Effects of transplantation of human
embryonic stem cells on functional
recovery in spinal cord injured rats

Kwang Ik Jung
Department of Medical Science

The Graduate School, Yonsei University



Effects of transplantation of human
embryonic stem cells on functional
recovery in spinal cord injured rats

Kwang Ik Jung
Department of Medical Science

The Graduate School, Yonsei University



Effects of transplantation of human
embryonic stem cells on functional
recovery in spinal cord injured rats

Directed by Professor Chang Il Park

The Doctoral Dissertation
submitted to the Department of Medical Science,
the Graduate School of Yonsei University
in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

Kwang Ik Jung

June 2005



This certifies that
the Doctoral Dissertation
of Kwang Ik Jung Is approved.

Ji Cheol Shin

The Graduate School
Yonsei University

June 2005



ACKNOWLEDGEMENTS

First of all, | wish to thank Professor Chang lIrlRathe director
of this doctoral dissertation. He also directed tbeurse of masters
degree of mine. The special thanks goes for higfaghrconsideration in
guiding me a right way in my research. | was alwdappy with his
leadership.

The very special thanks goes to all the refereesfeBsor Eun
Sook Park, Professor Jin Woo Chang, Professor BasmnHLee and
Professor Ji Cheol Shin. Especially | am most apatee of the efforts
of Professor Bae Hwan Lee, who challenged me tceldpvthis research
and | am indebted to Un Jeng Kim, PhD, whose eiggerand timeliness
in making this experiment a success.

Particular thanks are given to Professor Woo-Kyougp, the
colleague in the department of rehabilitation misgdic Hallym University
Medical College, who stimulated me to carry on thesearch.

Finally 1 very much appreciate to my family, Min nly Jae
Young, Jae Seok, Father, Mother and Parents in lakag provided the

inspiration, support and patience to make thisediaton a reality.

June, 2005
Kwang Ik Jung



TABLE OF CONTENTS

ABSTRAGCTS  «:ceeererenenrennateten ettt n et enenemmmmnees 1w

[. INTRODUGTION  «:verereeeumnmnanenttienstareeeeteetieneen D

[I. MATERIALS AND METHODS c::rererrrrreeemmmmmmmmastees e 4
The establishment of an animal model -« 4
Behavioral assessment after SCI e cemeeemmmeriiiiiiiiii i, 5
CURUIE OF NES CEIIS  ++vtrrererrnenmnmenmnaenenaeetaeenenenenenenenennd Beenennns
Transplantation of NES CEIIS «++rrerrrummmrrrrereiininiiiiiiii 6
Electrophysiological study after transplamtatiof hES cells --------- 6

a s~ wbdh e

A. Animal preparation ................................................................ 6
B. Recording of somatosensory evoked pistisn(SSEP) ---- 7

C. Recording of motor evoked potentialSE@®) «---ocoevevvenenens 8
6. Histo|ogica| EXAMINALION s+ rrrr e aerasa it it ta e a e iaaaas 9

TTI =Y = T TR 12..
1. Behavioral aSSESSMENt ««+rerrerrrrrmmmmmammaaiia i iaaiaiia i iasiraaeiaaraeaas 12
2. E|ectr0phy3i0|ogica] study ............................................................... 12
3. Histological examination and immunohiStoCh&ngi ««-«-cxevveeeeens 20

IV, DISCUSSION  «:eeeeereremmmmmnenennsenammranaseneeenateeaeeaneenene 2hennn

V. CONCLUSION cerrerrrurttntaitiiinitiiatstaesasaataaiiataaariarierinenns FS ST 2

REFERENGCES  -crceteerrmememtatantntnemmmmmmmmmmmn e s enensaeesanenenenenemmes 29.....

ABSTRACT (IN KOREAN) cereemmmtiiiiiiiiiiiiiii i 32



Figure

Figure

Figure

Figure

Figure

Figure

Figure

LIST OF FIGURES

1. BBB scores of the SCI rats before anderafransplantation
............................................................................... 13eeeeee

2. Representative somatosensory evoked tmdtenmecorded in the

media-treated group and the hES cell-transplantedipg --- 16

3. Representative motor evoked potentiatoroed in the media-

treated group and the hES cell-transplanted group:--------- 17

4. Electrophysiological changes in latenciéter spinal cord injury

and subsequent transplantation of hES cells «---xeeeveenenene. 17

5. Electrophysiological changes in amplitudafter spinal cord

6

7.

injury and subsequent transplantation of hES cells:------- 19

. Luxol fast blue cresyl violet stain of ethspinal cords

(parasagittal section) at 8 weeks after the tramption of

hES cells

transplantation

Immunohistochemistry in the spinal cor8s weeks after

21



Table

LIST OF TABLES

Table 2. BBB scores of the right leg in the SClsrat:« -« -vovoevieiinnns

Table 3. Comparison in latencies of the MEP betwé#en media-treated
and the 2x1DhES cell-transplanted group ««--------seeeeeeee.18

Table 4. Comparison in latencies of the SSEP betwhe media-treated
and the 2x1DhES cell-transplanted group ««----«----eeeeeeeesss 18

