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Abstract
Therapéutic strategies for Charcot-Marie-Tooth disease

Masanori Nakagawa, M.D.
Department of Neurology, Graduate School of Medical Science, Kyoto Prefectural University of Medicine

Recently, causative gene discovery and genetic diagnosis system for Charcot-Marie-Tooth disease (CMT)
have been rapidly developed. These genetic information and research progress, however, have not been informed
to medical staff and CMT patients. CMT-Japan, which is an association of Japanese CMT patients, has been organ-
ized in 2008. Many of CMTJ members have not been diagnosed genetically. Most of medical staff and CMT pa-
tients may imagine that there is no hope for the CMT feature. Research on CMT therapy, however, has been pro-
gressing such as clinical trial of ascorbic acid, and experimental trial of curcumin and antiprogesterone. The devel-
opment of robot technology and brain machine interface open a new way of therapy for CMT. Elucidation of mo-
lecular mechanisms and finding of effective treatments for CMT using cell culture, iPS cell, animal model, agents
to suppress PMP22 expression, and read-through of stop codon methods are expected in the near features. In ad-
dition, development of surrogate markers, improvement of clinical trial design, establishment of nationwide diag-
nostic system, and assessment of natural history with international collaboration study must be done as soon as
possible. CMT management manual, review of CMT research, open seminar for CMT, and genetic counseling are
essential to improve the medical management for CMT. The collaboration among medical engineers, neurophysi-
ologists, rehabilitation team, orthopedist, neurologists, genetic researchers and CMT patients and their families is
of cardinal importance to achieve these studies for CMT.

‘ (Clin Neurol 2011;51:1015-1018)
Key words: CMT, genetic diagnosis, therapy, rehabilitation, brain machine interface
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We characterize the previously unrecognized phenomenon of axotomy-induced axonogenesis in rat
embryonic hippocampal neurons in vitro and elucidate the underlying mechanism. New neurites arose
from cell bodies after axotomy and grew. These neurites were Tau-1-positive, and the injured axons
showed negative immunoreactivity for Tau-1. Axonogenesis was delayed in these neurons by inhibiting
the dynein—dynactin complex through the overexpression of p50. Importin , which was locally trans-
lated after axotomy, was associated with the dynein-importin o complex and was required for axonogen-
esis. Taken together, these results suggest that retrograde transport of injury-induced signals in injured
axons play key roles in the axotomy-induced axonogenesis of hippocampal neurons.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Restoration of neuronal polarization after disruption can be
achieved through transformation of a dendrite into a new axon
or by axonal regrowth following severance of an axon [1,2]. The
cell body of an injured neuron must receive accurate and timely
information about axonal damage in order to reproduce the polar-
ization. A number of injury signals have thus far been postulated to
underlie this process in injured peripheral neurons, including in-
jury-induced discharge of axonal potentials, interruption of the
normal supply of retrograde-transported target-derived factors
(called negative injury signals), and retrograde injury signals trav-
eling from the injury site back to the cell body (called positive in-
jury signals) [3]. Interestingly, injury to neurons located in the
peripheral branch of the dorsal root ganglion (DRG) followed by
injury to the central branch leads to promotion of central axon
regeneration [4,5]. This phenomenon, called the “conditioning
lesion paradigm,” suggests that injury signals transported from
the injury site back to the cell body increase the intrinsic growth
capacity of the neurons. Further, microinjection of lesion-induced
axoplasmic proteins elicits growth and survival responses in neural
cell bodies {6], and retrogade axonal transport of a nuclear locali-
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Japan. Fax: 81 6 68793669.
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zation signal (NLS) protein has been reported in mammals {7]. Nu-
clear import of the protein is mediated by NLS binding to
importins/karyopherins. Importin o binds the NLS within the cargo
protein directly, and its affinity to NLS is increased through interac-
tion with importin B, which facilitates transport of the complex
through the nuclear pore complex [8,9]. Hanz et al. provided evi-
dence that impertins play key roles in the transport of some retro-
grade injury signals in rodent sciatic nerve [10]. Several importin o
members exist in sensory axons in both control and injured sciatic
nerves, in constitutive association with dynein motor proteins,
whereas importin p1 proteinis not detectable in control sciatic nerve
axoplasm. Importin o protein is constitutively complexed with the
retrograde motor dynein; upon lesion, importin $1 mRNA localized
in the axoplasm is rapidly translated into importin B1 protein, lead-
ing to the formation of importin o/ 1 heterodimers bound to the ret-
rograde motor dynein. Thus, the axoplasmic importin—-dynein
complex enables retrograde injury signaling in injured sciatic nerve.

