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Regenerative medicine for spinal cord injury:
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Spinal cord injuries result in devastating loss of function, because spinal cord of human beings never regen-
erates after injury. People believed in this dogma for a long time. There is an emerging hope for regeneration-
based therapy of the damaged spinal cord due to the progress of neuroscienice and regenerative medicine
including stem cell biology. In this review, we have summarized recent studies aimed at the development of
regeneration-based therapeutic approaches for spinal cord injuries, including therapy with transplantation of
neural crest stem cells and induction of axonal regeneration, and the estabiishment of new method for evalu-

ating injured and regenerated axonal fibers by MRI.
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Introduction

Neural stem cell transplantation is a promising regenerative
medicine strategy for the treatment of spinal cord injury (SCI).
We previously investigated the optimum timing of neural stem
cell transplantation from the perspective of microenvironments
within the injured spinal cord", and successfully transplanted
rat neural stem cells into the injured spinal cord of adult rats?
and human neural stem cells into the injured spinal cord of com-
mon marmosets¥, thereby promoting functional recovery. We
believe these findings represent a significant step toward the
clinical application of neural stem cell transplantation. However,
because of various problems, it has not yet been possible to use
neural stem celis clinically. Herein, we present basic studies

that have been conducted to address various barriers against the
realization of regenerative medicine for SCI, These problems
include: (1) ethical issues related to the use of aborted fetal tis-
sues, (2) axonal growth inhibitors within the injured spinal cord,
and (3) insufficient methods for evaluating damaged and regen-
erated axons within the spinal cord.

Ethical issues related to the use of aborted
fetal tissues

Aborted fetus-derived cells were used in our above-mentioned
studies on neural stem cell transplantation for treating SCI. Ethi-
cal issues related to the clinical use of such cells have long been
discussed at the relevant councils of the Minisiry of Health,
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Labour and Welfare, However, even the guidelines on the use of
human stem cells for clinical research, published in 2006, do not
include a definite stance on the validity of using aborted fetus-
derived cells (Fig.1). Because of these problems and uncertain-
ties, we have recently focused on neural crest cells derived from
the patient's own tissue as a source of somatic stem cells, rather

than on stem cells from aborted fetal tissue.

1) What is a neural crest cell?

Neural crest cells, which are induced at the border of the epi-
dermal ectoderm and neural plate during development, move fo
the surrounding tissue immediately after closure of the neural
tube. The migratory neural crest cells have diverse differentiation
potentials, and ate able to differentiate into neurons and glia of
the sensory and autonomic systems, adrenal medulla, pigment
cells, cranial skeleton (bone and cartilage), teeth (odontoblasts),
arterial smooth muscle, and other cell types. Neural crest cells
play an important role in many aspects of organ development
and therefore are called the “fourth germ layer” ©. Migratory
neural crest cells differentiate into diverse tissues, depending on
their environment, However, a portion of these cells remains
undifferentiated and latent within various tissues while retaining
their multipotential nature, even in adult organs. These neural
crest stem cells have recently been attracting close attention as a
potential cell source for autologous transplantation, because of

their capacities of self-renewal and multipotential?,

2) Isolation and identification of neural crest stem cells
Neural crest stem cells exist in many tissues, including the
skin, intestine, heart, and corneas of adult mice®!?, Using trans-
genic PO-Cre and Wnt1-Cre/FLoxed-EGFP mice'>™, we dem-
onstrated that neural crest stem cells are also present in the dor-
sal root ganglia and bone marrow of adult mice', Although the
presence of stem cells (serving as a source of neural cells) in
bone marrow has been shown in many reports, their embryo-
logical origin and differentiation potentials have been regarded
as questionable. There are no reporis that explain how the bone
marrow-derived cells, of mesodermal origin, can differentiate
into neural cells, which are of ectodermic origin, In addressing
these questions, we found that neural crest stem cells move via
the blood into the bone marrow during early embryonic devel-
opment and remain latent in the bone marrow until adulthood,
when they can produce neurons and glia, Furthermore, when we
compared the properties of neural crest cells derived from dif-
ferent tissues (i.e. dorsal root ganglion, skin, and bone marrow)
of adult mice, we found striking differences in their differentia-
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Fig.1  Avoidance of ethical problems
associated with aborted tissue-
derived neural stem cells by us-
ing neural crest cells

tion potential and gene expression profile , This result indicated
that the neural crest stem cells latent in each adult tissue are not
uniform, but rather retain properties that depend on their tissue

of origin.