Table 5. Comparison in amplitudes of the MEP betwdbe media-
treated and the 2xihES cell-transplanted group «--------

Table 6. Comparison in amplitudes of the SSEP lmtwéhe media-
treated and the 2xihES cell-transplanted group «------ee--



ABSTRACT

Effects of transplantation of human embryonic steelis on
functional recovery in spinal cord injured rats

Kwang Ik Jung

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Chang Il Park)

This study was carried out to investigate the fiometl recovery
following the transplantation of human embryonienst (hES) cells after a
spinal cord injury (SCI). Sprague-Dawley rats waresthetized with sodium
pentobarbital and subjected to the SCI model. S& wduced using the NYU
impactor. The hES cells were transplanted 1 wetd af SCI. The hES cells
transplanted into the rats were found to promogehimd limb performance 8
weeks after transplantation. In the electrophygicial study, the transplanted
rats showed significantly shortened latencies anteased amplitudes of motor
and somatosensory evoked potentials, comparea tm#idia-treated rats. In the
spinal cord of the hES cell-treated group, the @atyjical findings including the
glial scar formation and degenerative changes wtenuated and the human
Tau protein-positive cells were identified in theinity of the necrotic cavity
and in the white matter. These results suggestthigatransplantation of hES

cells might play a role in promoting the functionetovery after a SCI.

Key words : spinal cord injury, human embryonicnsteells, transplantation,

functional recovery
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[. INTRODUCTION

It has been shown that two separate componentsprih@ary and
secondary injuries, are combined to produce a tagioal injury in an acute
spinal cord injury (SCIj.The primary injury is the initial mechanical insahd
succeeded by the secondary injury, i.e. biochenaindl cellular alterations that
promote progressive tissue damage, largely medtateédchemia and aberrant
calcium influx into neuron$.Both the primary and secondary injury cascades
produce cell death both in the neuronal and supgpdell tissues, resulting in
permanent functional deficits.

Recovery from SCI is quite difficult owing to thienited ability of the
vertebrate central nervous system to regenerateehjcells, replace damaged
myelin sheath and reestablish functional neurom@inections. So many
patients with SCI, who are quadriplegics or pargiple have difficulty in
walking and cannot help being dependent to accamphie activities of daily
living for their remaining years.

Recently, as a therapeutic approach in SCI, stéis1 peovide a partial



solution for the treatment of SCI because they gemetically normal,
multipotential and capable of indefinite replication 1999, Brustle et al.
reported that transplantation in a rat model otiméin myelin disease showed
that embryonic stem cell-derived glial precursargriacted with host neurons
and efficiently myelinated axons in spinal cordmiarly, Akiyama et af.
examined the myelin repair potential of transpldnteeural precursor cells
derived from the adult human brain from tissue reedoduring surgery. They
also suggested that transplantation of these io¢étishe demyelinated rat spinal
cord resulted in extensive remyelination and thmyedinated axons conducted
impulses at near normal conduction velocity. McOdnet al® transplanted
neural differentiated mouse embryonic stem celte i rat spinal cord after
traumatic injury. They reported that 2-5 weeksrlat@nsplanted cells survived
and differentiated into astrocytes, oligodendrogyaed neurons, furthermore
transplanted rats showed hindlimb weight supportl gartial hindlimb
coordination.

Human embryonic stem (hES) cells derived from timer cell mass of
blastocyst-stage embryos are more totipoﬁténﬂThese hES cells have a
remarkable proliferative capacity and stabilityadong-term culturéand can
differentiate into various types of ceft§, including hematopoietic precursors,
heart and skeletal muscle, endothelium, and nealid. Therefore, hES cells
may be a potential source for cell therapy in atreémervous system with
different type of injuries.

This study was carried out to investigate whethgf ftells could
regenerate to replace lost neuronal cells, remgiithe damaged axons and

restore the function of injured rat spinal cord.



1. MATERIALSAND METHODS

1. The establishment of an animal model

Male adult Sprague-Dawley rats (Daehan Biolink, @jhuk, Korea)
weighing 300-350 g at the time of surgery were usdtlis study. The animals
were housed in a facility fully accredited by thesaciation for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).hE temperature and
humidity were kept constant at 22 £(2 and 50 + 10%, respectively. Food and
water were available ad libitum. The institutiorRéview Board in Yonsei
University approved all the experimental procedusaed the NIH guidelines
were followed.

An acute incomplete spinal cord injury was inducsthg the NYU
weight-drop device. The rats were anesthetized péthtobarbital (50 mg/kg,
i.p.) and a laminectomy was performed at the THapievel. The exposed
dorsal surface of the cord was then subjected veeight-drop impact. The
moderately contused incomplete SCI models wereraleby dropping a 10 g
weight impact rod from a 25 mm height. The conmsimpact velocity and
compression rate were monitored in order to guagatite consistency between
animals. During their recovery, the rats' rectatperatures were maintained at
37T by a feedback-regulated heating pad. The postoperatursing care
included a bladder expression twice a day. Progtiglgentamycin sulfate (1

mg/kg) was regularly administered for a week.



