I b=V I PMP22 S BIRIGIE o X 2
V=T e 2) BERT VIVOSEBNEH
siRNA. deoxribozymes. Antisense oligonucleo-
tides (ASO). RNA trans-splicing 7 7 1 — F
el 3) KBRS - B o KELT
WDBARFOBA, WAFEOINH, 4) BEK
TR - SRR BT D) AR
DML EWE DR EPMIFsSh T (R).
CMT BB MO NRHREFICRE LS 6
VAR & 1 % SEF SRR AR 2 L S &
BENH D HICE Y7 ) AF v EH
CMT DIERZEAL S E 2R E L THATDH
A (http://www.charcot-marie-tooth.org/med_
alertphp)o fxili. FALFEMEORGIZ LY
KA PR 2SR L L. CMT O nF22 8
WO DL o 2D HE S Twb, CMT
DEFRFEIR %2 R S e WIETERY 2% CMT B& v
B H b Bl (2 Y AT v
E) B5RT O MRS O ERIE, HAEE
BEOERFLP CRTHRAMRYHERS
% o M REHA & BRI R A S DE S
LT X DEEe - OGRS e &
%09 5
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lengthening %) Tld. 32T CTT7 F L AHE
UL, Rz FEEH T L TTR L
AREERT D, TOJETIHEEAIIAE
Tdbo IR MR AT I 1L 5 7 2 i
FNBATAHZETCTERLILZEEZDD L5,

5. Charcot-Marie-Tooth % (CMT) OEHEIEORF
CMT DBEFBME R E 2 TUT O &) BRI CMT OEFRERIICLETH 5,

1) CMT OHRZIR B PR o i

FEREEMECCMTHE DS (. ZORKRERTIHE DS ICT 500 C BERLFT 0L E

2) WiPRRERT A > OGS
BRI TH & BEES % B R TRERT ik O B
3) ud— w7 —0k%

BERE MO & BRSO B X 0" mRNA JBLIC X 2 5k o Bt - i

4) BIZTFHFRE T S OCHIGRE ORI

CEHEHO Y Fo—b  PMP2R2RBEMHIMEO A s )~
CBEECT LIV OOSSBINE] - siRNA, deoxribozymes. Antisense oligonucleotides (ASO). RNA trans-splicing

T/a—Fik

- RBEMET - BEHOMIT C RELTWAMEFOEA, BEHEOIGH

MBI AN T arTu s A0S

BRI BRI E T Y A A B E O E T o HEDE oBR
5) UNEDF—3a YOFHEICHET LT Y AOER

cmAy P TREOER | ER— oKy MERR EOUE - T

6) HEbREE, BEREORSE - RET YTV AOERK

7) CMTIZH B - itk — ¥ A DOF%E
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FEO M (FPREEDY . EEEa) . =
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DX T AGEEBITATINE FHhilEz &0
DNE ZAT . B D AT - BT E A o 3
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CMTEBEFVLLEEDDH 5D TEESLET
H Do WET SUF OWRES - AR RRE - gL e
B OFIART. AR E I X B Rk -
IR HPSE LS X B H R PR R, mE
R, R AR S 2 EICEESLETH
Ho LA L. F#l< ST RRME AL R,
W ANREED B, EFIRREE + g 70 v 2 7%
ETHEZFMBITbN ML REI LT
Bo G, CMT X3 5 #Y) 7z BRle: 12 5
B EGET - BEHMlASLETH B,

CMTOUNEYF— 3
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RERTHLD, BEOEEDOLAIE, HEP
EEBBIICIT) ZECHDMEEshS =
EWL v, — I, BHIZES BRI 20
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RIMAF CKAEAERE X 0 DEICE L o 728
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LB 2 98 5 505 5
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e &% FAEEN L C b BE B0 E )
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(ESPR##% 2011;51:1015-1018)
Key words : CMT, #{nT2Hr, &E,

