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ABSTRACT

Effect of glial transplantation on functional recovery

following acute spinal cord injury

There have been efforts to maximize the therapeutic effects for the spinal
cord injury (SCI). Treatment of SClI is difficult not only because of the focal cell
death caused by the initial insult but also from penumbral cell death caused
by the secondary biochemical and pathological changes in the spinal cord.
Over the past few years, many attempts have been made in animals to
produce cellular regeneration in the spinal cord using transplantation of
different cell types. Recently oligodendrocyte-type 2 astrocyte (O-2A)
progenitor cells were known to remyelinate the focal areas of the
demyelinated adult rat spinal cord. The aim of this study, therefore, was to
investigate the therapeutic potential of O-2A cells when transplanted into the

acute SCI model.



Under pentobarbital anesthesia, male Sprague-Dawley rats were subjected

to SCI. Rats were laminectomized and SCI was induced using NYU impactor

at T9 spinal segment. O-2A progenitor cells, which were labeled with BrdU

were transplanted 1 week after the induction of SCIl. Behavioral,

electrophysiological (motor evoked potential: MEP and somatosensory

evoked potential: SSEP), immunohistochemical (double staining of BrdU and

CNPase, NeuN, or GFAP) and tract tracing studies were performed to

observe the improvement of functional recovery.

The behavioral test showed significant improvement in O-2A transplanted

group compared with control group since 6 weeks after the transplantation.

From the electrophysiological study, SSEPs have not shown any implications

in amplitudes and latencies when O-2A transplanted group was compared

with media treated group. However, from the MEP recording, the initial, N1,

and P1 latencies in O-2A group were significantly shorter than control.

Morphologically, the BrdU-positive cells were located in the injured and the



adjacent sites after O-2A transplantation. Double staining of BrdU and

CNPase showed that the cells have been differentiated into oligodendrocytes,

after 2 months of transplantation. On the contrary double staining of BrdU and

GFAP, or NeuN have shown to be negative, indicating that astrocytes and

neurons have not been produced by the transplantation of O-2A cells in vivo.

According to the tract tracing study, anterogradely labeled processes have

been observed to cross the cavity of the injured site of the spinal cord.

Retrogradly labeled neurons in the reticular formation, raphe nucleus and red

nucleus have shown to increase after O-2A transplantation.

Therefore, it can be concluded that O-2A cells have shown to migrate to the

adjacent sites of the injured site, leading to the differentiation into

oligodendrocytes when transplanted to the animals with SCI. Behavioral test,

electrophysiological and morphological studies showed that the

transplantation of O-2A cells may play an important role in functional recovery

and axonal regeneration. These results may have an implication in the



development of potential therapeutic strategies for SCI based on glial

precursor cell transplantation.

Key Words: spinal cord injury, O-2A cell, transplantation, behavioral test,

electrophysiology, morphology
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I. INTRODUCTION

The causes of spinal cord injury (SCI) can vary from fall to disastrous
accidents. According to the Spinal Cord Injury Association of lllinois, 183,000
to 230,000 people are affected by SCI in the US and about 11,000 new cases
are arising each year. Majority of them are male (81.6%) and falls between

16-30 years of age.' The primary cause of malfunction in SCI are complete or



incomplete loss of supraspinal motor, sensory and autonomic drive below the
lesion that leads to complete or incomplete loss of functions depending on the
severity. > The severity of SCI on the whole is determined not only by its
primary insult but also by the secondary processes including ischemia, anoxia,
free-radical formation, and excitotoxicity that occur over the hours and days
following injury that leads to penumbral cell death.® The resultants of all of
these processes are axonal damage, loss of neurons and glial cells, and
demyelination.

The contusive experimental model of SCI offers the advantage of being
clinically pertinent. Contusion of spinal cord in rats has been shown to provide
a reliable and reproducible injury,* and some studies have shown to produce
similar histopathological features of SCI in different species.>® One of the
method to produce contusion in the spinal cord is weight drop. The weight
drop method involves dropping down a guide rod with calibrated weight from

a specified height in order to strike the surgically exposed spinal cord. NYU



weight drop model has been adopted widely for this study. Although SCI still
have poor prognosis, many researchers have worked on finding effective
ways for the functional recovery after acute SCI using pharmacological agents
and various types of neurotrophic factors. However, a potentially effective
repair strategy that is raising researchers’ interest today is surgical
transplantation of axonal growth-promoting and —guiding cells into the injured
spinal cord segment.