It has been widely recognized that a dendrite is transformed
into a new axon or that an injured axon regrows after axonal injury
[1,2]. In addition to these responses, we report here that new neu-
rites arise from cell bodies after axotomy and become axons in cul-
tured embryonic hippocampal neurons. Dotti et al. previously
mentioned axonogenesis after axotomy but did not investigate fur-
ther in their report {1]. Until now, little has been written about this
phenomenon. Since cell bodies of injured neurons must receive the
signals for axonal damage in order to produce new axons, we
believe that an injury signal may be transported retrogradely back
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1. Introduction

Restoration of neuronal polarization after disruption can be
achieved through transformation of a dendrite into a new axon
or by axonal regrowth following severance of an axon [1,2]. The
cell body of an injured neuron must receive accurate and timely
information about axonal damage in order to reproduce the polar-
ization. A number of injury signals have thus far been postulated to
underlie this process in injured peripheral neurons, including in-
jury-induced discharge of axonal potentials, interruption of the
normal supply of retrograde-transported target-derived factors
(called negative injury signals), and retrograde injury signals trav-
eling from the injury site back to the cell body (called positive in-
jury signals) [3]. Interestingly, injury to neurons located in the
peripheral branch of the dorsal root ganglion (DRG) followed by
injury to the central branch leads to promotion of central axon
regeneration [4,5]. This phenomenon, called the “conditioning
lesion paradigm,” suggests that injury signals transported from
the injury site back to the cell body increase the intrinsic growth
capacity of the neurons. Further, microinjection of lesion-induced
axoplasmic proteins elicits growth and survival responses in neural
cell bodies [6], and retrogade axonal transport of a nuclear locali-
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zation signal (NLS) protein has been reported in mammals [7]. Nu-
clear import of the protein is mediated by NLS binding to
importins/karyopherins. Importin o binds the NLS within the cargo
protein directly, and its affinity to NLS is increased through interac-
tion with importin B, which facilitates transport of the complex
through the nuclear pore complex [8,9]. Hanz et al. provided evi-
dence that importins play key roles in the transport of some retro-
grade injury signals in rodent sciatic nerve [10]. Several importin o
members exist in sensory axons in both control and injured sciatic
nerves, in constitutive association with dynein motor proteins,
whereasimportin 1 proteinis not detectable in control sciatic nerve
axoplasm. Importin o protein is constitutively complexed with the
retrograde motor dynein; upon lesion, importin 1 mRNA localized
in the axoplasm is rapidly translated into importin 1 protein, lead-
ing to the formation of importin o/p1 heterodimers bound to the ret-
rograde motor dynein. Thus, the axoplasmic importin-dynein
complex enables retrograde injury signaling in injured sciatic nerve.

It has been widely recognized that a dendrite is transformed
into a new axon or that an injured axon regrows after axonal injury
[1,2]. In addition to these responses, we report here that new neu-
rites arise from cell bodies after axotomy and become axons in cul-
tured embryonic hippocampal neurons. Dotti et al. previously
mentioned axonogenesis after axotomy but did not investigate fur-
ther in their report [1]. Until now, little has been written about this
phenomenon. Since cell bodies of injured neurons must receive the
signals for axonal damage in order to produce new axons, we
believe that an injury signal may be transported retrogradely back
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to the cell body by the dynein-dynactin complex. In the present
study, we characterize this axotomy-induced axonogenesis and
elucidate the underlying mechanism.

2. Materials and methods
2.1. Plasmid constructs

The cDNAs encoding rat dynamitin (p50) were amplified by PCR
from a rat brain cDNA library. The amplified cDNAs were sub-
cloned into pAcGFP1-N1 (Clontech) and were named pAcGFP-
dynamitin (p50)-N1. pGFP-Bimax2-C2, a plasmid expressing Bi-
max2 (peptide inhibitor of importin) conjugated to GFP, was made
according to a previous report [15].