¥ MWI— -1 — - v —2 (Charcot-Marie-Tooth :
CMT)#itd, 1886 4EIZ Charcot, Marie, Tooth |2 & - Tk
SRR TALNLEEE 2 —a T —CH B, F0
BRMEIL1/2500 AL b vib T, oz 260 5 Ao
CMT BB GD LR ST v 5B. CMT O JE [’z F 13 40
HEELLEAEE S, bAEICB VT Y CMT OBETF B
RBMLTIEREREREALNLTVS, Lo L, CMT ORHE
THM OB EREORZERD, SREEL YY) F—
Ya R Y A ERAEERAAE, CMT B35k < m
LNT 5 EIZ vz, B [CMT Otz v
EEZTVBHERMGRE, CMT BENZVOTIEIZ VAL
Bbhsd. SEOY VRIY AT, CMT OBZTLH, M
FEGTASR, SMEHBYIEEE, VALY T2 3 Yo MR L
DAEEEED CMT BEEIZOWTHBAMT 2.

CMT D&EEFE2

CMT i, WAREMSFIGRAH 3D v CRipim, f
B, hEINCRBIE NS, BisER CMT Tit, —#eAg1c I
DM RE R T 38m/s DUF, EBYEIITITER
TR T %R L, BERERRT B ClE M B, onion bulb
D% D& DD, WM CMT T, [FAMREE 13 %
F/GBRERTE2RTAEHEMIE S ST L, el
RFRTEAMBMEOER LB 2R, LAL, wined
DT HNGEHEE CMT b EET 5 (Fig.1). CMT 0iEdh
v, BRECH 2 BRI ERIEIH 5 b 0 b EFT RO
ATHEEZHEBI 7)) T E B EEER T L D% SR
HEL LOTHTIE, REBEOHIZ Db S FIM3EHC
HoTH, WEOENOIDICHBEFENRFA R BI%S 4
Bhbhh BEBREOHEE S IIEENES 2 — 0 F— iz
TRWT v 7eRREL, SEMLBEES 2 -0 F—F—
YR AR L oDb 5.

AEAY AR
bok QHEENE YV CMTIA & PMP22 DEHIZ L - O

EBISNLH/ETHY, 7AINY VEEHNCMTIA 51
N RHRTH B ERE SN TURY, B CRR SR

£

UNEYNT—Yay, TL4ovy 4y —T741R

BIabhiz DA ETIEESEE R E B R
BeTRETE = 2 — T /S8 F — DRI 360 LB TR E OB S
WF9EYE D & & T, [Charcot-Marie-Tooth % 1A 2% 3 2 7 &
DN CEBROGEEY - FRMEICE Y B ERER S | (UMIN 3t
BETD - UMINO000O1535) 455 & b dLre. Bakhais, 7S
A=Y —x¥ FRA ¥ +TH A Charcot-Marie-Tooth Neuro-
pathy Score (CMTNS) ICA B AL A< T AT VY VD
ANEGTER T E 2 dole, WHTOT RN Bk 5
BCLT ANy BOBHEEW S N h ol 7 AT
WY VA CMTIA [ 2 OH, T ALY o5
[ - BOMBELOPICHT 2 MESSBRLETH L. brHE
THEI %> CHRBBRTH, FEBENIEZIUELTEY, b
BRBEDFRIEDH L DOTIIRVDLEE 2 Shs, BIE R
EBREZWET S Qtrac 7OV T 5 (I 23HEW) 2bbwT
IR & TFIE AR B ORI OB M ENE L, 7
AN B (20mg/kg/H) HEFHCOEILE KRB TH
5.

Z Oth, Neurotrophin-3(NT-3)¥, 70 4 2 5 1 > 43k
TNT IR ERCMT LRSS T W5,

BEBHFD 20 CMT O1Ed v, BRHEBRFHF A 2 1oown
TOMAYT BLEDD S, LD RCT ClE, AERIZ L
K HEDOBIES & U mRNA SSBOFMIA 5 & 2 b T
U, G HLH O - b —h—OEELLECH L.