Promotion of axonal regeneration and recovery from functional deficit are
the major target of SCI treatment. A variety of cell transplantation has been
approached as a source of treatment to replace tissues that has been lost
through cell death. Especially huge efforts have been admitted to replace
damaged myelin or to supply a tissue bridge for nerve fiber growth. Several
studies have reported various cell types transplantation that have been shown
to have efficiency in the locomotion improvement in different SCI

models.”#%1011121314 These include Schwann cells (SCs),'>"®"" olfactory



7,20,21,22

ensheathing glial (OEG) cells,”®' fetal neural tissues, peripheral

23,24,25,26 12,27,28

nerves, and stem cells, which can differentiate into multiple
classes of neurons or glia. Although varieties of cells were found to be useful
in the treatment of SCI, glial cell lineage is found to be the most efficient cell
line for the axonal regeneration and remyelination. Glial cells are classified
into two types according to their origins: peripheral nervous system (PNS) and
central nervous system (CNS). SCs which is PNS myelin forming cell, have
been well known and studied in the past.”**® However, there are many
different types of CNS glial progenitors and they are newly arising cell lines
for the source of the treatment of SCI. When SC graft was transplanted to a
transected adult rat thoracic spinal cord, it has been known that the SC graft
has played a major role in the promotion of regeneration and remyelination of
propriospinal  axon.**3%  The combination of SC grafts and

34,35

methylprednisolone’ or neurotrophic factors is found to be effective in the

promotion of axonal regeneration from brainstem neurons. Although CNS



axons can be regenerated by grafting SCs (PNS cells) into CNS, it was found
that the cells could not migrate to the adjacent area and therefore the synaptic
contacts could not be made even though it is crucial for the functional
recovery. To substitute these problems, CNS glial cell types have been
chosen. One of the most promising CNS glial cell types is OEG
cells 37383940 OEG grafts were found to promote axonal growth and
functional improvements in different SCI model."®"**'*? Transplanted OEG
cells appear to migrate further within the CNS than transplanted SCs.™
Moreover, when a combination of SC grafts and OEG cells were transplanted
into the transected or contused spinal cord region, it has been found to
promote regeneration of descending and ascending axons into the caudal and
rostral spinal cord, respectively.*’

Although it is known that compact myelin may be formed after
transplantation of exogenous glial cells into demyelinated region of adult

CNS,* assessment of the electrophysiological properties of the remyelinated



axons has not been undertaken. Such electrophysiological study is important
because reliable impulse conduction in remyelinated axons require not only
the formation of compact myelin sheath but also establishment of appropriate

45,46
h,™

myelin segment lengt and ion channel organization at the newly formed

nodes of Ranvier.*’#849%0 |t

is not known whether remyelination by
transplanted exogenous OEGs and SCs, especially in the adult CNS, meet
these criteria for the reestablishment of normal conduction. However, since
the cells from CNS like OEG cells were found to be effective in the treatment
of SCI, it is tempting to study the effects of progenitor cells from the brain in
the recovery from the functional deficit.

O-2A cells are named after the two types of progeny that differentiate to
oligodendrocytes and type 2 astrocyte in vitro, which were first described by
Raff et al.”' These cells can be isolated from the postnatal rat optic nerve,

cerebellar cortex, brain stem and spinal cord. O-2A cells are known to

differentiate  predominantly into myelinating oligodendrocytes upon

10



transplantation, but differentiation into neuronal cells has not been
observed.” Differentiation into astrocytes in vivo has not been consistently
observed.?***® Therefore some investigators have suggested naming O-2A
cells as oligodendrocyte precursor. Oligodendroglial precursor cells undergo
migration and proliferation stages before the cell differentiation into myelin
forming  oligodendrocyte.®® 0O-2A  lineages express characteristic
developmental marker which is anti-ganglioside antibodies (A2B5).°" This
antibody has been used widely to identify progenitors of O-2A lineage.
Neonatal rat brain displays the most enriched ganglioside compositions

°7%  Furthermore, O-2A cells isolated

compared with cells from other sites.
from the cerebral cortex appear to generate oligodendrocytes at a later stage
and over a longer time period than cells isolated form the optic nerve and
chiasm.”® Power et al.*® have shown that O-2A cells isolated from the cortex

shows higher purity of O-2A cells even after long culture period.

A number of studies have shown that neonatal oligodendrocye precursors

11



were able to survive, proliferate, migrate, and myelinate after the

transplantation into the CNS of myelin mutant neonates which lack

myelination.**%

These studies highlighted the potential use of
oligodendrocyte precursor as a therapy for the diseases that has been
caused by demyelination such as multiple sclerosis (MS). Very similar
characteristics have been observed from the cells that have been isolated
from adult CNS. When transplanted into the CNS of hypomyelinated hosts,
oligodendrocyte precursors migrate over considerable distances, and give
rise to large numbers of myelinating oligodendrocytes.®¢2

In the present study, the effect of O-2A cells transplantation into the injured
spinal cord was studied. To support this study, behavioral test for the
locomotion recovery, electrophysiological study for the axonal conduction,
immunohistochemical study to observe the trends of cells that have

undergone migration and differentiation and tract tracing study to observe if

the axons have established synaptic contact were performed.