3) Transplantation of neural crest stem cells

Several recent transplantation studies have used skin-derived
neural crest stem cells as a cell source. Miller et al. reported that
skin-derived neural crest stem cells transplanted into demyeli-
nated regions of central and peripheral axons differentiate into
Schwann cells, which subsequently engage in remyelination'®,
Furthermore, these authors reported that skin-derived neural crest
stem celils transplanted into injured spinal cords also differenti-
ate into Schwann cells, and their differentiation is followed by
axonal growth and the accumulation of endogenous Schwann
cells, leading to a recovery in locomotor function'?, However,
in all these reports, the neural crest stem cells were obtained
from neonatal mice. There are significant differences in the prop-
erties of neonatal and adult neural crest stem cells'™®.

To achieve the goal of clinical application, it is important to
evaluate the potential usefulness of neural crest stem cells de-
rived from various adult tissues. In another study, neural crest
stem cells derived from adult mouse skin were transplanted into
injured mouse spinal cord. Some of the transplanted célls survived,
but no improvement in locomotor function was described!?.
Further studies are needed to determine the effectiveness of this
approach. Since neural crest stem cells are found in a variety of
adult tissues, and since their characteristics depend on their
tissue of origin, it will be essential to select the type of neural crest
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Fig.2 Axonal growth inhibitors in the injured spinal
cord

stem cell for transplantation that will yield optimal results, In
any event, neural crest stem cells are somatic stem cells that can
be used for autologous transplantation, Given these features, in
terms of both ethics and safety, neural crest stem cells are a prom-

ising source for (ransplantation in clinical cases.

Overcoming axonal growth inhibitors

Axonal growth does not occur in the injured central nervous
system, although it can take place in the injured peripheral ner-
vous system, One explanation for this is the presence of factors
that inhibit axonal regeneration in the central nervous system.
Even if effective stem cell transplantation for acute or sub-acute
SCI can be achieved, it will still be difficult to establish valid
regenerative treatments for chronic SCI unless the effects of the
axonal growth inhibitors in the central nervous system can be
overcome, ‘

The axonal growth inhibitors found to date in the central ner-
vous system can be roughly divided into myelin-associated pro-
teins present in the myelin sheath (Nogo, MAG, and OMgp), and
extracellular matrix components present in glfal scar tissue, such
as chondroitin sulfate proteoglycan (CSPG) and semaphorin 3A
(Sema 3A) (Fig.2). In recent studies, animal models of SCI were
treated with Nogo receptor antagonists (NEP1-40)*®, chondroi-
tinase ABC (an enzyme involved in the degradation of CSPGY*",
and Rho signal- suppressing drugs (C3 and Y-27632)2*%, These
methods are anticipated to be of value in treating spinal cord
injuries.

We developed a Sema 3A inhibitor and applied it to the sub-
arachnoid cavity of rats for 4 weeks after complete transection
of the thoracic spinal cord. This agent stimulated axonal regen-

eration, induced vascularization, and promoted the migration of
Schwann cells into the injured area, thus facilitating the recov-
ery of leg locomotor function in the rats*?. We also induced a
thoracic contusive SCI in rats and administered chondroitinase
ABC into the subarachnoid cavity of each rat for one week;, be-
ginning one week after injury. The CSPG level in the injured
spinal cord decreased to a normal level after this treatment. In
the same study, neural stem cell transplantation, applied in com-
bination with chondroitinase ABC, exerted synergistic effects,
and induced more marked axonal regeneration than either treat-
ment given alone®. These results indicated that the regeneration
of injured axons can be induced by combining the use of axonal
extension inhibitors with neural stem cell transplantation. This
important finding opens the door for effective treatments for
chronic SCI

Establishment of a method for evaluating
spinal cord regeneration

The realization of regenerative medicine for the spinal cord
requires the establishment of an evaluation method, Needless to
say, axonal regeneration in the spinal projection tract is impor-
tant for achieving spinal cord regeneration. However, the ab-
sence of an established method for evaluating axonal regenera-
tion has made it clinically difficult to evaluate the responses of
the injured spinal cord to cell transplantation:

To address this need; we have focused on a particular imag-
ing technique, diffusion weighted imaging (DWI), which yields
images based on the diffusion of water molecules. Two DWI
methods, diffusion tensor imaging (DT1) and diffusion tensor
tractography (DTT), have especially atiracted our attention. We
have applied these methods to the visualization of long tracts

within injured spinal cords.