2. Behavioral assessment after SCI

A behavioral test was performed to measure thetifumal recovery of
the hindlimbs of the rats. The open field testimgpcedure was previously
described by Basso etalhe rats were gently adapted to the open fielcclwvhi
was a molded-plastic circular enclosure with a stmooonslip floor (90 cm
diameter; 21 cm wall height). Once a rat walkedtiooously in the open field,
three investigators conducted the 5 min testingises on each leg. The open
field test was performed on all the animals attlease a week from day 1 to 9

weeks after surgery.

3. Culture of hES cells

The hES cells (SNU-hES3: Korea Stem Cell Researemte
registered cell line) were maintained in DMEM/F1Rif¢ Technologies,
Germany) supplemented with 20% (v/v) serum replaces (Life
Technologies, Germany), 100 iu/ml penicillin (Lifeechnologies, Germany),
100 g/ml streptomycin (Life Technologies, German)l mM nonessential
amino acids (Life Technologies, Germany), 0.1 mMraaptoethanol (Sigma,
St. Louis, MO, USA) and 4 ng/ml basic FGF (Life Tiaologies, Germany).
The hES cell colonies were cultured on a feedeerlaf mouse STO cells
pre-treated with mitomycin C (Sigma, St. Louis, MOSA). The hES cell
colonies were isolated mechanically and dissocidgtedsingle cells using

trypsin-EDTA 1X (Life Technologies, Germany) priortransplantation.



4. Transplantation of hES cells

After the behavioral test was performed for 1 weafker the
SCI, the rats were assigned into three groups withbdias (one
media-treated and two hES cell-transplanted groaps) were anesthetized
with halothane (1:2, pD:O;). Using a capillary glass tube, &l of
cultured hES (5x1Dor 2x10) cells was transplanted into the epicenter
of the injury in two transplantation groups. In eelpninary study, 5x10
hES cells were transplanted into injured rat spioatd. It showed that
the transplanted hES cells led to formation of ter@as in many cases.
So the amount of the transplanted hES cells in #tisdy should be
reduced than 5xfOto prevent tumor formation. The media-treated grou
received a 5pul culture medium injection into the epicenter of tinjury.
In order to prevent immune rejection, all rats reeg cyclosporine A

(10 mg/kg) daily from 2 days before the transplant.

5. Electrophysiological study after transplantatioih hES cells

A. Animal preparation

At 8 weeks after transplantation, the electropHgsgical evaluation
was performed including somatosensory evoked patenfSSEP) and motor
evoked potentials (MEP). The animals were anegitivith urethan given by
intraperitoneal injection (1.25 g/kg). Each aninveds also given atropine

sulfate (0.8 mg/kg) to reduce tracheal secretitisng a surgical microscope,



the right femoral artery and vein were catheterizedl the trachea was
intubated with tracheostomy. Pancuronium bromidé (thg/kg) was then
perfused through the femoral vein to induce musakexation. The rat was then
artificially respired using a small animal respira{Harvard Apparatus, South
Natik, MA, USA) and expiratory CO2 was maintaineihm the physiological
range using a capnometer (Model 2200, Traverse ¢deMonitors, Saline, Ml,
USA). Each animal was then placed on a stereotaeice (Narishige
Scientific Instrument Laboratory, Setagaya-Ku, Tmkylapan) and rectal
temperature was maintained between 36.0 and 37.0sifg a feedback

controlled heating blanket (Harvard Apparatus, Biatik, MA, USA).

B. Recording of somatosensory evoked potent&BE=P)

The left sciatic nerve was exposed and isolatepaif of electrodes, a
proximal cathode and a distal anode, was hookedndrthe nerve. A single
square pulse of electrical stimulus was deliverga@ Istimulus isolator (A365D
or A365, World Precision Instruments, New Haven,, @ISA), which was
driven by a pulse generator (Pulsemaster A300, dVBrkcision Instruments,
New Haven, CT, USA). The pulse duration of stimufis 0.1 msec and the
intensity was 6 mA at 1-4 Hz.

For the SSEP recording, craniectomy was performedontralateral
frontoparietal area. The exact area of craniectaray 4 mm lateral to sagittal
suture and 4 mm posterior to bregma. The speaaldang electrode (NE-120,
Rhodes Medical Instruments, Distributed by DavidoKmstruments, Tujunga,

CA, USA) was fixed on the sensorimotor cortex améh lateral to sagittal



suture and 2 mm posterior to bregma. This electomhsisted of a round plate,
which was 1.4 mm in diameter with a 0.2 mm shadt thas 3 mm in length and
protruded from the center of the plate. The el@gravas insulated with the
exception of the tip of the shaft (0.2 mm) and Itle¢tom surface of the round
plate. The pointed tip of the electrode with a B long exposed area was
inserted into the cerebral cortex perpendicularth® cortical surface. This

enabled gentle contact of the round flat surfadh thie cortical surface.