12



Il. MATERIALS AND METHODS

1. Primary O-2A Progenitor Cell Culture

Primary O-2A progenitor cultures were prepared from 2 day postnatal rat

pups by the method of Juurlink et al.®®

Cerebral hemispheres were removed,
mechanically dissociated, suspended in primary culture growth medium and
plated on four 100-mm tissue culture Petri dishes for each rat pup (Falcon no.
3003). After 5 days, primary cultures were placed on OPM-G (Working DMEM
with 1 M glucose, 50 mM lactate, transferring-biotin-selenium, 30% B104
conditioned medium, 5 pg/ml insulin). The majority of cells were
oligodendroglial precursors after 10-14 days of culture then the culture was
ready for harvest. Cell suspension was filtered sequentially through nylon

filters and was centrifuged at 180 g for 15 min. The cells were plated on

polylysine-coated dishes and grown in OPM without glucose. To maintain

13



proliferation of O-2A progenitors, the cells were grown in defined medium
supplemented with conditioned medium from B104 neuroblastoma cells

1.5 Cell morphology and

according to the procedure described by Louis et a
density was monitored daily under a phase contrast microscope. The
characteristics of culture and its purity was determined by performing
Immunocytochemistry with primary antibodies such as A2B5 for O-2A
progenitor (1:100, Chemicon, Temecula, CA, USA), GFAP for astrocyte (1:
500, BD, San Jose, CA, USA), O4 for immature oligodendrocyte (1:40,
Chemicon), and CNPase for oligodendrocyte (1:100, Chemicon). Cells were
labeled by incubating them in the presence of 2 uyM bromodeoxyuridine

(BrdU: Sigma, Saint Louis, Missouri, USA) further for a week before the

transplantation.

14



2. Spinal Cord Injury

Fifty male Sprague-Dawley rats (Daehan Biolink, Chungbuk, Korea)

weighing 300-350 g at the time of surgery were used. They were housed in

groups of four and had free access to food and water. All animal experiments

were approved by the Institutional Animal Care and Use Committee of Yonsei

University College of Medicine.

Acute spinal cord injury was induced using NYU weight-drop device. Adult

male Sprague-Dawley rats were anesthetized with pentobarbital (50 mg/kg,

i.p.) and a laminectomy was performed at the T9 spinal level. The exposed

dorsal surface of the cord was then subjected to a weight-drop impact, 10 g

weight impact rod was dropped from a height of 25 mm to produce

moderately contused SCI model. During recovery, rectal temperature was

maintained at 37C by a feedback regulated heating pad. Postoperative

nursing care included bladder expression two times a day. Prophylactic

15



gentamycin sulfate (1 mg/kg) was regularly administered for a week.

3. Behavioral Assessment after SCI

Behavioral test was performed to measure functional recovery of hindlimb.
Open field testing procedures have been described by Basso et al.® This
scale measures hindlimb movements with a score of 0 indicating no
spontaneous movement, with increasing score for use of individual joints,
coordinated joint movement, coordinated limb movement, weight- bearing and
so on to a maximum score of 21.

Rats were gently adapted to the open field. Once a rat walked continuously
in the open field, two examiners conducted a 5 min testing sessions in each
leg, postoperative (p.o.) open field testing was performed at least once a

week from day 1 p.o. to 9 weeks for all the animals.

16



4. Transplantation of O-2A Cells

According to behavioral test for one week, rats were assigned, without bias,
as media-treated group (n=19) and O-2A groups (n=21). At 7 days after the
induction of injury, rats were anesthetized with halothane (1:2, N,O:0,). Using
a capillary glass tube, transplantation of cultured 5 pl O-2A (1x10° pl) cells
was performed in the O-2A group, which was labeled with BrdU into the
epicenter of injury. The media-teated group received 5 ul of media injection
within the epicenter of injury. Cyclosporine A (1 mg/100 gm) was injected daily

since 2 days before the transplantation.

5. Electrophysiological Assessment

1) Animal preparation

Eight weeks after the transplantation, the animals were anesthetized with

17



urethane (1.25 g/kg). Each animal was also given atropine sulfate (0.8 mg/kg)

to reduce tracheal secretions. Pancuronium bromide (0.4 ml) was then

perfused through the tail vein to induce muscle relaxation. The rat was then

artificially respired using a small animal respirator (Model 683, Rodent

Ventilator, Harvard, Holliston, MA, USA) and maintained within the

physiological range using a capnometer (Model 2200, Traverse Medical

Monitors, Saline, Michigan, USA). The animal was placed on the stereotaxic

device (Narishige Scientific instrument laboratory, Setagaya-ku, Tokyo, Japan)

and the rectal temperature was maintained between 36.5-37.5C.

2) Somatosensory evoked potentials (SSEPs)

SSEPs were recorded to measure the conduction recovery of the sensory

system. A special electrode (NE-120, Rhodes Medical Instruments, Inc.,

Woodland Hills, CA, USA) was used for SSEP recording. The pointed tip of

the electrode was used as active and the rounded part of the electrode was

18



used as a reference. For the recording, the electrode was placed in the

sensorimotor cortex (bregma: -2 mm, lateral: 2 mm). Bipolar platinum wire

electrode placed in contralateral sciatic nerve was used as a stimulating

electrode. A single square pulse (0.1 ms duration) of electrical stimulus was

delivered by a stimulus isolator (A365D or A 365, World precision Instruments,

Inc., New heaven, Connecticut, USA), which was driven by a pulse generator

(Pulsemaster A300, World Precision Instruments, Inc., New Heaven,

Connecticut, USA). The analog signals of the evoked potentials were

amplified (x10000), filtered (bandpass 300-1000 Hz), and fed to IBM-

compatible PC through AD/DA converter (CED, Cambridge, UK) to be

averaged using Spike 2 software. Each SSEP consisted of an average of 100-

300 single sweep epochs. The threshold of electrical stimulation was first

determined in each experiment. The effect of the stimulation intensity on

SSEPs was analyzed in the wave forms by latencies and amplitude.

