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ABSTRACT A central issue in transplantation research is
to determine how and when transplantation of neural tissue can
influence the development and function of the mammalian
central nervous system. Of particular interest is whether
electrophysiological function in the traumatized or diseased
mammalian central nervous system can be improved by the
replacement of cellular elements that are missing or damaged.
Although it is known that transplantation of neural tissue can
lead to functional improvement in models of neurological
disease characterized by neuronal loss, less is known about
results of transplantation in disorders of myelin. We report
here that transplantation of glial cells into the dorsal columns
of neonatal myelin-deficient rat spinal cords leads to myelina-
tion and a 3-fold increase in conduction velocity. We also show
that impulses can propagate into and out of the transplant
region and that axons myelinated by transplanted cells do not
have impaired frequency-response properties. These results
demonstrate that myelination following central nervous system
glial cell transplantation enhances action potential conduction
in myelin-deficient axons, with conduction velocity approach-
ing normal values.

The ability of transplanted glial cells to ensheath axons and
synthesize myelin when transplanted into dysmyelinating
mutants or chemically created models of demyelination has
been studied extensively (1-6). Until now the primary assay
of myelin-forming grafts has of necessity been anatomical
rather than functional or electrophysiological. However, the
formation of myelin by transplanted cells does not in itself
ensure secure impulse conduction. Impulse conduction after
glial cell transplantation depends not only on myelination but
on deployment of adequate numbers and types of ion chan-
nels at the newly formed nodes of Ranvier (7-9). Moreover,
incomplete or patchy remyelination might be expected to lead
to conduction failure due to impedance mismatch, which
occurs at junctions between myelinated and nonmyelinated
axon regions (10, 11); similarly, failure to form mature
paranodal axoglial junctions can shunt action current and
interfere with conduction (12, 13). In the present experi-
ments, we transplanted central nervous system (CNS) mye-
lin-forming cells into the spinal cord of the myelin-deficient
(md) rat, a mutant that lacks CNS myelin, and studied
conduction properties of the axons in the region of trans-
plantation. The absence of host myelin in this system permits
positive confirmation that functional changes seen after
transplantation are due to the transplanted cells and not to
background host myelination (2, 3). Electrophysiological
studies from the md rat spinal cord have shown that while the
amyelinated fibers of the md rat are capable of secure impulse
conduction, they do so at =1/4 the conduction velocity of
age-matched controls (14). We report here that myelination of

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

53

md spinal cord axons following transplantation of cultured
glial cells results in a significant increase in conduction
velocity, which approaches normal values.

METHODS

Female littermates of the animals to be transplanted were
killed and their spinal cords were removed in a sterile
manner. The spinal cords were dissected free of the
meninges, chopped into small pieces, and incubated in 0.25%
trypsin/0.05% DNase for a maximum of 90 min. The tissue
was triturated through a flame-narrowed glass pipette until a
single cell suspension was obtained. This suspension was
added to a Percoll/sucrose solution (final concentrations,
25% and 0.08 M, respectively) and centrifuged at 30,000 X g
for 45 min. The appropriate cell layer was removed and
placed in culture overnight before being collected and con-
centrated at 50,000 cells per ul. Each recipient rat was
anesthetized with halothane and a dorsal laminectomy was
performed at the thoracolumbar junction. One microliter of
cells was injected via a glass micropipette into two or three
sites along the dorsal columns of the spinal cord. The
transplant sites were marked with sterile charcoal before
closing the incision. At the end of the recording session, the
spinal cords were immersed in 4% glutaraldehyde in 0.1 M
Sorensen’s buffer, processed as described (4), and embedded
in Epon. One-micrometer sections were cut and stained with
toluidine blue for viewing at the light microscope level.
The transplanted rats were sacrificed for physiological
experiments on postnatal day 20, 21, or 22, which is 15-17
days after the transplantation procedure. After deep pento-
barbital anesthesia (60 mg/kg) the animal was perfused
through the heart with ~40 ml of a chilled, oxygenated (95%
0,/5% CQO,), high sucrose solution (containing 124 mM
sucrose, 26 mM NaHCOs, 3 mM KCl, 1.3 mM NaH,PO,, 2
mM MgCl,, 10 mM dextrose) after which the spinal cord was
rapidly removed en bloc and allowed to incubate and come to
room temperature in the same oxygenated high sucrose
solution over 30-45 min. The spinal cord was then positioned
in a standard brain slice chamber perfused with artificial
cerebrospinal fluid (containing 124 mM NaCl, 26 mM
NaHCO;, 3 mM KCl, 1.3 mM NaH,PO,, 2 mM MgCl,, 10
mM dextrose, 2 mM CaCl,) and incubated for a further 30 min
before recording field potentials. After gentle removal of the
dorsal meninges overlying the transplantation site, stimula-
tion of the dorsal columns was obtained with bipolar elec-
trodes placed lightly on the dorsal surface of the spinal cord.
Field potentials were recorded with glass microelectrodes
(1-5 MQ; 1 M Na(l) attached to a high input impedance
amplifier and stored on a digital oscilloscope. Field potentials
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Fi1G. 1. (a) View of the site of transplantation (marked with charcoal; see arrow) showing an area of myelination by the transplanted cells.
(b) A 1-um section through the transplanted area shows that the white streak seen in a is a large patch of myelinated axons occupying most
of the dorsal column. Numerous oligodendrocytes can be seen throughout the region. (c) No myelinated axons are present in an adjacent
nontransplanted region. (d) In a higher power view of the region shown in b, details of the normal myelin formed by the transplanted glial cells