2.2. Dissociated cell culture

All the experimental procedures were approved by the Institu-
tional Ethics Committee of Osaka University. Hippocampal neurons
obtained from Wistar rat pups on E18-19 were dissociated by
trypsinization (treatment with 0.25% trypsin in PBS for 15 min at
37 °C) followed by resuspension in DMEM/F12 (Invitrogen) con-~
taining 10% FBS, and trituration. Subsequently, the neurons were
washed three times. The cells were suspended in DMEM/F12 con-
taining 10% FBS, plated on poly-i-lysine and laminin-coated dishes,
and maintained at 37 °C in 5% CO,. The culture medium was re-
placed with a serum-free DMEM/F12 supplemented with B27
(Invitrogen) 12 h after plating, when the cells had attached. Cells
were pretreated with each 1 pg/ml CHX (Nakarai Tesque) or
0.1 pug/ml AMD (Nakarai Tesque) for 30 min before axotomy.

2.3. Explant culture

The hippocampus was removed from Wistar rat pups on E18
according to a previously reported method with a slight modifica-
tion [11]. The hippocampus was chopped into 300-600 pum-sized
pieces using fine tweezers. These pieces were then placed in a
3.5 am tissue culture dish containing 1.5 ml of DMEM/F12 supple-
mented with 10% FBS. After two days of incubation at 37 °C in a
5% CO; incubator, the medium was replaced with DMEM/F12 sup-
plemented with 2% B27. At 10 DIV, the extended neurites were tran-
sected using a blade according to a previously reported method [12].

2.4. Nucleofection procedure

For each transfection experiment, 4.0-5.0 x 10° celis were used
with the Nucleofector I™ (Amaxa Biosystems). Dissociated hippo-
campal neurons were spun down at 800 rpm for 3 min, and the
medium was removed. Cells were then resuspended in 100 ul of
rat neuron Nucleofector™ solution (Amaxa Biosystems) at RT, fol-
lowed by addition of 5 g of pAcGFP-dynamitin (p50)-N1 or pGFP-
Bimax2-C2. The mixture of hippocampal neurons, Nucleofector™
solution, and the plasmids was transferred to a 2-mm electropora-
tion cuvette (Amaxa Biosystems), inserted in the Nucleofector,™
and processed with program 0-03. Immediately after transfection,
1 ml of DMEM/F12 supplemented with 10% FBS was added to the
hippocampal neurons to reduce damage, and the cells were plated
on poly-t-lysine and laminin-coated dishes. The culture medium
was replaced with serum-free DMEM/F12 supplemented with
B27 3 h after plating to reduce damage to the cells.

2.5. Axotomy and time-lapse imaging

The culture dish was secured in a chamber that was supplied

continuously with 5% CO, in air. The chamber was placed on an

Olympus IX81 inverted phase-contrast microscope equipped with

a heated stage apparatus (model MI-IBC-IF, Olympus). We chose
10-15 polarized hippocampal neurons in each dish at three DIV
and cut the axons of the neurons by using a 30 G needle through
the microscope. Images of the axotomized neurons were acquired
every 3 min for 12 h using a 40x objective lens with a charge-cou-
pled device video camera (Cooke). Images were combined into a
time-lapsed sequence using MetaMorph software (Molecular
Devices).

2.6. Fluorescence immunostaining

Cells were fixed in 2% paraformaldehyde and 2% sucrose in
0.1 mol phosphate buffer for 20 min at RT and incubated with a
blocking solution containing 5% BSA and 0.1% Triton-X in PBS for
1 h, followed by overnight incubation at 4 °C with anti-importin
o4 antibody (diluted 1:1000 in the blocking solution; Everest Bio-
tech), anti-importin 1 antibody (diluted 1:1000 in the blocking
solution; Thermo Scientific) and anti-Taul antibody (diluted
1:1000 in the blocking solution; Chemicon International). Follow-
ing primary antibody incubation, sections were washed three
times with PBS, and fluorescent dye Alexa 488-conjugated anti-
rabbit IgG (diluted 1:1000 in 5% bovine serum albumin in PBS;
Molecular Probes/Invitrogen) at room temperature for 1 h. They
were then observed with an Olympus IX81 inverted phase-contrast
microscope. )