1) Anisotropy and the FA map

How water molecules diffuse in the living body varies de-
pends on the nature of the local environment, and this variation
is called, “anisotropic diffusion.” For example, the white mat-
ter fibers constituting the spinal cord are highly anisotropic, and
visualization of their anisotropy should delineate axonal arrange-
ments. FA (fractional anisofropy) provides an indicator of the
magnifude of anisotropy. FA ranges from 0 to |, where itis O in
cases with isotropic diffusion, and approaches 1 as the diffusion
becomes more anisotropic. An image representing anisotropy
two-dimensionally is called an"anisotropy map”or an“FA map.”
In a color FA map, different colors are assigned to different axes;
thus, fibers can be distinguished from each other by using dif-
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Fig.3 MRl and DTI of the normal spinal cord of a
common marmoset

T2-weighted image (T2W1) and DTI (anisotropy map and col-
ored anisotropy map) of the common marmoset spinal cord
{cross-section). On the anisotropy map, white matter fibers,
which have high anisotropy, are depicted as high signal areas.
On the colored anisotropy map, different colors are assigned
to different axes. White matter fibets are blue. The image shows
the white matter to be composed of longitudinally arranged
axonal fibers. (Reproduced from Reference 26)
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Fig.5 DTT of the normal spinal cord of a common
marmoset (live model)
DTT clearly depicting fibers of the entire white matter were
obtained by setting the regions of interest within the white
matter of the cervical segment of the common marmoset spi-
nal cord. By changing the regions of interest, it is possible to
selectively depict by DTT, not only the corticospinal tract, but
also the afferent fibers (lateral spinothalamic tract, posterior
funiculus-reticular tract, ete.). (Reproduced from Reference 26)
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Fig.4 T2WI, DTT, and histological features of a

common marmoset with half-cut spinal cord
Cervical segment of the cormmon marmoset spinal cord 2
weeks after it was cut halfway through at the C5/6 level (a
post-mortem model). A) MRI T2WI, B) Interrupted nerve fi-
bers of the half-cut spinal cord are visible by DTT. C-F) Spinal
cord 2-om cranial o the haif-cut level. G-J) Spinal cord at the
half-cut level. Histological features of the HE- (F,J) and LFB-
(E,I) stained specimens are well reflected by DTT (C,G) and
the colored anisotropy map (D,H). {Reproduced from Refer-
ence 26) '

Fig.6 DTT of the corticospinal tract and pyramidal
decussation of a common marmoset

The medulla oblongata-pyramidal decussation (an anatomical
feature of the corticospinal tract} is clearly depicted in the DTT.
In this area, it is known that 90% of corticospinal tract fibers
pass through the pyramidal decussation, and a smali percent-
age descend the ipsilateral lateral funiculus (red fibers) or the
contralateral anterior funiculus (blue fibers). DTT clearly de-
picted even these fibers. (Reproduced from Reference 26)
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ferent colors according to the divection of their arrangement,
Usually, blue is assigned to fibers running longitudinally in the
spinal cord, red to fibers running laterally, and green to fibers
running dorsoventrally. Fig.3 shows a color FA map of the cross-
section of a common marmoset spinal cord. In this figure, the

blue represents white matter fibers rupning vertically?®,

2) Diffusion tensor tractography of the spinal cord

DTT (diffusion tensor tractography) is an imaging technique
in which the direction of maximum anisotropy for each voxel is
traced. Before spinal DTT can be applied clinically, it is indis-
pensable to conduct detailed analjses to determine the extent to
which DTT reflects each tissue type, and the reliability with which
DTT depicts axonal information,

With this purpose in mind, we performed DTT for a common
marmoset after SCI. Our results yielded the first, worldwide,
clear DTT of the spinal cord of an experimental primate, In this
experiment, the cervical segment of the spinal cord of a com-
mon marmoset was cut halfway through at the C5/6 level, and
DTT was performed two weeks later (immediately following the
sacrifice of the animal). Unlike MR, which depicts the injured
spinal cord only as changes in signal intensity on T1 and T2
weighted images, DTT allows visualization of the injury in the
form of interrupted white matter fibers (Fig.4). The examina-
tion-of histological specimens stained with HE and LFB con-
firmed that DTI and DTT precisely reflected the histological
features of the injured tissue, By performing detailed post-mortem
DTT analyses of this animal model, we devised various ways to
minimize artifacts (e.g., movement caused by respiration, the
beating of cerebrospinal fluid, etc.), which enabled us to per-
form spinal cord DTT in live common marmosets, Furthermore,
by changing the regions of interest for DTT on the basis of our
neuroanatomical findings, we obtained clear projection tract-
selective DTT images in live animals (Fig.5). We have also ob-
tained images of the pyramidal decussation, which was previ-
ously considered to be impossible (Fig.6)?, We have thus dem-
onstrated that DTT is a very useful method of fiber tracking that

may replace conventional tracers for monitoring SCI and repair.