BTGB E S CPRBRE L LT, £RE0NT ik
DIFPICEDSWT, DEHAREO T > bu—L : PMP22 558
HHMEOR 7 ) - v iy, 2ERT UL OSSHmE
siRNA, deoxribozymes, Antisense oligonucleotides (ASO),
RNA trans-splicing 7 7’0 —F 72 ¥, 3) RIBEEZET - BEOO
TS REL T REET OMA, MEEOR, 4)85Ek
TERCHIH - BRSSP E AT Y 72 e HBE O EDE o
R EMWPE SN B (Table 1).

SABEYER, UNEUTF—-Tas ikl

PIMIETE AT L, 2B E2 D BT % B 2 08 1o
TIRTEBARTE T d Y, MHEOREREE L 70
VA ST 2255 ) 4 75 & D BB RL AR DTS & 72 2 13 b
WD L. SRRSO RII R E T YD

TFHRRESEERY RS2 B AR PRI (T602-0841  FUHBHT_E 30 K JE T A0 5 /NEK_E VAR ST 465)

(ZfH 2011458 19H)
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Table 1 Charcot-Marie-Tooth #% (CMT) O i&HFikRE.

CMT ORIZTHW 2 E 2 CLUT O LS 2J0lA CMT oinrfiigk s L ThETH 2.

1) CMT O#5RIBI E s oo i)
v CMT #il b % (. O EAFERE & 22T B DRI AFgE )82 58
LImM\»ﬁl ?*T’f b 0)1" 1)
DE CHT R & 9IS B B
3)#u#—1« 1 — O3
12 & BRI OIS & UF mRNA 80 & 5o s - G
4)““ G R & DI ERE o 3G

CEAREO T Y FO— )y PMP22 BB RO R ) —= v 7

T L O SEHINEE - sIRNA, deoxribozymes. Antisense oligonucleotides (ASO), RNA
trans-splicing 7 7’0 —F- 7 &

T - |EAOHTE : KEL T B H#ET O
I I« BEERAAIE R AR T 1) 7o/ i
5) YNEYF—3a yOFHHICET LY A0%E
SHBBBINEY T - a y7a s AR
SRy MIEORY
’J‘*ﬁh"l‘"w bEKy AL t"ﬂ)eﬁc‘f& . iIfJ'H
6) AAEHEIE, RIEEEOR L&
7) CMT B$ 5] A‘ﬁu’rﬂﬂ)ﬁ.):

2)

SN oo b 58

i

A, BEAFSE NS
DI & 7 O RS o4k

=

m:omfciiﬂ%n%’-‘-ifwbiﬂ«/\@lt‘*fyxL;u:w. DAL AR S5, b A RGBT 51T D 2 ET 2

DO & EHT % CMT &

B, FREHSICRE L LTt T A E O HE R =FJ£‘jJ'0)$¢‘{I‘X@f:V)bClwbi‘ifbb"b%%

THILDPEETH L. BT 2 BEAMEEFHIET2ED L EI2R2DT,
AL O, Wi OZETERI L, B = & HEgCT Bk TEEANOEBERE L7y b7 o TR EZ BRI EHH

Bz & 1)5‘%’7‘/‘-

MPOBRRETIE, 77—y RN, Ay b HEFELEETH 5.

Bl LT AR — DU RN, GRIEHD) % & ERBERC, RO R § Y S ORRAUET T 5
CHETOEEMAMMT 5. AT LT, kﬂlﬁ%‘ﬁ’ﬁ*f“}f— SEETFHL, Beo v BRI LS & AT
- ETHER ETRER 07205 Y FROBAER  BADICFREEREEET S 2 LABNEEDVIH L.
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CMT DYNEYF— a3 BT 5628 RCT L~
TRATDTHD. — RS, BHITEN 2B S 2 WEBEOR
FERE, WM ST o W R A S 2. 4 3 1 24
BOINECYF—2asTus I IB8MTasieicdy,
BRI PR A5 ) Y3 & KBRS T 0 B BIEIR DB AA &
N OWEFDH L. R, TRy b A—Y [HALY| OF|
MDWREC 2 5 7295, CMT BE~OIGHIC 4 A Bige s
HAE S IR DB A S .