2.7. Western blotting

Cells were lysed with 50 mmol Tris-HCl (pH 7.4), 150 mM Nacl,
1% Np-40, 0.1% SDS, 2 mmol EDTA, 1 mmol Na3V04, 1 mmol NaF,
and a protease inhibitor mixture (Roche Diagnostics). The homoge-
nate was centrifuged at 15,000 rpm for 10 min, and the supernatant
was stored at —20 °C. The protein concentration was measured
using a bicinchoninic acid protein assay kit (Pierce). Equal amounts
of protein were loaded into each lane, run on SDS-PAGE, and then
transferred to a polyvinylidene difluoride membrane (PVDF; Milli-
pore). The protein samples were boiled in sample buffer for 5 min,
run on SDS-PAGE, and then transferred to PVDF membranes (Milli-
pore). The membranes were blocked for 1 h at RT with 0.5% skim
milk, incubated for 2 h at RT with anti-importin § antibody (diluted
1:5000; Thermo Scientific), anti-dynein 74 kDa intermediate chains
(1:1000; Millipore) and anti-o tubulin (diluted 1:1000; Santa Cruz
Biotechnology). HRP-conjugated secondary antibodies (diluted
1:1000; Cell Signaling Technology) and ECL Plus reagents {GE
Healthcare UK Ltd.) were used for detection. The membrane was ex-
posed to X-ray film or the LAS-3000 image system according to the
manufacture’s specifications (Fujifilm).

2.8. Coimmunoprecipitation assay

Rat hippocampal explants were lysed in 50 mol Tris-HCI (pH
7.5), 150 mmol NaCl, 10% glycerol, and 1% NP-40 supplemented
with protease inhibitor cocktail tablets (Roche Diagnostics). The ly-
sates were incubated on a rocking platform at 4 °C for 20 min and
clarified by centrifugation at 13,000xg at 4°C for 10 min. The
supernatants collected were precleared for 30 min by incubating
with 60 pl of protein-G Sepharose beads (GE Healthcare UK Ltd.).
After a brief centrifugation to remove the precleared beads, the cell
lysates were incubated overnight (for coimmunoprecipitation with
rat hippocampal explants extracts) at 4 °C with anti-dynein 74 kDa
intermediate chain antibody (Millipore). The immunocomplexes
were collected for 1 h at 4 °C with protein-G Sepharose beads that
had been coated with 0.1% BSA in PBS. The beads were washed four
times with lysis buffer. The bound proteins were solubilized with
1x sample buffer and subjected to SDS-PAGE followed by
immunoblotting.
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2.9. Morphometrical analysis

We classified the morphological changes of axotomized neu-
rons into five groups as follows: axonogenesis, new neurites arose
from cell bodies after axotomy and grew; dendrites change into ax-
ons, dendrites grew and became axons instead of axotomized ax-
ons; regrowth, axotomized axons regrew; no change, axotomized
axons retracted or showed no morphological change; death, neu-
rons died within 3 h after axotomy.

2.10. Statistical analysis

Significant differences in the data for axonogenesis after axot-
omy (Figs. 1C, 3A and ]) were determined by x? test. Significant dif-
ferences in the other data were determined by Student's t-test
(Figs. 2C, 3F and G).

3. Results

3.1. Axotomy induces axonogenesis in cultured hippocampal neurons
We cultured hippocampal rat neurons (embryonic day [E] 18~

19) at low density for three days and cut the axons of the stage

three polarized neurons. We then observed morphological changes

in these neurons for 12 h using time-lapse imaging. Among 65 axo-
tomized neurons excluding 10 neurons died within 3 h after axot-

A

omy, axotomized axons regrew in 35 neurons; the remaining
dendrites became new axons in seven neurons; and new neurites
arose from cell bodies after axotomy and grew (neuritogenesis)
in eight neurons (Fig. 1A and B). This neuritogenesis was specific
to axotomized neurons since it was never observed in 62 nonaxo-
tomized neurons at the same stage (Fig. 1C). Immunocytochemis-
try for Tau-1 revealed that these new neurites had become axons
(Fig. 1D); interestingly, the injured axons showed negative immu-
noreactivity for Tau-1. In the present manuscript, we term this
phenomenon, which is characterized by axonogenesis in stage
three hippocampal neurons after axotomy, axotomy-induced
axonogenesis.