Future perspectives

Basic research has been steadily advancing and overcoming
the obstacles to the realization of regenerative medicine for SCI,
Recently, induced pluripotent stem cells, developed by Yamanaka
et al”®, have been attracting considerable attention as a cell source
and are expected to provide significant advancements in regen-

erative medicine, To promote regenerative medicine in Japan

and advance its techniques worldwide, further basic research
aimed at ascertaining its safety and efficacy, followed by clini-

cal trials, are essential.
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NoDERY» S, BREKDOMARE L LTtomEk
BEHERFOBREP = 2 — o ¥ OMRM @ intrinsic
BHREED A # = X ADEHHE O - o hRI, BEOH
HOFLRETLO2H 3,

2) BENERESTOBRBLEEERTF

PR R BN RERS I EET s ianEE
LToORENBUMBRBLEEERTO Y B, 7)) 7HEH
BPKFEET S CSPGs iKBAL TR, ZOKBEEEEES
¥ % 3#| (chondroitinase-ABC) i & 2 REAEHE

SHRIET AMEP 2D & LT, MBREELHEEST S
NFELTCOBEEEICHT AL UHENIhETICD
&N THA S, FIC fibroblast (BREEIEGIND) ik 3
FHEARA D FE T 5 Semaphorin3A BT 2RIED
RECEALTE, chIcilicdlshTRish- ik
(=3).

T4 5, Semaphorin3A HEWIBEROMBEE
EHET 20T L LTEELSEEERL LTV ael:
&L THBEI RBE N THRAH®, Semaphorin3A
D/ vy I 7Y b ROEIHOS XL EMNERE LD,
ZTNEESEMICERT 2MERRI N TREP o/, £
TTEHAEABENRR Y ) —= v 712X b Semaphorin
3A iextd BRAEE T B L OB OB TE WS,
SM-216289 %#PBA% L, Semaphorin3A DEEROE
BRI T 2 BB 2 MERENL T Yo —-Fick 3
MREAZA 12, ZOER, SM-216289 OS5Ik b
FHBERO, BERBY sRBEEDRE, 1BED
DY a7 HIAO migration OIEHE & BhE
T 5 REHER ORI ORE, BERIcBY 37 R
=y 20, BESCBTIMEFEORE, x5
iRTh s & ORRBHRARE SN 5 EBEoRIED
FEILRMEL &2, Semaphorin3A [HEXOLH
BEOHRBECHET 2FNMEIREESh 2 L &b, 1B
BOBTRANICBWT, Semaphorin3A 1384 R HEAER
SEEMETZRTFE LCh g gl e R LTW a4k
HAREE h o™,

PlE, CTTBFTREENENOSTFOMERELEM
ERFELTCOEEE BI50EAW) kKEALT, &h
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BEIERY: 85%2%5 (EmM21&E4A8)

ETYCEEERE RSN EE
FUudTForobg4b
Semaphorin3A l X«

BRHAI

&)

Plexin—-A

}ﬁi#!wim?‘é
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Nogo Receptor

g

B

23 p73, TROY Neuropilin—1
[ ]

(NeR) = BRAL BRI
B i‘;o“ L T P
o ~ p35
T R

CSPGs | @Y/
| = L
*Brevican etc. S/ Tau
WMERBEHRBE ~ WREBLE@RIES

K8 HiEMERICEIIIBEFLE (MR BEEETFO >+ IIEERNK
Tx Y UVEEEREODS S Nogo-A, MAG, OMep D 3 HFIE, BEREWEILEE LS REZHFTHY b,
#FO LT Y —, Nogo Receptor |- ligand & LTHE L, ZO coreceptor & LTHEEE A1z p75, TROY,
LINGO-1 & &%&HE U T, MEREFEEEO YT FAEHRAEEL T,

LEEEBMICHET LS AMER AT Tlo g s
ATWEWY, 2hENONFHRENWEhOBERTEE
RBEEREL LTV 60 E—BKEREREIhTEY,
ChoZaENica vy bo— T3 k5 BFERARRT
ZES, BERMKRIVBVMREELEILORKEE
HEBEEDO1>THEEELONS,

8. = a—0OVOEEAO intrinsic 4 growth

ability OFI{EEE DR

—%, =a—ovOZEAo intrinsic BHEEOH]
B OIS LI HicBWVTR, &fBil~/ DRG
B 5 conditioning lesion @ ¥ 27 AV (®2) *FH
THHERLY, EoroHEKBEVIRESEIN T,
FD1-2& LT, HWIAAD cAMP @ level % FR&E ¥
3Hic kY, extrinsic RERBAHERTFOEHE %M
BT rEMTEETHY, T2, DRG W in vivo T
cAMP ZHEAT 5HEic L v, conditioning lesion %)
B mimic BIETH 3 HL EBME SN TREY, F
o, MM OBHMIZEROTRT, JAK2/STAT3 %R0

pathway #%, DRG =2 — o Vet LCRBR MR L&
DELMEIhTRTWS®, DRG KB 3 condi-
tioning lesion ® ¥ 2 F AVORM L - L > uHHKE
FIRLT, =4 207VARBERAVERI Y —=v
bEFRELTOATEBY, WRELAZGNT S
intrinsic 78 2 b = X AT 3 FHEWYENER I,
Bel77o—-Fro#BATRTHAS,