AR

CMT BELER)

DHENCBITS CMT BEETHHITCMT KDL | 1E 2008
F6HICHRILEN, BEDKBIITN2004TH 2. [CMT
Ro&] ©EZ i, TRE D QOL ) L, [E#H OISR |,
[H&RMom L] ThHY, BERMIE [555%] & [TBHssE]
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R L DHEH L BBHICMOHATHS, KED
CMT BERIE 25 FRIC 7 ROESE TR SN, B|E 1500
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MNRHEE, YN YT~ a3 VE B - et A
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T O ORIES

CMT BEMMUONBEE R SICRE LA d v I =
NBERDFREMBEEE 2 B S E2EDHVBDH L. F I
VY7 YRF 2 &0 CMT Ok 4 TL s 238 - L
K% Th 5 (http//www.charcot-marie-tooth.org/med_aler
tphp). i, FURSEOEEIZ X 0 KRR S HSAI L L
CMT DR TFEEFF O N E o 2D RE SN TV S,

CMT ORIZH, SRR E L2 2135\, ERITDE,
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Abstract
Therapeutic strategies for Charcoi-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 CMT] 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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ARTICLE INFO ABSTRACT

Article history: We characterize the previously unrecognized phenomenon of axotomy-induced axonogenesis in rat
Received 22 January 2011 embryonic hippocampal neurons in vitro and elucidate the underlying mechanism. New neurites arose
Available online 1 February 2011 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

KBJ’WO"‘?S{ the dynein-dynactin complex through the overexpression of p50. Importin B, which was locally trans-
Axonal injury lated after axotomy, was associated with the dynein-importin o complex and was required for axonogen-
g’y(?lz?fenms esis. Taken together, these results suggest that retrograde transport of injury-induced signals in injured
Importin axons play key roles in the axotomy-induced axonogenesis of hippocamel neurons.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction zation signal (NLS) protein has been reported in mammals [ 7]. Nu-~

clear import of the protein is mediated by NLS binding to

Restoration of neuronal polarization after disruption can be importins/karyopherins. Importin o binds the NLS within the cargo
achieved through transformation of a dendrite into a new axon protein directly, and its affinity to NLS is increased through interac-
or by axonal regrowth following severance of an axon {1,2]. The tion with importin 8, which facilitates transport of the complex
cell body of an injured neuron must receive accurate and timely through the nuclear pore complex {8,9]. Hanz et al. provided evi-

information about axonal damage in order to reproduce the polar- dence that importins play key roles in the transport of some retro-~
ization. A number of injury signals have thus far been postulated to grade injury signals in rodent sciatic nerve [10}. Several importin o
underlie this process in injured peripheral neurons, including in- members exist in sensory axons in both control and injured sciatic
Jury-induced discharge of axonal potentials, interruption of the nerves, in constitutive association with dynein motor proteins,
normal supply of retrograde-transported target-derived factors whereas importin 1 protein is not detectable in control sciatic nerve
(called negative injury signals), and retrograde injury signals trav- axoplasm. Importin o protein is constitutively complexed with the
eling from the injury site back to the cell body (called positive in- retrograde motor dynein; upon lesion, importin g1 mRNA localized

jury signals) [3]. Interestingly, injury to neurons located in the in the axoplasm is rapidly translated into importin 1 protein, lead-
peripheral branch of the dorsal root ganglion (DRG) followed by ing to the formation of importin ot/f1 heterodimers bound to the ret-
injury to the central branch leads to promotion of central axon rograde motor dynein. Thus, the axoplasmic importin-dynein
regeneration [4,5]. This phenomenon, called the “conditioning complex enables retrograde injury signaling in injured sciatic nerve.
lesion paradigm,” suggests that injury signals transported from It has been widely recognized that a dendrite is transformed
the injury site back to the cell body increase the intrinsic growth into a new axon or that an injured axon regrows after axonal injury
capacity of the neurons. Further, microinjection of lesion-induced {1,2]. In addition to these responses, we report here that new neu-
axoplasmic proteins elicits growth and survival responses in neural rites arise from cell bodies after axotomy and become axons in cul-
cell bodies [6], and retrogade axonal transport of a nuclear locali- 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
* Corresponding author at: Department of Molecular Neuroscience, Graduate P [ !