3.2. Dynein-dynactin complex is required for axotomy-induced
axomnogenesis

In our research, we aimed to explore the mechanism of axot-
omy-induced axonogenesis. As new neurites were induced from
the cell body after axonal injury, we assumed that some sort of in-
jury-induced signal was transported retrogradely via proximal ax-
ons to the cell bodies. If this was indeed the case, the dynein-
dynactin complex, which is mainly involved in retrograde axonal
transport, might contribute to transporting the signal. To assess
this hypothesis, we overexpressed p50, which is one of the 11 sub-~
units of the dynein—dynactin complex. Although its overexpression
typically disrupts the dynein-dynactin complex {13], when p50
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Fig. 1. Axonogenesis is induced by axotomy of cultured hippocampal neurons. (A) Time-lapse analysis of the neuritogenesis after axotomy. The hippocampal neurons were
cultured for three days in vitro, followed by axotomy. A new neurite (pink arrow) arose from the cell body of the axotomized neuron and grew. The yellow arrow indicates the
axotomized site. The time after axotomy is shown. Scale bar, 50 pm. (B) Various responses of axotomized neurons (n = 75). The graph shows the number of the neurons with
the indicated morphological changes. Some transected axons regrew (regrowth), whereas some did not show any remarkable change (no change). Some neurons died within
3 h after axotomy. In some cases, a dendrite was transformed into a new axon, or a new axon arose from the cell body after axotomy and grew (neuritogenesis). (C)
Neuritogenesis after axotomy occurred in eight neurons out of 65 axotomized neurons (10 dead neurons were excluded). Neuritogenesis never occurred in 62 nonaxotomized
neurons. *p < 0.01; x? test. (D) The neuron in (A) was immunostained for Tau-1 13 h after the axotomy. The new neurite (pink arrow in A) became positive for Tau-1, and the
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Fig. 2. Axotomy-induced axonogenesis is delayed by overexpression of p50. (A) The graph shows the number of neurons with or without axonogenesis after transfection with
or without p50. The morphology of the neurons was estimated 12 h after axotomy. The difference in the number of neurons with axonogenesis between the two groups was
not significant. (B) The graph shows the number of the neurons that induced new neurites at the indicated times. New neurites arose within 3 h after axotomy in seven out of
nine neurons without p50 transfection (control). When p50 was overexpressed, new neurites arose after 4 h following axotomy in all four neurons. (C) The average time it
took for a new neurite to arise after axotomy; n=4, p50 (+); n=7, p50 (—). Data are represented as mean * SEM. *p < 0.01, Student’s t-test. (D) Time-lapse images of
axotomized neurons. The arrows indicate the axotomized site, and arrowheads indicate the new neurites. Whereas new neurites had arose 3 h after axotomy in the control
neurons (upper figures), new neurites began to arise at 5 h after axotomy in the p50-overexpressed neurons (lower figures). Scale bars, 50 ym.

was overexpressed in the neurons, the frequency of axotomy-in-
duced axonogenesis was not statistically different from that of
the control transected neurons without p50 overexpression
(Fig. 2A). On the other hand, time-lapse analysis demonstrated that
axonogenesis occurred within 3 h after axotomy in most of the
neurons without overexpression of p50 while all the new axons ar-
ose more than 4 h after axotomy in the neurons transfected with
p50 (Fig. 2B, D). The average time for axonogenesis after axotomy
in p50-overexpressed neurons (400.75 + 93.04 min) showed a sig-
nificant delay compared with that of control transected neurons
(136.42 +32.74 min) (Fig. 2C and D). These results suggest that
overexpression of p50 suppressed retrograde transport by the dy-
nein-dynactin complex, thereby inhibiting axonogenesis.

3.3. Importin B, which is locally translated after axotomy, associates
with dynein

The above results support the notion that an injury-induced sig-
nal may be retrogradely transported to the cell body to induce axo-
nogenesis. To further explore the molecular mechanism of this
phenomenon, we assessed whether axotomy-induced axonogene-
sis required de novo protein synthesis or transcription. We em-
ployed actinomycin D (AMD) to inhibit transcription and used
cycloheximide (CHX) to inhibit protein biosynthesis. Both inhibitors
completely blocked injury-induced axonogenesis (Fig. 3A). These
results suggest that axotomy-induced axonogenesis requires both
the transcription and biosynthesis of protein. Injury-induced signals
may therefore be transported via axons retrograde to the nucleus,
leading to de novo protein synthesis in support of axonogenesis.