C. Recording of motor evoked potentials (MEP)

It was necessary to increase the area of stimalatithe motor cortex
area in order to properly monitor the MEP with Ietimulus intensity. For this
purpose, the special electrode was used, whichalvaady used for recording
of the SSEP in this study. In cortical stimulatitme round area of the electrode
was the anode and the pointed tip was the catfiddg electrode was designed
to keep the cathode and the anode close togetherdar to prevent current
spread. In addition, there was also a large ensugdiace for activating a large
number of pyramidal neurons with a low intensityeadfical current.
Furthermore, the direction of current flow was dasd to be the same as the
projection of the pyramidal cell bodies. The seimotor cortex (2 mm lateral
and 2 mm posterior to bregma), where the anodepleaed, had almost flat
geometry due to the rat having no sulci in the tisparietal cortical area. The
electrode was placed using a micromanipulator umderoscopic guide, which
enabled us to direct the cathode vertical to th&icad surface. A single square

pulse (0.1 msec pulse duration and 6 mA intensifylectrical stimulus was



delivered by a stimulus isolator (A365D or A365, NddPrecision Instruments,
New Haven, CT, USA), which was driven by a pulseegator (Pulsemaster
A300, World Precision Instruments, New Haven, CBA).

For MEP recording, Laminectomy was performed atspinal level.
The shape and specifications of recording electadere the same as thoes of
the stimulating electrodes. Following the laminetyo the electrode was
inserted into the contralateral gray matter of ¢gpial cord near the motor
conduction tracts. The pointed tip of the electrades used as active and the
rounded part of the electrode was used as a reeeactrode.

The analog signals of the evoked potential were lifiegh by AC
amplifier (Model RPS 107, Grass Instrument Co., Wiek, RI, U.S.A), filtered
(bandpass 1,000-10,000 Hz), and averaged on an d@ipatible personal
computer system equipped with Spike 2 software (CEBK). Each SSEP and
MEP consisted of an average of 80-100 single swegmrhs. In order to
minimize the effect of an anesthetic on the evoledentials, recording
commenced at least 20 min after injection of thes#mitic.

The threshold of electrical stimulation was firgtefmined in each
experiment. The effect of the stimulation intensitgis analyzed on the wave

forms and latencies.

6. Histological examination

For the histological examination, the animals wanesthetized with

pentobarbital and perfused transcardially with f8®f normal saline followed

by 600 ml of 4% paraformaldehyde in a 0.1 M phosplaffer 8 weeks after



transplantation. The spinal cord was removed aockdtin the same fixatives
for 2 hours and then processed for paraffin emimegdr a cryosection.

For a pathological assessment, the spinal cord® wabjected to
paraffin embedding and Luxol fast blue-cresyl vidtaining. The spinal cord
sections were cut to anin thickness, deparaffinized and incubated with 1%
Luxol fast blue (Chameleon Chemical reagent, Osd&pan) overnight, and
differentiated with 0.05% lithium carbonate. Thetgns were incubated with
0.1% cresyl violet (Sigma, St. Louis, MO, USA) min and rinsed with 95%
ethanol, mounted and observed using an opticalosiope.

The survival and differentiation of the transplahteES cells into
neuronal components were confirmed using doubleunafiuorescence for the
human Tau protein, which is a class of microtuladsociated proteins, and the
glial fibrillary acidic protein (GFAP). Double lalieg with the microtubule
associated protein 2 (MAP2) and synaptophysin vss ased to observe the
neurons and terminals. The spinal cord tissues wgmeed in sucrose for at
least 24 hours, and 40m-thick parasagittal sections were cut with a ctgs
The sections were permeabilized with 50% ethanol3f min, blocked with
10% normal donkey serum for 30 min, and incubatezgtrught in a mixture of
the primary antibodies; GFAP (Rabbit anti-cow-GFAP.2000, DAKO,
Glostrup, Denmark) and human Tau protein (mousehamban Tau protein,
1:100, Abcam, Cambridgeshire, UK) or MAP2 (mousdi-&tAP2, 1:1000,
Chemicon, Temecula, CA, USA) and synaptophysinhtamti-synaptophysin,
1:200, Zymed, South San Francisco, CA, USA). Theomseary antibodies
(FITC- or Cy3-conjugated anti-rabbit or anti-mousgsed in donkey, 1:200;

Jackson Immunoresearch, West Grove, PA, USA) wapkeal for 3 hours. The



sections were coverslipped and examined by confadatoscopy (Olympus
FV500, Olympus, Tokyo, Japan). The double fluoresag@ages were saved in
TIFF format, and the contrast and brightness weljastéed using the Adobe
Photoshop software (v. 8, Adobe, San Jose, CA, USA¢ final plates were

composed using Corel Draw (v. 10, Ontario, Canada).