School of Medicine, Osaka University, 2-2, Yamadaoka, Suita, Osaka 565-0871, phenomenon. Since cell bodies of injured neurons must receive the
Japan. Fax: 81 6 68793669. signals for axonal damage in order to produce new axomns, we
E-mail address: yamashita@molneu.med.osaka-u.acjp (T. Yamashita). believe that an injury signal may be transported retrogradely back

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/1.bbrc.2611.01.108
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to the cell body by the dynein-dynactin complex. [n 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 pg/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 pm-sized
pieces using fine tweezers. These pieces were then placed in a
3.5 cm tissue culture dish containing 1.5 mi of DMEM/F12 supple-
mented with 10% FBS. After two days of incubation at 37°Cin 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° cells were used
with the Nucleofector II™ (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 pul of
rat neuron Nucleofector™ solution (Amaxa Biosystems) at RT, fol-
lowed by addition of 5 p1g 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-i-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 1h. They
were then observed with an Olympus [X81 inverted phase-contrast
microscope. ’

2.7. Western blotting

Cells were lysed with 50 mmol Tris—HCl (pH 7.4), 150 mM Nad},
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 buiffer 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 g antibody (diluted
1:5000; Thermo Scientific), anti-dynein 74 kDa intermediate chains
(1:1000; Millipore) and anti-ot 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, axotomnized
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 axohogenesis after axot-
omy (Figs. 1€, 3A and |) were determined by x2 test. Significant dif-
ferences in the other data were determined by Student's i-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
axonogenesis

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 hippecampal 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 pum. (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; ¥ 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
injured neurite was negative for Tau-1. The yellow arrow indicates the axotomized site, Scale bar, 50 pm. (For interpretation of the references in color in this figure legend, the

reader is referred to the web version of this article.)
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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 ail 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 axotorny 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 locally

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 § protein
was observed in the cell bodies of nonaxotomized neurons, but
not in the processes (Fig. 3B). In contrast, at 1h 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 B 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 O min,
5 min, 10 min, and 1 h after axotomy. The level of importin B was
increased after axotomy in both the cell bodies and the distal axons
(Fig. 3E-G). The level of importin § 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
B 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
B 1 h after axotomy was completely inhibited by CHX but not AMD
(Fig. 3H), further supporting the idea that importin B mRNA is
translated in response to axotomy. ’

As importin o was diffusely expressed in the neurons, de novo
synthesis of importin § may allow formation of importin o/ het-
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at the tip of the injured axons (arrows). Scale bar, 50 pum. (D) Procedure for transfection of neurites from the explant. (E) Western blot analysis of lysates from axotomized
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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
[16,14]. 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 p 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 axotomized 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 pum 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/p 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 [17-13]. 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
p1508"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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= Single muscle action potentials recorded by single fiber EMG showed significant latency prolongation
during tetanic stimulation.

Objective: The aim of this study is to develop a novel method to assess activity-dependent hyperpolariza-
tion in human single motor axons at a constant stimulus frequency by using intra-muscular axonal stim-
ulating single fiber electromyography (s-SFEMG).

Methods: We performed s-SFEMG in the extensor digitorum communis (EDC) muscle of 10 normal sub-
jects, and measured changes in latencies for single muscle fiber action potentials (MAPs) during 500 stim-
uli delivered at 5, 10 and 20 Hz. The data were analyzed with a repeated measurement analysis, and
multiple comparisons were performed.

Results: A total of 585 MAPs were examined at 5 Hz (n = 190), 10 Hz (n = 210), and 20 Hz (n=185) steady
stimulation. There was a progressive linear prolongation of latencies, as the stimulus rate increased
(F=95.6, p <0.001); the least square means (SEM) of latency change were 100.7 (0.28)% at 5 Hz, 102.3
(0.27)% at 10 Hz and 105.3 (0.28)% at 20 Hz. There were statistically significant differences between fre-
quencies by Tukey-Kramer's method. Despite the significant latency prolongation, no activity-dependent
conduction block developed. A 20 Hz electric stimulation to intramuscular axons was well-tolerated in all
the subjects.