We were interested in what was transported from the injured
axons to the cell body. Since it was previously reported that upon
lesion of the sciatic nerve, importin 1 mRNA in axons is locaily

translated [10}, we addressed whether this was the case in the axo-
tomized hippocampal neurons. The neurons were immunostained
for importin o4 and p1 (hereafter referred to as importin o and
importin B). Expression of importin o was observed in the cell
bodies as well as in the processes of nonaxotomized neurons at
three days in vitro (DIV). On the other hand, importin 8 protein
was observed in the cell bodies of nonaxotomized neurons, but
not in the processes (Fig. 3B). In contrast, at 1 h after axotomy,
some of the neurons expressed importin B in the axons just
proximal to the injury site as well as in their cell bodies (Fig. 3C).
This observation suggests that local protein synthesis of importin
B occurs after axotomy of the hippocampal neurons.

Next, we evaluated the amount of importin 8 in the axotomized
neurons. To obtain enough protein for western blotting, we em-
ployed an explant culture of the hippocampus from E18 rats. We
cut the axons of the hippocampal explants with a blade (Fig. 3D)
and separately collected the cell bodies, including the proximal ax-
ons, and the distal axons (refer to the schema in Fig. 3E) at 0 min,
5 min, 10 min, and 1 h after axotomy. The level of importin p was
increased after axotomy in both the cell bodies and the distal axons
(Fig. 3E-G). The level of importin B in the cell bodies, including the
proximal axons, increased continuously during the observation
period (~1h) and that in the distal axons increased transiently
(at 5 min), returning to the baseline level thereafter. As importin
$ was also increased in the distal axons, which were separated
from the cell bodies, it was suggested that local protein synthesis
occurred in the injured axons. The increase in the level of importin
8 1 h after axotomy was completely inhibited by CHX but not AMD
(Fig. 3H), further supporting the idea that importin § mRNA is
translated in response to axotomy.

As importin o was diffusely expressed in the neurons, de novo
synthesis of importin g may allow formation of importin o/p het-
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Fig. 3. Importin B is increased and associates with dynein. (A) The axonogenesis was attenuated by cycloheximide (CHX) or actinomycin D (AMD). The graph shows the
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at the tip of the injured axons (arrows). Scale bar, 50 pm. (D) Procedure for transfection of neurites from the explant. (E) Western blot analysis of lysates from axotomized
hippocampal explants from 0 min to 1 h after axotomy. Lysates were obtained from cell bodies that included proximal as well as from distal axons. (F, G) The relative level of
importin f in the cell bodies, including proximal axons (F) and distal axons (G). Data are represented as the mean + SE of three independent experiments. **p < 0.01; “p < 0.05
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axonogenesis was inhibited by over-expression of Bimax. The graph shows the number of neurons with or without axonogenesis. Axonogenesis was estimated 48 h after
nucleofection of GFP-Bimax. Neurons expressing GFP alone (n = 52), and neurons over-expressing Bimax (n =23). **p < 0.01; x? test.
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erodimers, which are associated with retrograde motor dynein
[10,14]. Therefore, we next examined the interaction of importin
B with dynein in the axotomized hippocampal neurons. Coimmu-
noprecipitation analysis revealed that importin § was associated
with dynein and this association was increased 1 h after axotomy
(Fig. 31). These results suggest that importin § was increased in
the axons in response to axotomy and that they interacted with
the dynein motor complex for retrograde transport. We then inves-
tigated whether importin plays a role in inducing axonogenesis by
employing Bimax, a peptide inhibitor of importin {15]. Our results
showed that transfection of Bimax in the axotomized neurons effi-
ciently blocked axonogenesis (Fig. 3]). Thus, the function of impor-
tin was found to be required for axotomy-induced axonogenesis.

4. Discussion

Reestablishment of axons after axotomy depends on the length
of the remaining stump. Gomis-Riith et al. reported that axotomy
of the proximal part led to the transformation of a dendrite into
an axon (identity change) [2], whereas axotomy of the distal part
induced regrowth of the injured axon. As the distal axon is abun-
dant in stable microtubules, this may enable microtubules to poly-
merize further at the process tip, leading to regrowth of the injured
axon. However, when axotornized at a proximal site, the neuron
loses the distal axon and its abundance of stable microtubules,
and therefore, the neuron may not be able to make the injured
axon regrow. Consistent with this observation, in our experimental
model, axotomy at a proximal site induced a new axon to arise
from the cell body or the transformation of a dendrite into an axon,
whereas most of the axons severed at a distal site (>80 pm away
from the cell body) regrew (data not shown).