_10_



1. RESULTS

1. Behavioral assessment

The hind limb locomotor performance was testedllinlh@ rats using
the BBB open-field scal. Prior to transplantation, the BBB tests were
performed on all the animals at 1 day, 4 days, argdhys after a SCI. The
animals with a low score and equally malfunctiomdad limbs were selected
for the experiments. The media-treated group (nstdyed very low for both
legs 1 day after the injury. The score graduallyreased to 9 weeks after the
injury (Fig. 1) (Table 1 and 2). The 2X1BES cell-transplanted group (n=12)
showed a significantly improved left (Fig. 1A) (Takl) and right hind limb
(Fig. 1B) (Table 2) performance after the transplaompared with the
media-treated group (p<0.05). However, The S%HS cell-transplanted group
(n=12) tended to show an increased hind limb peréorce after the transplant
when compared with the media-treated group, but difference was not

significant except for the left hind limb at 5 weedfter transplantation.

2. Electrophysiological study

At 8 weeks after transplantation, the electropHygsical evaluation,
including somatosensory evoked potentials (SSE@auotor evoked potentials
(MEP), was performed in the media-treated grouB®)=and the 2xIThES
cell-transplanted group (n=29). However electropdiggical study was not

performed in the 5xFOhES cell-transplanted group because there was no

_11_
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Fig. 1. BBB scorec<of the SCI ratsbeforeand after transplantationThe
hES cells transplantation at 7 days p.o. signitigaimproved thehind
limb performance in both legs after transplantaté¥nBBB score ofthe
left leg. B: BBB score of the right leg. Arrow|() indicates the
transplantation point. The asterisks (*) indicatstatisticallysignifican
difference between the media-treated group andhEgcell-trasplante
groups using an one-way ANOVA followed by Dunnetrailtiple
comparisortestat eachtime point (*p<0.05,**p< 0.01)
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Table 1. BBB scores of the left leg in the SCI rats

Days after SCI Media-treated  5x10° hES cell- 2x10f hES cell-
group transplanted group transplanted group
1 day 0.44 + 0.12 0.69 + 0.17 0.66 + 0.22
4 day 2.69 + 0.20 2.90 + 0.26 2.83 + 0.21
7 day 6.70 + 0.25 6.85 + 0.26 7.18 + 0.28
2 week 8.44 + 0.41 8.38 + 0.41 8.96 + 0.50
3 week 8.83 + 0.55 8.97 + 0.55 9.73 + 0.39
4 week 9.75 + 0.29 10.44 + 0.34 10.20 + .18
5 week 10.55 + 0.34 10.92 + 0.36 11.39 + 0.36

6 week 10.17 + 0.47 11.13 + 039  11.67 + 0.53
7 week 10.39 + 0.45 10.96 + 0.34 11.52 + 0.43
8 week 10.18 + 0.20 10.55 + 0.17 10.70 + 0.58
9 week 10.33 + 0.17 10.73 + 0.25 10.21 + 0.62

Values were expressed as mean = s.e.m.

The asterisks (*) indicate a statistically sigrafit difference betweethe
media-treated group and the hES cell-transplantedipg (*p<0.05,**p<
0.01).

significant improvement of hind limb performance the 5x18 hES

cell-transplanted group, compared to the medigddegroup, as mentioned
above. In the media-treated group, the MEP andSBEP recordings were
detectable in 16 and 28 rats respectively. And ke t2x10 hES

cell-transplanted group, the MEP and the SSEP déugs were detectable in
16 and 21 rats respectively too. The responsedhi@fMEP and the SSEP
between the media-treated and the hES cell-tramsuagroup were analyzed
using the chi-square test, but the between-grouiferdihces were not

statistically significant (p>0.05).

_13_



Table 2. BBB scores of the right leg in the SCisra

Days after SCI Media-treated  5x1C hES cell-  2x10'hES cell-

group transplanted grouptransplanted group
1 day 0.47 + 0.12 0.81 + 0.18 0.74 + 0.21
4 day 2.85 + 0.19 3.13 + 0.26 3.34 + 0.25
7 day 6.59 + 0.26 6.53 + 0.28 7.10 = 0.28
2 week 8.31 + 0.36 8.27 + 0.40 8.58 + 0.37
3 week 9.19 + 0.25 9.37 + 0.33 9.40 + 0.65
4 week 9.79 + 0.30 10.44 + 0.34 10.30 + 0.18
5 week 10.45 + 0.40 10.83 + 0.32 11.43 + 0.37
6 week 9.94 + 0.47 11.00 + 0.28 11.68 + 0.51
7 week 10.32 £ 0.44 11.04 = 0.29 11.52 + 0.50
8 week 9.90 + 0.19 10.64 + 0.17 10.65 + 0.52
9 week 10.22 + 0.15 10.86 + 0.25 10.43 + 0.48

Values were expressed as mean + s.e.m.
The asterisks (*) indicate a statistically sigrafit difference betweethe
media-treated group and the 2%XIGES cell-transplanted group (*p<0.05).

Figure 2 shows representative wave form of the SSBP
negative-positive-negative potential (an upwardledtibn was designated as
negative). The wave of the MEP had the same patiethe SSEP too (Fig 3).
However the MEP in the each group consisted of anfgw peaks above the
detection level of 1 uv, on the other hand, the B$Bnsisted of distinctive
peaks with larger amplitudes than the MEP. Thentaes of each evoked
potentials were measured from the onset of thé@alniising phase from the
baseline (initial), the peak of the first negatdeflection (N1) and the peak of

the first positive deflection (P1). The amplitudesre measured also from the

_14_



peak of the first negative deflection from the iage(negative peak amplitude)

and the distance between the peak of the firstimegand positive deflection

(peak to peak amplitude).