Conclusions: Tetanic stimulation at a constant rate resuits in significant latency increase in single human
motor axons, the extent of which depends on the stimulus frequency. The findings imply that physiolog-
ical discharge rates will activate the Na*/K* pump and thereby produce axonal hyperpolarization in single
motor axons.

Significance: This technique may detect activity-dependent conduction block if the safety margin of
impulse transmission is significantly reduced by demyelination or increased branching due to collateral
sprouting in a variety of neuromuscular disorders.
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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 (Casser, 1835). Previous studies using
high-frequency electrical stimulation for rat axons have shown
that the phenomenon presumably occurs due to activity of the
electrogenic Na'™-K" 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 (Staiberg, 1966) and neuromus-
cular jitter (Sanders and Stalberg, 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) (Stdiberg 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 continuous 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. (19886).
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 us)
(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 5 Hz
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 Wik, 1965) 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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Fig. 1. Examples of superimposed single muscle action potentials during prolonged tetanic intramuscular microstimulation in the extensor digitorum communis muscle of a
normal subject. (A) Characteristic responses during the first 200 stimuli delivered at 5, 10, and 20 Hz. Each superimposed response is recorded from a different site. (B) An
example of superimposed responses recorded during 20 Hz stimulation. Traces 100-500, 1-100, 201-300, and 401-500 are separately shown. Note a progressive increase in

latencies.

modeled as compound symmetry (CS). Tukey—Kramer's method
(Westfall and Young, 1993) was applied for adjustment of multiple
comparisons between any two groups. All comparisons were two-
sided, and p-value of less than 0.05 was considered to be statisti-
cally significant. All statistical analyses were performed by the
SAS software program, version 9.2 (SAS Institute Inc., Cary, NC,
USA).

3. Results

A total of 585 MAPs were examined at 5 Hz (n=190), 10 Hz
(n=210), and 20 Hz (n = 185) steady stimulation. The number of
MAPs per subject were 12-27 at 5 Hz, 15-37 at 10 Hz and 12-27
at 20 Hz. The data of latency change (%) were analyzed for reducing
the influence of latency at baseline determined by the distance be-
tween the stimulating electrode and the recording electrode. The
tetanic electric stimulation was well-tolerated in all 10 subjects,
whereas three of them complained of slight pain during 20 Hz
stimulation.

There was a progressive linear prolongation of latencies, as the
stimulus rate increased. Representative recordings from a single
subject are shown in Fig. 1. The latency prolongation during stim-
ulation was not observed at 5 Hz, but occurred slightly at 10 Hz,
and prominently at 20 Hz. A gradual progressive latency prolonga-
tion was clearly visible at 20 Hz (Fig. 1B and Supplementary Video
s1).

Fig. 2 shows changes in latency during 500 stimuli in two sub-
Jects. The baseline latencies varied because all three recordings in
each subject were from different site to present characteristic
examples. There were no obvious changes in latencies at 5 Hz, a
slight increase in latency was seen at 10 Hz, and a clear latency
prolongation at 20 Hz stimulation. The latency prolonged linearly
and the slope of the regression line was steepest for 20 Hz stimu-
lation. The slope of the formula of the regression line indicates the
latency elongation (ps) per stimulus. In all recordings, the mean
slope of the regression line was 0.07 ps/stimulus at 5 Hz, 0.26 s/
stimulus at 10 Hz and 0.53 ps/stimulus at 20 Hz.

Fig. 3 shows box plots of the latency change during 500 stimu-
lations at 5, 10, and 20 Hz in the three different rate groups. The
data of each stimulus rate group were normally distributed. There
was a significant increase in latency, as the stimulus rate was in-
creased. The least square means (SEM) of latency change by apply-
ing a mixed effect model were 100.7 (0.28)% at 5 Hz, 102.3 (0.27)%
at 10Hz and 105.3 (0.28)% at 20 Hz. The difference was more
prominent between 10 and 20 Hz than between 5 and 10Hz
stimulation.