19



3) Motor evoked potentials (MEPs)

MEPs were recorded to measure the conduction recovery of the motor

system. It was necessary to increase the area of stimulation in the motor

cortex in order to properly monitor the MEPs with low stimulus intensity. For

this purpose, the special electrodes that were identical to the recording

electrodes to record SSEP were used as stimulating and recording electrodes.

Same specifications for the recording and stimulating electrodes were applied.

In cortical stimulation, a single square pulse (0.1 ms duration) of electrical

stimulus was delivered by a stimulus isolator, which was driven by a pulse

generator. Laminectomy was performed at L1 of the spinal cord for the

placement of the epidural recording electrodes. Following the laminectomy,

the electrode was inserted into the contralateral gray matter of the L1 spinal

cord. The analog signals of the evoked potentials were amplified (x10000),

filtered (bandpass 300-1000 Hz), and fed to IBM-compatible PC through

AD/DA converter to be averaged using Spike 2 software. Each MEP consisted

20



of an average of 100-300 single sweep epochs. The threshold of electrical

stimulation was determined in each experiment. The effect of the stimulation

intensity on MEPs was analyzed in the wave forms by latencies and

amplitude.

6. Immunohistochemical Assessment

Immunohistochemistry was performed to evaluate the morphological

features of transplanted cells in vivo. Nine weeks after the induction of SCI,

the rats were perfused, by PBS and 4 % paraformaldehyde in pipe solution (1

M, pH 6.8). The spinal cords and brains were removed and post-fixed for 24 h

in 4 % paraformaldehyde followed by 30 % sucrose in PBS overnight. Serial

longitudinal sections of the spinal cord and coronal sections of the brain were

made by the cryostat (12um thick: Microm/HM500V, CE, Germany) and the

specimens were stored at -20C.

21



The sections were rinsed in PBS for 3 min. Then the sections were

incubated in 2 N HCI at 37°C for 35 min followed by 0.1 M borated buffer.

Blocking solution was used to treat the sections. The sections were incubated

for two days with primary antibodies at 4°C. Secondary antibodies were

applied to the sections for three hours and then the anti BrdU -FITC (1:50,

Roche, Indianapolis, IN, USA) was used for double staining. Following

primary antibodies were used: anti-glial fibrillary acidic protein (anti-GFAP, 1:

500, BD), anti-CNPase (1:100, Chemicon), anti-neuronal nuclei (NeuN, 1:500,

Chemicon). The sections were mounted on slide glasses with fluorescent

mounting medium (DAKO, Carpinteria, CA, USA) and observed by

florescence microscope (BX51, Olympus, Tokyo, Japans).

7. Tract tracing study

1) Anterograde labeling of ascending axons

22



Anterograde tract tracing study was performed to determine the extent of

corticospinal neurons with axon projecting to the spinal cord. Eight weeks

after the transplantation, the anterograde tracer, biotinylated dextran amine

fluorescein (BDA, 1 pl: Vector, Burlingame, CA, USA), was stereotactically

injected into the sensorimotor cortex. Rats were resuscitated and allowed to

survive for 10 days to permit transport of the tracer. Then rats were perfused

as described above. For the tissue preparation from the injured site up to the

T13 spine was removed and sectioned sequentially. Every third sections were

used to examine processes that contain BDA. Sections were preincubated in

3 % H,0, in methanol to block endogeneous peroxidase (10 min, RT) and

then allowed to be incubated in avidin-biotinylated peroxidiase fluorecein

(Vector).

2) Retrograde labeling of descending axons

Retrograde tract tracing study was performed to determine the extent of

23



supraspinal neurons with axons projecting to the spinal cord across the

injured site. Eight weeks after the transplantation, rats were anaesthetized as

described above. Rats were assigned into O-2A cell transplanted group,

media transplanted group and normal group for the quantifications. The spine

(L1) was exposed and microinjections of the retrograde tracer, fluorogold (FG:

Fluorochrome, Denver, CO, USA), were made into the spinal cord caudal to

the injury site using a glass needle attached to a 1 pl Hamilton syringe in all

the groups. Two injections (2 x 0.5 ul, FG) were bilaterally made at 0.5 mm

lateral to the postero-median vein and 1.2 mm depth. One week after the

injection of the tracer, the rats were perfused and the fixed brains were

removed and then sectioned. Every third sections were mounted onto gelatin-

coated glass slides for the quantification of the number of FG-labeled cells.