GHRORE - RE

P b, WAEORAFPRBERD = 2 —
o v OMRIIEBMERD =2 — o vk LTE
EREICZ LV, Th S oS FAYEERHIEIRE 7
T 5EIR, FHEBEEFOTRMEROBERK, KB
WHIROBAEZEBA LD RBH CTEESRBEO 15T
Y, ABTRER NS IKESE M T TS L TR
WMARFALR 2 ELH S, extrinsic WIHRFEALAER
FO¥EEO T & intrinsic BHEEOREEL ZhEFN
BAEFREMA LB, ENMSIREESRED L
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ST SREESMSS O & BB E

TebVIHMELDHD, THILAEREBAR T Yo —
F 55 ORBAERERROMH L V-l d, Bl
RNBE» S BEETH 5, R, FEROhR
O Y1 B wiring OHEIEORIE LIRS TEERRIL B
FEO—DoTHY, ThoEAFENCHIBTELFED
BRIEIT, BART 7 o—F « HED S OIS
REHTHE, ThhTOWBHTH A,
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=] ’%W#’%‘?ﬁ"ﬁ& g, ﬁmﬁ%ﬁ? 5 éﬁﬂ%l..k
H L BRSTFORBENTIHBICER L, €00
HRFUE E DR LD T ARUEAILBGREIHT
YV IV MRI FRBEWBTYINAL A=Y VT
(diffusion tensor imaging : DTI) XIEE. 251,
BB EORAKFBZ BT EICL DB

W& % Y87 >~V W tractography (diffusion ten-

sor (fiber) tractography : DTT) &w 9. &ET
BHEMEEBRICBT A DTT OHRED L ko T
Twh, AETIIDIT ORKWERZMHATS
bz, FHIICBITS DTIT ORBICoWwTH
RBEZ LT .

i MRI & S

AR B B B E (MRD) ©
HHBICOWTREROAMITR VS, REIRH
# MRI (diffusion MRI) &\ SRS EEMS

Key words:
%t (spinal cord)
s v vV tractography v
(diffusion tensor tractography)
MRI

—i4

$£1 8 BRIRELR
2. BEECHOHE

MR OEREDES

g5 >/ V)b tractography”
WE AT i B B TR

Pl 588 it JEh
NTE BICBY B IEE MRT ©#ids 1 1980 4

KPS TFE P 1990 £ DB MEHIMAEEIC
B AHAROBEICL > THREFTHONE S
Lripo BETIEREROERR 3K
TEROVC BRI L4% 5 diffusion weighted whole body
imaging with background body signal suppres-
sion (DWIBS) OB > TETETEOFH
WAERE S T A, e i "R TF o
D ETHY, ThEFHLZMRI2KkZ I
MRI &9, I ZTwW9IILEIEKSF O Brown
EEIZFRL, KFFoRN (How) &IXREEIC
KH S5, Motion proving gradient (MPG) &
MEh A ESHER RN A2 & T, ERAOK
SFOUEBRE R - TR L7 d OPEGE
% (diffusion weighted MR imaging : DWI™)
ThY, bUbhERESBERICTA0OEIO
DWITH 5. DWIL IZBEHF® MRI ORiRH kL
ZERD, BHICESWEIVFIAMELD
BREICBWTH /- 2 E#RE L2067,
AT, KRDFORBROF RIS NS
BhnHIBE 2T 5. FHIC K - THBOEES

B DWI B ECIE Yo v oORBES A
LADFETHRFALLMRITRTCEELY, &
FiIRFEOH VT L LTHECGEROBRES
MATHRB L -THEE ST b5,

* Diffusion Tensor Tractography

*4 g s foan i e ER WO MR (T 160-8582 HifEXEiENT 35) .~ Kanehiro Fusvosty, Osahiko Tsujt, Morio MATSUMOTO,
Kagzuhiro Cuisa, Yoshiaki Tovama, Masaya NAKAMURA * Department of Orthopaedlc Surgery, School of Medicine, Keio
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EH IR

A+
Ao )

Az

EHEME(A1,42 45)
Vs

HEAEEE BAENT MLV, Va,Va)

R

B 1 KPFOHE
KRGPFOUHGL, BB CRSNBEHENRE, BREKTEINL B HEIR
D2OHMT NG, BRI ENCBTLRFRIENERACENSRS,

Br2UEOZ L 2HHRORIME F 7213 B
#% (anisotropic diffusion) &SI, HEOM
HE2EKWEL TS DWI TREELZHEDRESHE
BT 20585720, 2 TRFEIDEL
b ) hRiEED B VLB LT o TW5,

CDORTERHORE &R L 78R
Bz, SHEEMPFMBR (isotropic diffusion-
weighted image ' isotropic DWI) &I ERZ & D
5. BEMHHUIBARACES R, ST
kRIS (B 1).