The initial and P1 latency of the MEP and the SSERhe hES

cell-transplanted group were significantly shortenghen compared to the

media-treated group (p<0.05) (Fig. 4) (Table 3 af)jd In addition, the

hES cell-transplanted group showed a significaoteiase in amplitudes of the

MEP and the SSEP when compared with the medisettebup (p<0.05) (Fig.

5) (Table 5 and 6).

9 mA
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3 mA

Current Intensity

2 mA
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_r_.r""'_\\.,_‘_‘“____,.mﬁ__._n___
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10 WV ‘
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Tk

TX-2(20,000)

Fig. 2. Representative somatosensory evoked palen{iSSEP)recorde:
in the media-treated group and the hES cell-trampt group. Mdia
the media-treateigroup, TX-2: the 2x10* hEScell-transplanteigroup
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Fig. 3. Representative motor evoked potentials (ME#torded inthe
media-treated group and the hES cell-transplantesipg Media:the
media-treategroup, TX-2: the 2x10" hEScell-transplantegroup
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A. MEP Latency B. SSEP Latency
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Fig. 4. Electrophysiological changes in latenciieraspinal cord injuryanc
subsequent transplantation of hES cells. Valuese wexpressed as mean *
s.e.m (msec). A. MEP latency, B. SSEP latency (mettie media-treate
group, TX-2: the 2x10hES cell-transplanted group, Initial: latency tb
onset of the initial rising phase from the baselM#: latency of the peak difie
first negative deflection, P1: latency of the pehlhe first positivedeflection)
The asterisks (*) indicate a statistically sigraint difference betweethe
media-treated group and the hES cell-transplantedpgusing a studentses
(*p<0.05)
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Table 3. Comparison in latencies of the MEP betwten media-treated
and the 2xTES cell-transplanted group

MEP latency Media-treated group trzgnls(f)lglr:_\tsegilr;up
Initial* 22.96 + 8.03 16.34 + 8.58
N1 43.10 + 7.11 37.58 + 8.41
pr 75.25 + 6.76 62.41 + 7.21

Values were expressed as mean = s.e.m (msec)tedcyeof the onsaif
the initial rising phase from the baseline, 2: hate of the peak of thérst
negative deflection, 3: latency of the peak offihst positive deflectionThe
asterisk (*) indicates a statistically significantifference betweerthe

media-treated and the hES cell-transplanted graipgua student's-test
(*p<0.05).

Table 4. Comparison in latencies of the SSEP betwbe media-treated
and the 2xTES cell-transplanted group

SSEP latency Media-treated group trzgnls(f)lglr:_\tsegilr;up
Initial* 16.90 = 9.10 1318 + 9.43
N1 3042 + 8.82 23.85 + 8.96
P’ 62.44 = 7.78 48.71 + 7.23

Values were expressed as mean = s.e.m (msec)tedcyeof the onsaif
the initial rising phase from the baseline, 2: hate of the peak of thérst
negative deflection, 3: latency of the onset ofkpe#é the first positive
deflection. The asterisks (*) indicate a statidljcasignificant difference
between the media-treated and the hES cell-tramsulagroup usinga
student's t-test (*p<0.05).
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A. MEP Amplitude B. SSEP Amplitude
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Fig. 5. Electrophysiological changes in amplitudéer spinal cord injuryanc
subsequent transplantation of hES cells. Valuese wetpressed as mean
s.e.m {iv). A. MEP amplitudes, B. SSEP amplitudes (mediamedia-treate
group, TX-2: the 2x1DhES cell-transplanted group, N1: amplitude ofpikal
of the first negative deflection from the baseliRd,: amplitude betweethe
peak of the first negaive and positive deflectioe asterisks (*) indicate
statistically significant difference between the dmetreated and thdES
cell-transplanteigroupusingastudent'd-test(*p<0.05)

Table 5. Comparison in amplitudes of the MEP betwdee media-
treated and the 2X1BES cell-transplanted group

MEP amplitude Media-treated group 2x10" hES cell-
transplanted group
Negative peak amplitude 0.26 + 0.06 0.70 + 0.10
Peak to peak amplitudle 0.48 + 0.08 0.90 * 0.10

Values were expressed as mean * s.am). (1: amplitude of the peaf
the first negative deflection from the baselineaiplitude between theeak
of the first negaive and positive deflection. Theteasks (*) indicatea
statistically significant difference between the diaetreated and th&ES
cell-transplanted group using a student's t-tgst@*05).

_18_
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Table 6. Comparison in amplitudes of the SSEP bamtwihe media-
treated and the 2X1BES cell-transplanted group

2x10" hES cell-

SSEP amplitude Media-treated group transplanted group

Negative peak amplitude 2.49 + 0.54 591 + 1.22
Peak to peak amplitudle 385 + 1.22 8.26 + 1.83

Values were expressed as mean * s.am). (1: amplitude of the pealf
the first negative deflection from the baselineaiplitude between theeak
of the first negaive and positive deflection. Theteasks (*) indicatea
statistically significant difference between the diaetreated and th&ES
cell-transplanted group using a student's t-tgst@*05).