The retrograde FG label was visualized under UV excitation with 10x

objective on fluorescence microscope. The sections were pictured and

modified using Meta Morph computer software (Meta Morph version46r5,

24



Downingtown, PA, USA). For the quantification of the slides, the labeled cells

in the reticular formation, raphe nucleus and red nucleus were manually

counted and averaged for each groups.

8. Statistical analysis

The independent t-test was used to determine statistical differences

between O-2A and media-treated groups for BBB scores at each time point.

One-way ANOVA followed by Dunnett's post-hoc multiple comparisons was

conducted in electrophysiological and morphological studies in order to

compare the media-treated group with O-2A or normal group.

25



lll. RESULTS

1. O-2A progenitor cell culture

Primary O-2A progenitor cell cultures have bipolar morphology (Fig. 1). O-

2A progenitor goes through a series of maturational stages, which can be

identified by the sequential expression of cell surface epitopes. Discrete

characteristics of the cell can be recognized by the antibodies A2B5, O4,

GFAP, and CNPase. The composition of the transplanted O-2A progenitor

cells show almost 80% of A2B5-positive, 10 % of O4-positive, 7 % of GFAP-

positive, and 3 % of CNPase-positive immunoreactivity. The total number of

immunopositive cells adds up to >90 %, which may be accounted for by the

presence of A2B5-positive, O4-positive cells, which are intermediate in

maturity between O-2A progenitor and pro-oligodendrocytes. Thus, the

suspension was highly enriched in oligodendrocyte progenitors (Fig. 2).

26



Fig. 1. O-2A cell culture. The phase contrast fields show the bipolar

morphology of the O-2A cell at magnification of x 40 (left) and x 100 (right)
(Scale bar: 100 pm).

A GFAP
-} A2B5
- l

Fig. 2. Immunocytochemistry by primary antibodies of A2B5, GFAP, CNPase

and O4 after primary culture. A: Progenitor cell stained positively in all

antibodies. Especially, strong staining was seen in A2B5 at magnification of x



100 (scale bar: 100 um). B: A2B5-positive stained cells in a higher

magnification of x 400.

2. Behavioral Assessment

Hindlimb locomotor performance was tested in all rats using the BBB open-
field scaling.®® Before the transplantation, BBB tests were performed in all
animals at 1, 4, 7 days after SCI and the ones with low score and the ones
with equally malfunctional hindlimbs were specially selected for the
experiment. The media-treated group (n=14) has scored 0 in both legs at 1
day post injury then gradually increased to a final score of 9.5 £ 0.4 in left leg
and 10.1 + 0.39 in right leg at 9 weeks after the injury (Fig. 3). The O-2A
transplanted group showed significantly improved hindlimb performance since
6 weeks after the transplantation compared to media-treated group (p< 0.05).

The final BBB scores of the O-2A cell transplanted group (n=17) were 12.25 +

28



0.37 (L) and 12.17 + 0.36 (R) in both legs.

. LEFTLEG 1
% ¥
12 121
W 10 1 w
o o
O 81 9
o o
‘D ‘D
J o
3 ° 3
m —O0— 0-2Acell
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Fig. 3. BBB scores of SCI rats before and after the transplantation. O-2A

transplantation at 7 days p.o. significantly improved hindlimb performance

in both legs since 6 weeks after transplantation (1: transplantation time, *:

p< 0.05).

3. Electrophysiological Assessment

1) Somatosensory evoked potentials (SSEPs)
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The SSEPs were recorded in the sensorimotor cortex following the

stimulation of sciatic nerve. When the sciatic nerve was stimulated, a

negative-positive-negative deflection with a short latency was observed at the

sensorimotor cortex. The latencies of SSEPs were classified as initial, N1-

and P1- peak latencies. Fig. 4 shows representative wave forms of SSEPs by

different intensity stimulations. Table 1 and 2 shows the numerical data of the

SSEP recording. The initial, N1, and P1 latencies in O-2A group were tend to

lengthen compared to media-treated group. However, when it was statistically

analyzed, no significance was observed. Amplitudes of experimental groups

(media and O-2A cell group) were significantly lower than normal, whereas

when media-treated and O-2A group were compared, no differences were

observed in both N1 and P1 (Fig. 5).
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Table 1. Latencies of SSEPs.

(unit: msec)
LATENCY Initial N1 P1
Normal (n=7) 7.3+0.19" 18.7 £ 0.51° 35.3+0.94"
Media (n=12) 9.7+ 0.68 27.2+1.22 54.0 + 2.03
0-2A (n=19) 8.8+0.32 241+ 0.69 49.9 + 1.34

Numerical data of SSEPs showed significant difference in N1-peak indicating

the recovery of conduction velocity in sensory system. Asterisks indicate

statistically significant difference compared to media-treated group.

Table 2. Amplitudes of SSEPs.