FREEE SERA S I LBk L BT T 5
MR 52 Y, ZOHOKIIEBRELTH
HWMBEDOEITITH - THHT 5, COLOHER
WEEHBHEIKRE W, CORFEOERY DM
MM % BEE - THALL 2D 0D DTT TH 5.
DTT 2BET A0 REBBROKEEET RS
F DB AR (apparent diffusion coefficient
ADC) *®, H#OR KM% #K T fractional aniso-
tropy (FA) %R EDINTG A—% — %K B NEHR
Hb INHONTA—F—ROLEBTTF v
Y VAT % BV B 20 - sk T Y VD

Sy VERSHEBNE LORY P VEROB
BThh, Ry MV (ELS) MFBERZ R
V&L LD RIFFIC, 1T OBBRD AR &
FECHELTWALOTH LY, I 3x
3, 2HDITFIHESVETH .

ZWMOBEKTH B,

EAMOHAET VY VR

M FAEFATYT
BEBOFHICIZ WD WA R H RN BT ik
DERPLETH B 720, K6 Bl T MPG
2 L7z MRI &, MPG 243H0 L7 T2 B3
BERBTIVLERDL. ThitkoTELRE
TF—8 2TV VERTAHZ LT, HHOKEE
ERETLEEME (N, A L) L HMEPRETS
BANRZ PV (vi, va, va) DEHERS, 2hb
DEPLF/ERZ L NMICBITHEFEOERITIEN
e LOEMENEDY, S haEEmhse v
(®1). COEHE2RTTHYLb0% FA
vy 7 (FREEHFEY YY) vy (B 2).
FALEBRFMEORESORIEL LTHYLRN, 0
Ph 1 OER LB, FHEHRBICBOTIEOE
), BHENKREL 2BIEE1ITESL. FA
XL, ADC IZHEoF L 3 8EBEaiciiio
KESERTHIETHA. FARDTORIZLY
HHEh3.

ADC:Rrh?+M

Im:/gﬂh—mnuur4mw+urqm2
2 VIR RES N

=(D>
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B2 v—Fty bPEBEICEYB3HED MRI EIEEIT > V)V MRI
aEyv—Eby MM GATEHR BT S T2 Mm% (T2 weighted image : T2WI, a)
EDTI (b, ¢) #7R7. FA~Rv 7 (b) T, BHEokEwpdifidEsE8 220 Tw
B, hg—=v7 (¢ REFRZMILCHTCa— FLTBY, EAHTHNLER, EEM N
B, MigFERco—- Pt edgy RBG 7 7). HEMEET Clilshts
b, AEMNERMGHOMERE» SR SN TWE I E2RLTWE,

SEFWHIIT B TIZ Lh=L=k=D) &i&Y
FAROL7% 5.

BFUPELLbE A>>h=2E%0) FAR
12w Tn .,

FASRY 7TICBITAE5OMEIEI FAORE S
PEL, EEODWILEVWERNTH L. RHH
i EOREHICBWT FAMET 52
LML TWBED, bivbhid waller 12
BWTOFAMNKTT A L 2MELTWBY,
WEF vV VIZFA % ECREEDOZEEATTRET
HBIEFTTHRL, Kz c& s L) EH
WARHEZboTWA,

HS—<yTERBGHT—

FARY 7B AR FEEMTLITESITL
725 D% colorcoded FA =y 7 GERRA 59— v
T End, AT— v TiIZnBs WA LR E
OEFFHED ST 5 LB TEETH L. Hi
TETH B, EAHANR (red), MFMITH
(blue), Wi IAIZHRE (green) WHID M TEHT &
%<, RBG#95—LIREhBY. FAvRv 7,
HG—2wThEFYINVBHIZE - THR
MRI &2 DTI Th 5. KX DTT b DTI
CEBTAY, HATENTAIENENIIICAE
bihs, 3EyI—TFry PEMOIMMIERICE
FAEAT -y ThAEDLE, FORSIHERBMAS
MIZETTAHETHL I 005 (R 2).