3. Histological examination and immunohistochergistr

In the low power view of the spinal cord stainedhwiuxol fast blue
and cresyl violet, the typical pathological findingf the SCI were observed in
both the media- and hES cell-transplanted groups8atweeks after
transplantation. However, the spinal cord of thediméreated group showed
more extensive cavity formation, tissue necragissis along the rostrocaudal
extent and severe demyelination of the white mattethe ventral funiculus
(Fig. 6A and B). In the high power view of the darborns in the vicinity of
the necrotic cavity, necrotic cells, glial nucleidainflammatory cells were
predominant in the media-treated group. Howeverseahpathological findings
were significantly attenuated and there was noesnad of tumor formation in
the hES cell-treated group (Fig. 6C and D). In deulabeling
immunohistochemistry for human Tau and GFAP, thel gbcars heavily

stained for GFAP were concentrated at the margithefnecrotic cavity. No
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Fig. 6. Luxol fast blue cresyl violet stain of tlspinal cords (parasagittal
section) at 8 weeks after the transplantation & bElls. A and B: Low power
view of the spinal cord of the media-treated (Mgdia) and the 2x1DhES

cell-transplanted (Cell) animals (B). Extensivestis necrosis, glial scar
formation (arrows) and demyelination (arrowheadsjerobserved in the spinal

(continued)
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cord of the media-treated group, and these findimgre attenuated in the spinal
cords of the hES cell-transplanted group. The baeds (c, d) are magnified
in C and D. C and D: High power view of the areasesponding to the dorsal
horn at the margin of the necrotic cavity. Neuronatrosis and glial scar
formation were predominant in the dorsal horn @& thedia-treated group (C)
but was not evident in that of the hES cell-traasfdd group (D). Scale bars=
500 pum.

Fig. 7. Immunohistochemistry in the spinal cordsexks aftetransplantatior
A-C: Confocal microscopy of the double immunofluszence for GFARINc
human Tau protein (Tau) in the spinal cord of thedia-treated (MediajA)
and the 2x10 hES cell-treated (Cell) rats (B and C) 8 weakel
transplantation. The cells positive for the huma Pproteins were scatterad
the cavity and margin of the glial scar of the hepginal cord in thenES
cell-treated rats (arrows in B). In the high powiaw, the Tauprotein-positiv:
cells (arrow in C) were round to ovoid in shapeFDBbouble labelingfor
MAP2 and synaptophysin (Syn) in the spinal cordhef media-treated (Cgnc
the 2x10 hES cell-treated (E and F) rats. In the mediat¢baroup,the
(continued
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MAP2-positive neurons (arrowheads) were lost ared dhrrounding synaptic
terminals were clumped in the vicinity of the cgJiD), but those were relative
relatively spared in the hES cell-treated rats (&)this animal, a number of
cells at the margin of the cavity were stronglyirstd for MAP2 (arrows in E
and F) and these cells were intermixed with theiceaities stained for

synaptophysin (F). Scale bars= 100 pum in A, B, iy} &; 25 um in C; 10 pum
in F.

Tau protein-positive cells were observed in th@alptords of the media-treated
group (Fig. 7A). On the other hand, in the spiraidcof the hES cell-treated
group, a few cells positive for the Tau protein evacattered in the necrotic
cavity, the spinal gray matter adjacent to thetgawar in the white matter (Fig.
7B). These Tau-positive cells were round or ovdidped, and the stain was in
the cytoplasm, sparing the nuclei (Fig. 7C). In dozible stain for MAP2 and
synaptophysin, while most of the neurons were &®l the terminals were
clumped in the media-treated rats (Fig. 7D), theer@r horn cells that were
positive for MAP2 along with the surrounding terais in the vicinity of the
cavity were spared in the 2X10ES cell-treated rats (Fig. 7E). In the margin of
the cavity in the spinal cord of the hES cell-teshtats, cells with a strong
immunoreaction for MAP2 were observed, and the#ie eere intermixed with

varicosities positive for synaptophysin (Fig. 7 &).
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V. DISCUSSION

Traumatic spinal cord injuries in animals give riselesions that are
similar to those observed in human SCI. These drisf@w functional deficits
after a SCI resulting from damage to the axons|ds® of neurons and glia, and
demyelination.

The results in this study showed that a hES catfisiplant significantly
improves the locomotion recovery in animals witheamte SCI. In particular,
the hind limb performance improved greatly in tha@ hES cell-transplanted
group, compared with the media-treated group. Tokmowledge, this is the
first study to demonstrate the functional recovafter the transplant of hES
cells in spinal cord injured rats. Histologicallyhe transplantation also
attenuated the demyelination and glial scar foromasifter the SCI. Some cells
positive for the human Tau protein were observede8ks after the transplant
even though the number was not great. These residtgest that hES cells are
effective in the functional recovery after beingrisplanted in spinal cord
injured rats compared with the media-treated rats.