(unit: V)
AMPLITUDE N1 P1
Normal (n=7) 22.41 + 3.58" 46.75 + 8.88"
Media (n=12) 6.17 £ 1.18 10.36 £ 1.90
0-2A (n=19) 4.05+1.31 7131224

Numerical data of SSEPs showed no significant difference between

media and O-2A group.
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Fig. 4. Representative wave forms of somatosensory evoked potentials by
different intensity stimulations. Although lengthened latency and reduced in
amplitude were seen in both media and O-2A groups compared to normal,
similar patterns were observed in media and O-2A cell groups. A: Normal

group, B: Media group, C: O-2A group.
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Fig. 5. Latencies and amplitudes of SSEP. A: Comparison of initial, N1- and
P1-peaks latencies in different groups. B: Comparison of N1- and P1-
peaks amplitudes in media-treated and O-2A groups were shorter than
normal group. Asterisks (*) indicate statistically significant differences
between media-treated group and normal or O-2A group by Dunnett’s post-

hoc multiple comparisons.

2) Motor evoked potentials (MEPs)
The MEPs were recorded using a bipolar disk electrode in the L1 spinal
cord after hindlimb area of the sensorimotor cortex was stimulated. The wave

forms were very similar to SSEPs with negative-positive-negative deflection.
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Table 3 and 4 shows the numerical data of the MEP recording. After spinal

injury, the animals showed lengthened MEP latencies and reduced

amplitudes. Fig. 6 shows representative wave forms of MEPs recorded in

normal, media-treated, and cell transplanted animals. Note the different

amplitude scales. The latencies and amplitudes of MEPs were significantly

lengthened and reduced, respectively. In MEPs, the latencies of the initial,

N1- and P1- peak of the media-teated group were significantly lengthened (p<

0.05) compared to normal group. Latencies of O-2A group were shorter than

the media-treated group. Although the amplitudes of the media-treated and O-

2A groups have reduced than normal group, statistical analysis have shown

no significant differences between media-treated and O-2A group (Fig. 7).
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Table 3. Latencies of MEPs.

(unit: msec)
LATENCY Initial N1 P1
Normal (n=7) 9.3+0.52" 22.3+0.87° 43.1+1.54"
Media (n=11) 28.6 + 2.05 40.5 + 2.55 59.0 + 1.64"
0-2A (n=13) 16.4 + 1.26 28.8+2.04 48.4 £ 2.71

Numerical data of MEPs showed significant differences in initial, N1- and P1-
peak latencies, indicating the recovery of conduction velocity in motor system.

Asterisks (*) indicate statistically significant difference compared to media-

treated group.

Table 4. Amplitudes of MEPs.

(unit: pVv)
AMPLITUDE N1 P1
Normal (n=7) 9.26+2.54" 18.65+5.39"
Media (n=11) 0.351£0.18 0.57+0.11
0-2A (n=13) 0.52+0.09 0.911£0.15

Numerical data of measured MEPs showed no significant difference between

media and O-2A groups.
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intensity stimulations. Lengthened latencies and reduced amplitudes were

seen in both media-treated and O-2A cell compared to normal. In 6mA, O-2A

cell group displayed shorter latencies compared to media indicating the

recovery of conduction velocity in motor system. A: Representative wave

forms of MEPs for normal, media, and O-2A groups by different stimulation

intensity, B: Representatives wave forms of MEPs by 6mA stimulation. Note
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Fig. 7. Latencies and amplitudes of MEPs. A: Comparison of initial, N1- and
P1-peaks latencies in different groups. All latencies in O-2A transplanted
group were significantly shorter than media-treated group. B: No
differences were observed in amplitude between media-treated and O-2A
groups. Asterisks (*) indicate statistically significant differences between
media-treated group and normal or O-2A group by Dunnett’s post-hoc

multiple comparisons.

4. Immunohistochemical Assessment

The amount of cell that have settled and survived after the transplantation
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of cells was determined by BrdU immunoreactivity in longitudinal sections

including epicenter of the spinal cord 8 weeks after the transplantation. The

BrdU-positive cells appeared in injured site and upper and lower site of the

spinal cord (Fig. 8). The double staining of BrdU and CNPase-positive cell

was present in transplanted site and the adjacent sites, indicating that the

transplanted cells have well been settled and differentiated as

oligodendrocytes (Fig. 9). However, the double staining of BrdU and GFAP, or

NeuN was not observed. Here, it may be supposed that the transplanted cells

have migrated to the adjacent sites of the injury and mostly differentiated to

oligodendrocytes.

Fig. 8. Immunohistochemistry with BrdU. BrdU-positive cells were revealed
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around the injury site and adjacent upper (left) and lower (right) region, which

shows well migrated and evenly spread O-2A cells (scale bar: 100 pym).

ey
- : overlay

Fig. 9. Double staining of BrdU and CNPase analyzed by confocal

microscope. A: Media-treated control group. BrdU and CNPase were seen

negative. B: The injection site of O-2A group. Double-stained BrdU-positive

cells and also CNPase was seen positive (arrow), indicating that the cells

have fell the lesion. C: The adjacent site of injury site of O-2A group. O-2A cell

transplantation promotes cell migration and differentiation in oligodendrocytes

around adjacent upper and lower sites revealed by double-staining of BrdU
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and CNPase.