In the. present study, we characterized the previously unrecog-
nized phenomenon of axotomy-induced axonogenesis in embry-
onic hippocampal neurons. It is not known how and why the
proximally axotomized neuron chooses between the two re-
sponses: transformation of a dendrite into an axon or axonogene-
sis. Elucidation of the molecular mechanism underlining these
responses may provide an answer. We assumed that some in-
jury-induced signal might be transported with importin o/f het-
erodimers and dynein complex in the axotomized hippocampal
neurons.

Our data suggest that retrograde axonal transport of the signals
elicited by axonal injury is required for axonogenesis. We intended
to inhibit retrograde axonal transport by overexpressing p50/
dynamitin, as overexpression of p50 leads to disruption of dynactin
[13,16]. However, it should be noted that overexpression of p50
inhibits not only retrograde axonal transport but also anterograde
transport {17-19]. Dynactin is a motor protein coordinator where-
by the opposing motors kinesin and dynein interact with dynactin,
leading to vectorial transport. A direct interaction between
p150#ed and the anterograde motor kinesin-2 has also been dem-
onstrated [17], and functional and biochemical interactions have
been described for dynein and kinesin-1 {20]. Kwinter et al. [ 19] re-
ported that bidirectional transport of dense-core vesicles was
inhibited by overexpressing p50 in the axons and dendrites of pri-
mary cultured hippocampal neurons. Furthermore, dynactin has
other functions in addition to axonal transport. Therefore, we
should consider the possibility that overexpression of p50 attenu-

ates axonogenesis by mechanisms other than inhibition of retro-
grade axonal transport. However, p50 overexpression did not
affect neurite outgrowth, which is consistent with a previous re-
port [21], suggesting a specific relationship between dynactin
and axotomy-induced axonogenesis.
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1. Introduction

Conduction of impulses, either individually or in trains, can pro-
duce long-lasting effects on nerve excitability. In 1935, Gasser
found that when axons conducted trains of impulses, they under-
went hyperpolarizaion (Gasser, 1935). Previous studies using
high-frequency electrical stimulation for rat axons have shown
that the phenomenon presumably occurs due to activity of the
electrogenic Na'™~I" pump (Bostock and Grafe, 1985; Gordon
et al,, 1990). In a human motor axon, the extent and duration of
hyperpolarization depend on both discharge rate and train length
(Bostock and Bergman, 1994). Vagg et al. (1998) found that axonal
hyperpolarization can be produced in human motor axons by the
natural activity associated with a maximal voluntary contraction.
It has recently been shown that voluntary contraction causes the
change of other indices of axonal excitability (Kuwabara et al,
2001) and that the extent and pattern of axonal hyperpolarization
could be measured by using threshold tracking technique
(Kuwabara et al., 2002). Kiernan et al. (2004) clarified the axonal
hyperpolarization in human median nerve by 8 Hz steady stimula-
tion with surface electrodes. The reason why they used 8 Hz stim-
ulation is because motor axons can maintain a tonic discharge at
this frequency or even higher in voluntary contractions, and >10-
Hz electric stimulation to the nerve trunk is painful and therefore
not tolerable.

The safety margin for impulse conduction is normally high and
the activity-dependent hyperpolarization induced by voluntary
contraction is insufficient to jeopardize nerve conduction in healthy
axons, but in demyelinated axons which have critical impairment of
the safety margin, the conduction block can be induced by tetanic
stimulation (Bostock and Grafe, 1985). The activity-dependent con-
duction block is potentially important in patients with demyelinat-
ing neuropathy such as chronic inflammatory demyelinating
polyneuropathy and multifocal motor neuropathy. It has been re-
ported that voluntary contraction produced (or accentuate) conduc-
tion block in patients with such demyelinating neuropathy
(Cappelen-Smith et al., 2000; Kaji et al.,, 2000). In addition, Inglis
et al. have shown by using microneurography that natural activity
can produce conduction block in acutely injured single human ax-
ons (Inglis et al., 1998).