can be seen. (Bars: a, 0.5 mm; b and ¢, 50 um; d, 20 um.)

were occasionally signal averaged (n = 8) when <1 mV but
were often >1 mV, at which amplitudes little or no benefit in
the signal/noise ratio was gained by signal averaging. All
experiments reported here were performed at room temper-
ature.

The conduction velocity of the compound field potential
was determined as described (14). With the bipolar stimulus

A Cc

electrodes in a fixed position on the midline of the dorsal
columns, the recording electrode was stepped at intervals of
either 0.25 or 0.5 mm along the rostrocaudal axis of the dorsal
columns and field potentials obtained at each position. When
possible, the recording track was situated to include several
field potentials from the transplant zone as well as the
adjacent nontransplant zone within one rostrocaudal conduc-

FiG. 2. Field potentials recorded from transplant and nontrans-
plant regions of the dorsal columns. (A) A dimensionally accurate
schematic of the transplanted md spinal cord showing the longitu-
dinal extent of the transplant region (=3 mm in this animal). Two
separate stimulation sites are shown (S; and S;), one for a recording
track within the transplant region and another for a recording track
outside the transplant region more rostrally. The recording interval
is 0.5 mm for both of the tracks shown here. (B) Field potentials from
dorsal columns outside the transplant region typically show a single
main negativity with occasional components either before or after the
main negativity (note the fourth trace from the top). (C) Field
potentials from the transplant region of the same animal shown in B
show two separate negativities (N; and N7) with increasingly distinct
latencies as the recording electrode is moved further away from the
stimulus site. The stimulus site for this track is outside the transplant
region, indicating propagation of the impulse across the amyelinated—
myelinated junction. (D) Field potentials recorded at intervals of 0.25
mm from the transplant region of a different experimental animal
show a single main negativity Nt without separately propagating
components.
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Fic. 3. Aggregate conduction latencies and refractory properties in transplant regions of the md dorsal columns. (A) (Upper) Latency of
the main negativity from 100 recording sites from 17 recording tracks outside the transplant region of the dorsal columns. Latency of the main
negativity from the closest recording site in each track has been set at 0 msec. Slope of the line of linear regression was 1.12 + 0.04 msec/mm,
yielding an average conduction velocity of 0.9 + 0.03 m/sec (means + SEM). (Lower) Similar aggregate data from the Nt and N; components
from the transplant region show a significantly smaller increase in latency with increasing conduction distance, with an average conduction
velocity of 3.2 + 0.23 m/sec. (B) Field potentials obtained at equally spaced distances within (/) and outside (2) the transplant zone demonstrating
the security of conduction into the transplant zone. (C) Ability of axons within the transplant zone to follow tetanic stimuli is similar to that
of axons outside the transplant region. Shown here is the ratio of the amplitudes of the first and last compound action potentials (CAPs) for
tetanic stimuli of 20 Hz (10 sec), 50 Hz (10 sec), and 100 Hz (2 sec). (D) Double-shock experiments showing the ratio of test CAP to control
CAP for interstimulus intervals of 2-200 msec, showing that the time course of recovery for impulse conduction is similar inside and outside

the transplant region.

tion track. The conduction velocity of the field potentials was
calculated by obtaining the inverse of the slope of linear
regression of the aggregate latency vs. distance data.

