possi-
bilities that these unknown bands are related to these 
sub-types of CRMP-2 protein. Slight appearance of 
the unknown bands was noted with normal neuro2a 
cells. Very small numbers of control cells died and/or 
exhibited neurite beadings (Figures 2 and 3B). It is 
possible that the unknown two bands of CRMP-2 
were made from a weakened neurite. Another possi-
bility is that small amounts of the unusual CRMP-2 
protein may appear anytime in neuro2a cells in the 
presence or absence of ROS. The cells may maintain 
a balance between induction of unusual CRMP-2 
protein and elimination of it. We are presently con-
tinuing to examine the mechanism of induction of the 
two unknown bands of CRMP-2 protein in hydrogen 
peroxide-treated neurons. 

 CRMP-2 protein was on immunocytochemical 
analysis found not only throughout the neurites 
but also in the region of beading in hydrogen 
peroxide-induced neurite degeneration in neuro2a 
cells. These fi ndings showed that hydrogen peroxide 
may induce CRMP-2 protein alteration. This unusual 
CRMP-2 protein may gradually accumulate in the 
region of neurites of neuro2a cells and may, thus, 
induce neurite beadings. However, the results of 
characterization of the unknown CRMP-2 protein 
were unclear. 

 Administration of   α  - or   γ  -tocotrienol signifi cantly 
attenuated the induction of unusual CRMP-2 protein 
in hydrogen peroxide-treated neuro2a cells (Figure 
4C). Tocotrienols displayed not only antioxidant but 
also neuroprotective effects. Treatment with tocoto-
rienols did not affect induction of normal CRMP-2 
protein and prevented induction of the unusual 
CRMP-2 protein in hydrogen peroxide-treated neu-
ro2a cells. We are currently continuing to study the 
relationship between hydrogen peroxide-induced 
neurite degeneration and CRMP-2 protein and the 
possibility of prevention by vitamin E of such dys-
function in neuronal cells.   

 Induction of neurite beadings in hydrogen peroxide-
treated CGCs and prevention of them by  α -tocopherol 

 To obtain more fi ndings regarding the relationship 
between hydrogen peroxide and neurite degeneration, 
we fi nally examined neurite morphology using 
EGFP-transfected primary culture of mouse CGCs 
(Figure 6A). Treatment of CGCs with hydrogen per-
oxide induced signifi cant neurite beadings (Figure 6B). 
In contrast, treatment of hydrogen peroxide-treated 
CGCs with   α  -tocopherol signifi cantly inhibited 
neurite degeneration. These fi ndings strongly suggest 
that treatment with low concentrations of hydrogen 
peroxide induces neurite beadings in  ex vivo  models. 
Neurite degeneration may be induced as one of the 
early events in neuronal dysfunction. We are continu-
ing to study the neuroprotective effects of tocotrienols 
in CGC models.    

 Conclusions 

 In summary, this study raises the possibility that treat-
ment with low concentrations of hydrogen peroxide 
induces neurite degeneration, but not cell death, via 
some changes in CRMP-2 protein. After treatment 
with low concentration of hydrogen peroxide, neu-
rites are gradually thin and induces large numbers of 
beadings. Further investigation is needed to deter-
mine the mechanism of hydrogen peroxide-induced 
neurite degeneration, such as induction of abnormal 
CRMP-2 protein, impairment of microtubule assem-
bly, or there factors. Chronic exposure to ROS may 
accelerate ageing via dysfunction of various biological 
activities. As noted above, in the 1950s, Harman [8] 
had already reported the relationship between ROS 
and ageing, i.e. the free-radical theory of ageing. 
Furthermore, it has been reported that ROS may be 
related to a large number of neurodegenerative disor-
ders such as Alzheimer ’ s disease and Parkinson ’ s dis-
ease [9,12,42]. Several lines of evidence have suggested 
a relationship between phosphorylation of CRMP-2 
protein and Alzheimer ’ s disease [22,23,25,43]. In the 
near future, we plan to examine the relationship 
between ROS-derived neurite degeneration and 
age-related neurodegenerative disorders.   
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