5. Tract tracing study

1) Anterograde tract tracing

BDA, an anterograde tracer, was used to determine the extent of

corticospinal neurons with axon projecting to the spinal cord. The amount of

anterogradly labeled process that have absorbed BDA molecules were

observed more towards the uninjured site caudal to the injured spinal cord,

indicating that the tracer have traversed the demyelinated axons somehow.

The amount of BDA-positive processes was observed more from the O-2A

cell transplanted group than media treated group (Fig. 10).
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Fig. 10. Anterograde labeling of corticospinal neurons by BDA. Anterogradely

Caudal

labeled processes were observed more towards the uninjured site caudal to

the injured spinal cord (* : cavity, scale bar: 100 ym).

2) Retrograde tract tracing

FG was used to determine the extent of supraspinal neurons with axons

projecting to the spinal cord across the injured site. The number of

retrogradely labeled neurons was determined from the red nuclei and two

brainstem nuclei such as the reticular formation and raphe nuclei. Fig. 11
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shows representative images of FG-labeled neurons in the nucleis in both

experimental (media and O-2A treated) and normal groups. O-2A transplanted

group showed an increased amount of FG-positive cells in those three areas

of the brain than media-treated group. Fig. 12 shows the quantified results of

FG-positive cells in different regions of the brain.

A  Reticular formation
e ol

(jpéh%

Reticular formation Raphe Nuclei Red Nuclei

Fig. 11. Retrograde labeling of brain stem neurons by FG. O-2A

transplantation promoted axonal regeneration in the different brain stem

42



regions. The increased amount of FG-positive neurons was seen in O-2A

group (scale bar: 100 pm). A: Maps of different parts of brain, B:

morphological view of FG stainings for different groups from its

corresponding site of the brain.
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Fig. 12. Quantified FG-positive neurons in different brain stem areas. O-2A

cell transplantation after SCI increased FG-labeled neurons in the raphe

nucleus, red nucleus and reticular formation.
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IV. DISCUSSION

In the present study, after O-2A progenitor when transplantation into the

acute SCI, locomotion recovery by BBB scale was significantly improved

compared with media-treated group. The electrophysiological study has

shown no significant difference in SSEPs between O-2A and control groups.

However, from the MEP recording, the initial, N1- and P1-peak latencies in O-

2A group were significantly shorter than media-treated group. The BrdU

positive cells were located at the injured and the adjacent sites after O-2A

transplantation. Double staining of BrdU and CNPase showed positive results

after 2 months of transplantation, whereas double staining of BrdU and GFAP

or NeuN was negative. When BDA, an anterograde transport, was injected

into the sensorimotor cortex, anterogradly labeled processes were observed

in the lower part caudal to the injured site, indicating that BDA traversed the

injured spinal cord. Retrogradly labeled neurons in the reticular formation,

raphe nucleus and red nucleus increased after O-2A transplantation

44



compared to media-treated group.

1. Measurement of Locomotion Improvement by BBB

Groves et al.’® has examined the ability of O-2A cells to promote
remyelination in demyelinated spinal cord in x-irradiated model. The present
data support the evidence that has been reported by Groves et al.*? using
contused SCI models. A modest but significant improvement in hindlimb
performance in the later period of the 9 week endurance in the O-2A
transplanted group was observed compared with the media-treated group. It
has been shown that it generally takes 5 weeks for the human embryonic
stem cells to survive and differentiate into oligodendrocytes, astrocytes and
neurons in rat.’? Similarly the O-2A transplanted group has shown significantly
improved hindlimb performance since 6 weeks after the transplantation. It can

be assumed that the transplanted cells require 5 to 6 weeks for the migration,
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proliferation, and differentiation when it has been transplanted into the right

site in vivo. Transplanted O-2A cells may have either newly formed axonal

connections or repaired existing connections of the supraspinal neurons with

spinal motor neurons that innervate hindlimb muscles.

2. Recovery of Neural Conduction by Axonal Regeneration and

Remyelination

Many studies have reported for axonal regeneration and remyelination

following various cells transplantation. However, the functional recovery of

newly regenerated axons and reestablished myelins could hardly be observed.

In the present study, the SSEPs and MEPs were observed by performing

electrophysiological study. The results indicate that the latencies of SSEPs,

which has been recorded from the sensorimotor cortex following sciatic nerve

stimulation, were tend to be lengthened compared to the media-treated group
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but the difference was not significant.

In the present study, NYU Impactor was used to produce SCI models. The

contusion of spinal cord was performed at dorsal part of the spinal cord (T9).