LBYT > VI tractography DiEEE

Ry eV ZEREEORN W, o )R
HomRKFHZEHL 3RITHBETLZ L THE
H CORMERT 2B L7 b O Vv
tractography (DTT) T 5. BHMOEIFICIX
WEOT NV TY XLHPELT B, fiber assign-
ment by continuous tracking (FACT)® 2554 ¢
BB, HRATHEFBZ2BNTITHICD) 256, B
DESEZ RN (R7ENV) TEIZROAEVH
HERAORMEZEILTL LTI 7 b3
EINSLH, DTT L, 783K MRI CilrfiliT 52
ENHEETH o N DOREBE MM RE LR ED
Ve AT 2 BRI 3% & LA CdH
D, BHEARERCEFRoFEr—~Ya v
bAVWLNAWMELH 2. DTT B
(region of interest : ROI) & MHENL 5 BALVER %
BETHI LT, BRIVERY SBIRICMETY
WETEBNERDH S, DTT ORIV D
POV 7 MVEEBENTHBA, KBIZBIT 5
B v VR & DTT ORI, HEAZERE
BB CHEEN LT Y-V 7 I TH B
VOLUME-ONE & dTVIISR 24 LTw5",
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BICHITBIEET VIV
tractography

l HEWICHITBDTT 0)%%?&

HREEE IS  OMREHER 2 6% 205, MR
ERICBOWTR—RAT2LB—0lBTcHYy, ¥
Bhdtnd LBVIRD B2 ORHBEBRRT L
EEARTETHA. T, HEBROBNICLET
o b roBHBHoELFEALEWED, T1
RT2IC LB a Y P9 A M LTHHEINA
BEThsb. LIhFoT, BRHIICBIHGME X
U#EOFBRGIEFICEETH LY, EFTBw
CTENL BT HOREECH 2. T—F
772 NIRRT ARYO Y — 7 L ARE RS
O MRIEEAZFEHLTH, FHMAEIZY—2H
e LTS, HEEERINT L L E3AT
feThb bhbhdPIhT CHRIMATELH
BREICBWTY, MRPEITHRLTWED
», EOREOMFEIBELZRNTRFEL TS
OWFEMBZ L, THTFH, BEBIROE, S

3 v—Fky PEBEGETINICHU S
MRI, DTT b LU
sk 7 X vupUm

Sy (Cose HiRRIAD) R 2ETHREL

aEyw—tky PE FBHBRETN). {;L

KOMRITCHAPEHIKTL T2a> 3

A& LTUPHIMS g o B

A, DTTIC & » Tk o LTl

Bahtws (b). HE Yt (f, j) ® LFB

et (e, 1) 10 & MBI L - T,

5N2=DTT (b, ¢, g), #9—<v7 (

h) ARG E L L Twa I AL E

Teolz e~g TS S 2 om HCE

FAHEMThHY, g~ PUBELBTLHE

%R

LIEBICEECHLY, hETIETL T2 HHA
B OBRBORELFEHOBEZMEDATHo
7.

—7%, DTT XA BAEHEHRELZ THRIETSE
BHEELTI0FEELH» LS ORGSR S
nTwi, La L, BHEBICIERTAEL, &
ORI L, PRI HHEE, MEh
Mg, B, 2875 EHALEROR: 2 MRANRE
TH70, BOMET— 5 2B 500MEETH -
7229 = MBI AEO DTT O
HEMASISRE OO0, FOREREL, Mk
B IRE 2 MA - REIIT L A B b o 22002,
HHO DTT ZHHRISH T 2 -0iciE, DTT &
H % R LE RS L, MSEEMGE R 1T 5 LB
Hol, Z2T, bhbhIERHaEY—F
Ly hOBFMICBWT DTT OWBEETV, MK
&R L& OREMGEER 1T T & 72
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CST(CaMK I & Heeuflss)

B4 MEEHIRBIRNG DTT OBESE ,
DTT MRS RICHT X, ROI ZIFEN 2 WOBIRERES 52
L CHRIVIEROLRREET B ERTHETH L, v—Fky POREFR
# (corticospinal tract : CST) & CaMK (Ca’*/calmodulin-dependent pro-
tein kinase) I o Jefic X o THEMUHICRETE (a), & ZICROI&E
352 & TREF BRI DTT (b) 28T 5 LH¥TMHTH 5.

BREEOECY—TEy NEREICET S
DTT

bivhbiiie MOERTHLIEREa® Yy v —
by bRBEWCHBREOH 2 FHBEEETVE
ERL, b PHEE BRI F S
B EERELTCERY. BARNLWE IS
v OEMESBEORBEOREZ RV, K
5~10% O lER 385 % iU B BB EE A3 R A
DEZEEbPoTETWS, BIWERLXVT
Ao —PBEHY (primary motor cortex) 2
biotin dextran amine (BDA) % &D b —H—%
EAT A Z & CHEEBNR 2 MRFEICEHET 5
TR CH B Y, BROZ L ALK
A TH o7, £2°C, A L7- DTT OFEN
U EE L, aErv—ELy MAGEME
wWHE LCDTT OFBEERE L. BiER
7 TeslaMRI 0% & A ¥ o a—ETHRig
Riiodz. R BRTHOTEREEREYHF
BOBEL DTT OIS L722". DTT 4%
BORBEEFLTHENE) DEARLLDIC,
LYY UV EFVE L CHBMPMIEE (Cs/b
HAREAD) EFVEERL, 2:8%IZDTT 28K