Fig. 4 shows comparison of latency change at constant time
length, 25 s (125 stimuli at 5 Hz, 250 at 10 Hz, and 500 at 20 Hz).
The data of three stimulus groups were also normally distributed.
The least square means (SEM) of latency change were 100.2 (0.28)%
at 5 Hz, 101.3 (0.28)% at 10 Hz and 105.3 (0.29)% at 20 Hz. Again
there were statistically significant differences among three stimu-
lus rate groups. During 500 stimuli, there was a linear chronologi-
cal change in latency at 5, 10, and 20 Hz stimulation, and the
latency increase was most prominent at 20 Hz (Fig. 5).

In most of recordings at 20 Hz stimulation in which we ob-
served prominent latency prolongation, the same stimulation
was repeated 1 min after the first trial. We confirmed the recovery
from latency prolongation.

4. Discussion

The present study has demonstrated in healthy human motor
axons, activity-dependent nerve conduction slowing by a constant
frequency of prolonged electric stimulation, which presumably re-
flects activity-dependent hyperpolarization. The extent of impulse
conduction slowing varied with stimulus rates. The method using
axonal stimulation SFEMG appears to be able to assess the extent
of activity-dependent hyperpolarization due to the activation of
Na®*/K* pump in single motor axons. However, our method had
some limitations. We could not demonstrate direct evidence that
axonal membrane was hyperpolarized when the latency was pro-
longed (i.e., a threshold increase). Secondly, our study was on a
small scale. To investigate the reliability of this method, further
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Fig. 3. Box plots of the latency change (%) at 500 times stimulation at 5Hz
(n=190), 10 Hz (n=210), and 20 Hz (1 = 185). 5 Hz: median 100.6%; range 92.5-
113.1% ; 10 Hz: median 101.7%; range 93.9-119.5%; 20 Hz: median 104.2%; range
98.5-125.9%. The data of latency change (%) are analyzed by means of repeated
measurement analysis (F= 95.6, p < 0.001) and multiple comparisons are calculated
by means of Tukey-Kramer’s method. There are statistically significant differences
among latency changes among each frequency (p-values are given in the figure).

studies involving a larger number of subjects or other population
will be required.

Particularly, prolonged repetitive stimulation at 20 Hz resuits in
obvious latency prolongation of MAPs. In most part of recordings
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Fig. 4. Box plots of the latency change (%) during a constant stimulus length (25 s).
5Hz: median 100.3%; range 96.2-104.2% ; 10 Hz: median 101.0%; range 97.6-
109.8%; 20 Hz: median 104.2%; range 98.5-125.9%. The data of latency change (%)
are analyzed by means of repeated measurement analysis (F=196.8, p < 0.001) and
multiple comparisons are calculated by means of Tukey-Kramer's method. There
are statistically significant differences between frequencies (p-values are given in
the figure).

with obvious latency prolongation, we observed slightly decreas-
ing amplitude and increasing duration of the action potential as
the latency prolonged (Supplementary Video S1). The change of
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the amplitude and duration of action potential might be due to
slowing of the propagation velocity of the muscle fiber action po-
tential by continuous activation.

4.1. Mechanisms of the activity-dependent latency prolongation

Along with previous studies, the latency increases are supposed
to be induced by activation of the electrogenic Na*/K* pump and
resulting axonal hyperpolarization (Vagg et al., 1998; Kuweabara
et al, 2001, 2002). Two major mechanisms could be responsible
for the hyperpolarization that follows activity; activation of slow
potassium channels and activation of the electrogenic Na*/K*
pump.

It has been reported that with trains of 10-20 impulses, slow
potassium channels can be a main mechanism for axonal hyperpo-
larization, and more prolonged impulse trains cause activation of
the electrogenic Na*/K" pump and thereby axonal hyperpolariza-
tion (Bevgman, 1970; Lin et al, 2000). It is therefore likely that
trains of 500 impulses used in this study result in activation of
the pump. The latency reflects axonal conduction time, neuromus-
cular junction transmission time and muscle fiber conduction time.
The neuromuscular transmission is established by presynaptic ace-
tylcholine release, and the intervals of the release are random, not
steady. Scatter plots of all recordings in this study could apply to
linear models, and the mean slope of the regression line was stee-
per, as stimulus frequency increased.