Numerous cell deaths have been shown to occur at the dorsal part of the

lesion site. One of the main reasons that SSEPs have not shown significant

result is because exogenous oligodendrocyes only assist remyelination of

damaged axons. In the injured spinal cord, not only demyelination of neurons

have occurred, but neuronal cell death have also occurred, therefore, the

improvement of SSEPs have not shown because neurons and axons enough

to meet the required amount of myelin sheaths to deliver the action potentials

are not present. However, when MEPs were recorded from L1 spinal cord

following the motor cortex stimulation, the latencies of the MEPs in O-2A

transplanted group were statistically shortened compared with media-treated

group. From the results that have been obtained, it can be assumed that the

ventral part of the lesion site may have more survived cells and axons even
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though they might have been demyelinated. Consequently, regeneration and
remyelination of axons in the ventral part of the injured spinal cord might be
easier to take place after the transplantation of O-2A cell. Furthermore,
transplanted cells, which are BrdU-labeled, have migrated more towards the
ventral part of the lesion site in the present study.

According to the rat anatomy, the anterior part of the motor cortex projects
to the cervical spinal cord controlling the forelimbs, and the posterior part of
the motor cortex projects to the lumbar spinal cord controlling the
hindlimbs.®®®” These electrophysiological findings using MEPs seem to

correspond to behavioral data described above.

3. Immunohistochemical Study to Support Survival, Migration, and

Differentiation Patterns of Transplanted Cells

The present study has used BrdU to observe migration and differentiation
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patterns of transplanted cells. The extent of cells that have settled and
survived after the transplantation was determined by observing BrdU-positive
neurons, which stains nuclei, in longitudinal sections of spinal cord including
the epicenter of injury site 8 weeks after the transplantation. The BrdU-
positive cells were observed in injury site and its adjacent sites of the spinal
cord. Thus this finding that the BrdU-positive cells have been observed
around the spinal cord in the present study may be related to the ability of
CNS-derived glial progenitor cells to migrate from the injury site into the
adjacent tissue. SCs do not have such migratory ability.*"®" SCs and OEG

cells produce various growth factors such as nerve growth factor,®® brain-

69,70 70,71,72

derived neurotrophic factor, ciliary neurotrophic factor (CNTF). and
glial cell line-derived neurotrophic factor.”® Particularly CNTF is a molecule of
increasing interest in developmental neurobiology due to its ability to function

as a modulator of survival and differentiation of a variety of neurons and of

glial cells in the CNS.74757677.78.79808182 The CNTF and a CNTF-like protein
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are present in the environment of O-2A progenitor cells isolated from the optic
nerve.”>® During development of the rat optic nerve, oligodendrocyte
precursors appear to originate from the brain and subsequently migrate into
the nerve.” Therefore in the present study, O-2A cells that has been obtained
from the brain might produce supportive factors which may support cell
survival and differentiation.

The double staining of BrdU and CNPase was observed from the
transplanted and the adjacent sites, indicating that the cells that have been
transplanted have well settled and differentiated into oligodendrocytes.
Identification of type-2 astrocyte in vivo was not possible to be performed.

Kondo et al.??

shows that oligodendrocyte progenitors isolated from the optic
nerve may give rise to neurons. However, the double staining of BrdU and
GFAP or NeuN was seen to be negative, indicating that the transplanted cells

have not been differentiated into neurons or astrocytes in the present study.

Therefore, it can be confirmed that O-2A cells have been differentiated to
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oligodendrocytes and migrated to remyelinate the demyelinated axons. At this
point, the transplanted cells might have migrated to the adjacent sites of the

injury and mostly differentiated into oligodendrocytes.

4. Reestablishment of Ascending or Descending Pathway

According to the present retrograde tracing study, it could be observed that
the O-2A cells transplanted animals had more retrogradely labeled neurons in
the brain than media-treated control, indicating that more supraspinal axons
were survived in the uninjured site caudal to the transplanted area. The
regeneration of descending brain stem axons into the spinal cord caudal to
the graft site is consistent with other finding.® Brain stem neurons in the
raphe magnus, reticular formation and red nucleus normally project their
axons to the spinal cord.®* An analysis of the retrograde tracing was

performed in more detail and the number of labeled neurons was quantified in

51



such brain stem nuclei relevant to the initiation and modulation of locomotion.
It has been shown previously that hindlimb recovery after an incomplete SCI
depends on the number of spared and regenerated descending axons from

brain stem nuclei and cerebral cortex®®®

and from local propriospinal
axons.#® |nterestingly, it appears that only a small percentage of the
descending brainstem axons is required to drive the segmental circuits
involved in the generation of basic locomotion.?*#*% Thus improvement in
functional recovery can be explained by the increased amount of descending
axons and local propriospinal axons seen in the present study with the
evidence of electrophysiological study. Consequently, the improvement in
behavioral outcome may be explained, at least in part, by remyelination of the
spared axons by the transplanted O-2A cells.

In conclusion, O-2A cells have been shown to migrate and differentiate into

oligodendrocytes when transplanted to the animal with SCI. The data suggest

that the transplantation of O-2A cells play an important role in functional

52



recovery and axonal regeneration. The transplantation of O-2A cells with

properties to promote remyelination may emerge as one of important

candidates for the future cell transplantation strategies in the injured adult

spinal cord.
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