The single fiber electromyography (SFEMG) technique was
developed to study the microphysiology of the motor unit, such
as the propagation of muscle fibers (Stalberg, 1966) and neuromus-
cular jitter (Sanders and Stilberg, 1996). SFEMG recordings can be
performed during intramuscular electrical stimulation. This stimu-
lated SFEMG (s-SFEMG) technique can be used in patients who
cannot cooperate (unconscious patients, children, and patients
with very weak muscles) (Stalberg et al., 1992). The technique en-
ables motor axons to fire at a constant frequency and provides the
continuous data of latency from the time of the axonal stimulation
to the onset of muscle-fiber action potential (MAP) including axo-
nal conduction time. The continuous high frequency axonal stimu-
lation during about 30 s may detect activity-dependent conduction
block in patients with prominently reduced axonal safety factor
because continucus high frequency stimulation could be equiva-
lent to maximum voluntary muscle contractions. Moreover, when
there are conduction blocks in the proximal nerves (e.g., the nerve
roots), the impulse load at the more distal tested site at the nerve
trunk should be less than expected, and it is impossible to estimate
the extent of impulse load. In contrast by using the method of
intramuscular axonal stimulation, it is possible to use a constant
and steady impulse load. The present study has been undertaken
to develop a method to assess activity-dependent hyperpolariza-
tion and block in single motor axons of human subjects by using
s-SFEMG.

2. Methods
2.1. Subjects

Ten healthy subjects (5 males, 5 females; median age, 30 years;
range, 20~50 years) were examined. None of them had a peripheral
nerve disorder, and systematic disease or medication affecting
peripheral nerve function. Informed consent was provided by each
subject and all experiments were conducted in accordance with
the Declaration of Helsinki and with the approval by the Ethics
Committee of Chiba University School of Medicine for Human Re-
search Studies.

2.2. Single fiber electromyography

Axonal s-SFEMG was performed in the right extensor digitorum
communis muscle (EDC) using a Nicolet Viking 4 EMG machine
(Nicolet Biomedical Japan, Tokyo, Japan) and conventional proce-
dures as described in a previous report by Trontelj et al. (1986).
The recordings were made intra-muscularly with a concentric nee-
dle electrode (30 G; TECA elite US53153). The high pass filter was
set to 2 kHz, and the low pass filter was 10 kHz. Intra-muscular ax-
onal stimulation was performed with a monopolar needle elec-
trode (28 G; TECA U0809P02) and a reference surface electrode
placed 2 cm laterally. The stimulus duration was 0.1 ms. With
stimulating at 3 Hz with stimulus intensity around 1 mA, contrac-
tion of EDC was confirmed, and a recording electrode was inserted
into the site of muscle bundle contraction. The distance between
the stimulating and recording electrodes was 2 cm. Both needles
were fixed by metallic strut to minimize needle moving during
stimulation.

The stimulus intensity was determined as 20% above the activa-
tion threshold of the target MAP. The fingers of subjects were fixed
with a strap to reduce motion artifacts. Although the muscle fibers
can be stimulated either directly or indirectly via its axon in this s-
SFEMG method, we excluded direct stimulation of muscle fibers by
the very low jitter value (mean consecutive difference <5 ps)
(Trontelj et al., 1986). By contrast, increased jitter with intermit-
tent blocking indicates subthreshold stimulation. When it was ob-
served, we performed a new recording 1 min later with increased
stimulus intensity by further 20% of the previous intensity.

A total of 500 stimuli were delivered at the frequencies of 5, 10,
and 20 Hz. Latencies of the initial rising phase of MAP were mea-
sured. A special program for latency measurements (Analysis of
SFEMG software) was developed by Medical Try System Co. Ltd.
(Tokyo, Japan). If a prominent latency change was observed after
500 times stimulation at 20 Hz, short time stimulation at the same
frequency was repeated 1 min later to observe whether the latency
prolongation was recovered or not.

2.3. Data analyses and statistics

Latency change (%) at 100th, 200th, 300th, 400th and 500th
stimulus with each of the three stimulus rate was measured. La-
tency change was defined as “latency at 500th stimulation (or at
25 s after starting the stimulation)/latency at baseline x 100. We
also calculated latency change at 25 s after the start of the stimu-
lation with each stimulus rate (e.g., at 125th stimulus with 5Hz
stimulation, at 250th with 10 Hz and at 500th with 20 Hz) to com-
pare the latency change at a constant time length.

The data of latency change were checked for normality using
the Shapiro-Wilk test (Shapiro and Wilk, 1865) and Q-Q plot be-
fore using parametric tests. A repeated measurement analysis
(Fitzmaurice et al., 2004) was conducted to evaluate the main ef-
fects of stimulation with the covariance among repeated measures
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