The linear prolongation of the latency is likely to reflect prolon-
gation of axonal conduction time due to membrane hyperpolariza-
tion, although the possibility that changes in muscle membrane
properties may partly contribute to the observed latency changes
during tetanic stimulation, could not be excluded. This is a limita-
tion of our method, and further studies are required to clarify the
precise mechanisms for the activity-dependent changes.

4.2. The advantage of the s-SFEMG method

Our s-SFEMG method could provide quantitative assessment in
single motor axons because axons can be activated at a fixed fre-
quency. In a previous study by Kiernan et al. (2004), axonal stim-
ulation has been demonstrated by 8Hz surface electrode
stimulation at the wrist (Kiernan et al,, 2004). It has been noted
that higher frequency stimulation over 8 Hz was more painful
and this made it more difficult for naive volunteers to relax in
their study. However, high frequency stimulation over 10 Hz is
available by the s-SFEMG method without pain. In steady volun-
tary contractions, motor axons discharge at 6-20 Hz (Burke and
Jankelowitz, 2009). Therefore 20 Hz stimulation is more equiva-
lent to physiological maximum voluntary contraction than 8 Hz
stimulation.

4.3. Clinical implications

The present study shows that the s-SFEMG method could be
used to assess the degree of membrane hyperpolarization in nor-
mal human motor axons. The procedure is easy and safe, and
therefore can be applied to patients with neuromuscular disorder,
particularly who complained of fatigability. Activity-dependent
conduction block could be responsible for fatigue in patients with
demyelinating neuropathy, such as chronic inflammatory demye-
linating polyneuropathy (Burke and Jankslowitz, 2009).

In normal axons, the activity-dependent hyperpolarization
causes nerve conduction slowing, but does not cause conduction
block because of the sufficiently high safety margin for impulse
transmission at each node. By contrast, previous studies have dem-
onstrated that activity-dependent conduction block occurred in
demyelinated axons in rat and patients with demyelinating
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Fig. 5. Change in the mean latency prolongation at 5, 10, and 20 Hz stimulation.
There was a linear trend in the chronological changes in the rate of the latency
prolongation at each stimulus rate, and the slopes become steeper as the stimulus
frequency is increased.

neuropathy (Bostock and Grafe, 1985, Kaji et al,, 2000; Cappelen-
Smith et al., 2000). We speculate that patients with a number of
diseases in which the safety factor for impulse transmission is crit-
ically lowered by not only demyelination but also increased axonal
branching due to collateral sprouting suffer from fatigability due to
activity-dependent conduction block. Our technique by using
20 Hz stimulation may detect activity-dependent conduction block
if the safety margin of impulse transmission is reduced, and would
provide the mechanism for fatigue in disease.

Acknowledgements

This work was supported by Grants-in-Aid from the Research
Committee of CNS Degenerative Diseases (M.N. and S.K.), and of
Intractable Diseases (Neuroimmunological Diseases), the Ministry
of Health, Labour and Welfare of Japan (M.N. and S.K.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1616/j.clinph.2011.05.005.

References

Bergman J. Characteristics of post-tetanic hyperpolarisation of a bundle of
myelinizated nervous fibers. C R Seances Soc Biol Fil 1970;164:1254-61.

Bostock M, Grafe P. Activity-dependent excitability changes in normal and
demyelinated rat spinal root axons. J Physiol 1985:365:239-57.

Bostock H, Bergman J. Post-tetanic excitability changes and ectopic discharges in a
human motor axon. Brain 1994;117:913-28.

Burke D, Jankelowitz SK. Fatigue in chronic inflammatory demyelinating
polyneuropathy. Muscle Nerve 2009;39:713-4.

Cappelen-Smith C, Kuwabara S, Lin €S, Mogyoros I, Burke D. Activity-dependent
hyperpolarization and conduction block in chronic inflammatory demyelinating
polyneuropathy. Ann Neurol 2000;48:826-32.

Fitzmaurice GM, Laird NM, Ware JH. Applied longitudinal analysis. New
York: Wiley; 2004.