The preparation for single cell recording was similar to that
for obtaining field potentials except that the L4 and L5 dorsal
root ganglia were maintained in continuity with the spinal
cord during the initial dissection. The ganglion was secured
to the bottom of the recording chamber with four to six
0.1-mm steel pins and intracellular recordings were obtained
with 100 MQ glass microelectrodes filled with 4 M KOAc and
10 mM KCL.

RESULTS

In each of the 10 transplanted rats in this series there was an
opaque white patch several millimeters long visible on the
dorsal surface of the spinal cord. The dorsal columns of
nontransplanted md rat spinal cords are translucent because
they lack myelin. Examination of these patches with a
dissecting microscope showed that they were continuous and
limited in all but one case to the dorsal columns. Fig. 1a

shows a transplanted spinal cord with a clearly visible patch
3.0 mm long. Most of the cross-sectional area of the dorsal
columns had become myelinated after transplantation of glial
cells, which appear numerous throughout the region of repair
(Fig. 1 b and d). Rostral and caudal to these areas of
myelination the dorsal columns contained very few or no
myelinated axons as seen in nontransplanted md spinal cords
(Fig. 1¢).

Glass microelectrodes were used to record local field
potentials from the transplant region and adjacent nontrans-
planted region of the first six rats in this series (Fig. 2A4), and
conduction properties of single axons were studied with
intracellular recordings in an additional four rats. Fig. 2
shows field potentials obtained at rostrocaudal intervals of
0.5 mm from separate tracks in the nontransplant region (Fig.
2B) and adjacent transplant region (Fig. 2C) of the dorsal
column. In this sequence of recordings within the transplant
region (Fig. 2C), there are two negativities; the change in
latency per increment of conduction distance is consistently
smaller for the first negativity (N;) than for the second, larger
negativity (N;). The change in latency for the first negativity



56 Neurobiology: Utzschneider et al.

A S1 S2

L1

R intracellular RO D
Transplant region
B
M0mv L
1 msec
S1 82
C
12 A
QO myelin-deficient fibers
@ control fibers
10 1 A transplant-region fibers
=
g ° s
E 8 A
E )
=]
S 6 - a
B
S
(=
= 4
o
2
o

C.V. Dorsal Root (MVsec)

Fi1G. 4. Single-cell recording of impulse conduction through the
transplant region. (A) Schematic showing placement of two stimu-
lating electrodes in the transplant region and one intracellular re-
cording electrode (Rintracelliar) in the attached dorsal root ganglion
(DRG). (B) Intracellularly recorded action potential of a dorsal root
ganglion neuron stimulated at two different sites of the transplant
region. Interstimulus distance is 2.0 mm and interstimulus latency
shift is 0.77 msec, resulting in a dorsal column conduction velocity
of 2.6 m/sec for this axon. (C) Aggregate data from dorsal column
axons within the transplant region (a; n = 67), nontransplanted md
(0; n = 258), and nontransplanted control rats (e; n = 95). C.V.,
conduction velocity.

from the transplant region is also significantly smaller than
that of the main negativity recorded in the adjacent nontrans-
planted dorsal columns (Fig. 2B). In 6 of 11 of the conduction
tracks obtained in the transplant region a separate conduction
velocity was obtainable for N; and for the typically larger N».
In the remaining five conduction tracks obtained from the
transplant region there was only one repeatedly identifiable
negativity (N1; Fig. 2D), which was also the case for all 17
recording tracks obtained outside the transplant region. As
shown in Fig. 2B, the dorsal column field potential from the
nontransplanted region can occasionally have more than one
component, but the second component could not be reliably
identified throughout the conduction track, and when it could
be seen in two or three consecutive field potentials it tended
to have a latency shift equal to that of the main component.

To determine the conduction velocity of the axons the
latency of the negativities was plotted against conduction
distance. Fig. 3A shows the aggregate data from 17 tracks
through nonmyelinated regions outside the transplanted area,
which resulted in an average conduction velocity of 0.9 +
0.03 m/sec (mean + SEM; 100 latency points from 17
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separate conduction tracks). The conduction velocity of the
N; and Nt components from within the transplant region (3.2
* 0.2 m/sec; mean = SEM; 83 latency points from 11
separate conduction tracks; Fig. 34) was =3 times faster than
the conduction velocity from outside the transplant region.
The conduction velocity of the N, component from within the
transplant region (1.2 = 0.07 m/sec; mean = SEM; 53 points
from 6 tracks) was only slightly faster than the conduction
velocity from the nontransplant region.