There have been a number of studies that have tespdhe
improvement in the functional recovery after thensplantation in spinal cord
injured animals. For example, Zurita et"akeported a case of a functional
recovery in a chronic model using the transplaotabf bone marrow stromal
cells 3 months after the SCI. They reported that BBB score showed a
significant increase at 4 weeks after the transpBimilarly, it was previously
shown that the hind limb performance was signifisaimproved 28 days after

transplanting oligodendrocyte precursor cEll$n a related study, Groves et
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al.* examined the ability of O-2A remyelination in anieelinated spinal cord
by an X-irradiation. It was shown that in rats, re@uwembryonic stem cells
differentiate into oligodendrocytes, astrocytes amdurons, and the
transplantation of mouse embryonic stem cells ptemthe functional recovery
after transplantation in spinal cord injured rafEherefore, the transplantation
of stem or precursor cells might be effective ia fanctional recovery after a
SCI.

In the present study, a morphological study wafopmed to examine
the survival and differentiation of the transplahteES cells, which might
contribute to the functional and morphological iongment. The results
showed that the transplantation of hES cells a#ttatliglial scar formation and
demyelination. This suggests that the functiongbromement in this study
might be due to the prevention of further degeisratchanges or the
facilitation of a self regeneration processes mttean to the neuronal
differentiation of the transplanted cells. A gledar is known to be a major
cause of functional impairment after a SCI, whefarectional deficit is largely
due to an interruption in the long ascending arsteleding tracts rather than to
the degeneration of the local neurdi¥. The inhibition of the glial
components, for example, proteoglycans, which ioapdi neuronal outgrowth,
can promote the functional recovery after a 8Qlhe results of double labeling
with MAP2 and synaptophysin showed that the neuass synaptic terminals
around the cavity were spared after transplantaiRatently, it was suggested
that the host structures may benefit not only lgyrplacement of lost cells but
also from the "chaperone" effect with neuroprotersubstances expressed by

stem cell$® On the other hand, cells positive for the human Peotein were
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observed in some animals transplanted with 2%ES cells. However, only a
small number of Tau-positive cells were observethese animals, suggesting
that the survival rate of the hES cells transplamtethe injured spinal cord was
very low.

The possibility that the transplanted cells miglsbalifferentiate into
neuroglial cells including oligodendrocytes, whigilay a critical role in
remyelination, could not be excluded because thibaties specific to glial
cells of human origin was unavailable. Double laigelwith human nuclear
antigen (HNA) with other glial markers was attenthtéut the antibody for
HNA showed nonspecific binding to the degeneratielfs (data not shown).

In the electrophysiological evaluation of the prasetudy, the
latencies of motor and somatosensory evoked patenti the transplanted rats
were significantly shortened compared to the médiated rats. In addition, the
hES cell-transplanted group showed an increaseditadgs when compared
with the media-treated group. In 2001, Akiyama let examined the myelin
repair potential of transplanted neural precursgtscderived from the adult
human brain from tissue removed during surgery.yTalso suggested that
transplantation of these cells into the demyelishate spinal cord resulted in
extensive remyelination and the remyelinated axmmglucted impulses at near
normal latencies and conduction velocities. RegenBambakidis et att
reported that MEP recordings revealed a strongdtremwards significant
improvement in the latencies after transplantinggamlendrocyte precursors
compared with controls. On the basis of such arstodies, it seems quite
likely that much of the electrophysiological findmin the present study can be

explained by activity of the hES cell-derived oligmdrocytes in enhancing
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myelination or prevention of demylination, rathban the replacement of lost
neuron or axonal regeneration. This is consistetit the histological findings
in this study

Embryonic stem cells are derived directly from paninbryos and are
pluripotent, indicating that they are individualtapable of giving rise to
derivatives of each of the three primary germ layand to germ cells.
Embryonic stem cells retain the characteristicahaf embryo founder cells,
even after a prolonged culture and extensive méatipn.”’ Because the cells
can be cultured in vitro, there is a greater degfemontrol over their growtﬁs.
In order to manipulate the cellular behavior, natdr artificial factors can also
be used. In addition, hES cells have been showdiffierentiate into reasonable
numbers of neural derivativé. Therefore, under these conditions, the
transplantation of hES cells may be one of the |Biomg cell replacement
therapies for a human SCI. However further studies necessary to identify
the special stain for glial cells of human origimdaquantify surviving
and differentiated neural cells from the transmdnthES cells by cell
counting. And additional long-term studies will beeeded not only in

animal models but in a human SCI.
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V. CONCLUSIONS

This study showed that transplantation of hES ceite the injured rat
spinal cord improved the hind limb weight suppatortened latencies and
increased amplitudes of the evoked potentials atehuwated the glial scar
formation and degenerative changes. In additiomesof the transplanted hES
cells survived and differentiated into neurons. Seheesults suggest that the
transplantation of hES cells plays a role in prangpfunctional recovery after a
SCI, and is one of the important candidates farrutell replacement therapies

for a human SCI.
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