i

S o,

|

BL7: JBHBEFN). DTT 3K MRI Tt
T1, T2ay ;S5 APELTLPHIRENho
EERE, MRS EZTRILT L
THIBICHHB L Cw/: (® 3). Hematoxylin-eo-
sin (HE) #:f&% luxol fast blue (LFB) #efll X
BHIHMFEENC L o T, BONADTIB LY
DTT PG 2 KM L TWwA I L EREH LA
HREFNVEIBITHMREZEE 2, BB R
BEofker Lz b, FFREER) MG RR o
Bl nT—F772 VORBMICRPELEREF
EFLLRICE o TRABKEBRHT BT, H
ETCREETWERAEYI—F Ly PHBO
DTT 2B CHBEMELZ b o THlET S
ERWEETHL (B4 5). b, ThET
DTT CIEMHEEE L b TW kR o
HicbEL Tty @6, 7), DTT kD +
L= =25 % fiber tracking @V — & LT
EbOTEHTHDZEWTHE N,

W5 25 (Tesla) &3P MELETRE T, 1

Tesla=10,000 Gauss (A7 X) TH 5,
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DTT OfRERE RE

PRIRE ‘

I L EMTH DY, DIT BMEZOLOD
ARBLTWAOTIER . RO LHICDTT
R BN LRI 52 L TR R
NHD, B2y ZIMBRELY LK
K&, EBICIX I -5 - D LoFE»rE
F oM OMHBIFEEA TSI LS
L. Em2lcBIsErzeN (K7 En) 4 X
0.215mm Th 5Ot L, WgREIETEY 5 um
HETH 5.

TR HRETORE
MASREORBE L L ERICHBRT A5 HHOR
7 B EHEAE — R 2 E VINICHEET B & partial
volume I & o TRFWASHBE SN, BIFZ
EOTCLEICENDHS, BB EEZLBS
ATNERNS 2 PR LoD, EBICEDH AR
WHIE AT AL H B TOFER,

®5 v—Ety FEICH T AREREIRMDTT CUR7 LD TIH)
ROLDEEALL AL LT, EXTWRIEYT—T Ly bOBRORNHRIRE DTT 23l L. a~d
FIEELEITH Y, e~h REMEYEFVTH A, a, e T2HMM MR {4 b, £ KEEFMIEO DTT,
g W EBESIRE, d hBBRBEEFRL TS, DIT BFMEDHRGZ RRLTWL.

DTT MEBOMHFOMELZ LT LRI L%
W ERERLTVWS, bhivbhidiioz b5 27 b
PR T AR LG50, FA CHEER
R LY, BHMROBEHORICER MRk
B 7B A b A RE LTS
ETHRLTVS, BEBCBWTRERO
MRI OFHEF U & 5, SRR AR R
BB LA SEEBICHIRT A LENSHLLEERT
W5,

T T R BT O RITH L T high b value
HAOCEZMMRETYOMKPER TS
D bbb BN R A AR D R 2 3
HIZBRII LT WaAA, Thb0TERIBRRIRE
BEAETLDIBRISAIIERE s Tz vy,

3] DTT DREEKEH

bhbhizohTEcov—Ety MFEHIZBY
% DTT MR ZENL, TTELLENELDE
Bl LCRERISH 217> T b, BREBIEIZY
T <, EHERTE BRDWEILE T
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C

B6 v—Fty MEEERICHTFADTT L7 X HEH)

bivbiug, REEMEOME— OSSR TH 2 EMMAR L OWEL DTT 2 il ts 2 ki
WAL/ (a, b). FA=v 7 & DTT % superimpose L% (¢) & CaMK I aiftfa (d), LFB %
# (e) ZIIETHE, HILEFT 7 PEMEMCHEETRLL, SO ENEHNRP TRLTYS

T ENbPs,

BB 7 LB 5 DTT OF BkED R WE L
TWHEIATHA. HBOEFMCRBLTVWS

D, FBERTEIRSWROMELHIIL, #F
MR BHEEZ 5 e b, £, MRIICBIT

# b &3 bvalue (b)) O 2T, DWIICHBIT A
HOBRERHTLHTH S, b value BBA AR
# r (MHz), MPGO K& &% G (mT/m),
MPG OFMKE% & (msec), 1 xOMESHGO
ZFNEROIKRTE Y O Z A (msec), LT5E
UTFToTtkadhs,

b=7*Gro%(A-8/3)
2% Y, bvalue FEROBELRTIRETD

D, bvalue 5EWIEINL DB EBRFAL T
BT Eihd. KB ThILbhAMETWS DTT
i b=1,000 CILLTwB. ZHICHL, high
b value ¥ b % 2,500 BLElc biFa = L@,
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