The field potential could be observed to propagate either
into or out of the transplant area in all six rats studied (Fig.
3B). In the four cases in which a conduction track encom-
passed both myelinated and nonmyelinated regions there was
an approximate doubling of conduction velocity as the action
potential propagated into the myelinated region. In addition,
fibers within the transplant region displayed frequency-
response properties virtually identical to fibers outside the
transplant region (Fig. 3 C and D). Importantly, the ability of
fibers within the transplant region to follow tetanic stimuli at
test frequencies up to 100 Hz is equivalent to that outside the
transplant region.

The conduction velocity of single axons in the transplant
region was assessed by using intracellular recordings from
single dorsal root ganglion neurons with antidromic stimula-
tion of the dorsal columns (Fig. 4 A and B). Stimulating
electrodes were placed at the dorsal root entry zone and at the
rostral edge of the transplant region. Latency measurements
from 67 axons conducting through the transplant region
yielded an average conduction velocity that was =3 times
faster than axons from nontransplanted md rats and compa-
rable with axons from age-matched controls (transplanted
rats, 2.3 = 0.3 m/sec; n = 67; md rats, 0.76 = 0.02 m/sec; n
= 258; age-matched controls, 1.9 = 0.13 m/sec; n = 95;
means = SEM). A plot of dorsal column conduction velocity
vs. dorsal root conduction velocity for axons from each of the
three experimental groups shows a majority of axons in the
transplant region having a conduction velocity significantly
greater than dorsal column axons of nontransplanted md rats
(Fig. 4C). Propagation of the action potential evoked at the
S2 electrode into the dorsal root ganglion also demonstrates
that axonal conduction occurred through the zone of poten-
tial impedance mismatch from the transplant region to non-
transplanted parts of the host nervous system.

DISCUSSION

The potential for improvement of conduction properties in
demyelinated axons was suggested by physiological studies
in the peripheral nervous system (15-17) and CNS (18-20),
which demonstrated that remyelination by endogenous
Schwann cells and oligodendrocytes leads to increased con-
duction velocity. The results reported here demonstrate that
myelination of central axons by exogenous CNS glial cells
leads to propagation of impulses with a significantly higher
conduction velocity than in nontransplanted regions. Action
potentials can be initiated outside the transplant region,
propagate into the transplant area, and continue beyond the
transplant region. Moreover, axons myelinated by the trans-
planted cells have refractory periods and frequency-
following properties similar to those of axons in adjacent
nontransplanted regions, which have been shown to have
refractory and frequency-following properties similar to con-
trol myelinated fibers (14). These results demonstrate that
myelination, as a result of transplantation of exogenous glial
cells into amyelinated spinal cord, results in restoration of
normal conduction properties.

Although detailed biophysical data are not yet available
with respect to the transplanted md axons, it is likely that the
increased conduction velocity is due to myelination. Com-
puter simulation suggests that myelination, even with thin
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myelin sheaths (7) or short myelinated internodes (8), should
increase conduction velocity, assuming that relatively nor-
mal axonal membrane properties are established at the newly
formed nodes of Ranvier. The conduction velocity of axons
in the transplant region was increased =3-fold relative to the
nontransplant region and was greater than the conduction
velocity in normal CNS nonmyelinated axons (21); in the
absence of myelination a significant increase in axon diam-
eter would be required to account for this increased conduc-
tion velocity in the transplant zone. Saltatory conduction in
normal myelinated axons requires a sodium channel density
at the nodes of Ranvier that is much higher (=10° per um?)
than in normal nonmyelinated axons (9, 22). Although we
have not as yet measured sodium channel densities at the
newly formed nodes along transplanted axons, it is known
that increased sodium channel densities develop in chroni-
cally demyelinated spinal cord axons (23), and that following
remyelination by endogenous myelin-forming cells in periph-
eral nerve (24) and spinal cord (25), sodium channels are
deposited at the newly formed nodes of Ranvier. In view of
the increased conduction velocity and normal frequency-
following properties in the transplant area, it is likely that
transplantation of myelin-forming cells leads to formation of
relatively mature nodes of Ranvier.

The timing of the transplants reported here was develop-
mentally appropriate for myelination, allowing these exper-
iments to focus on whether axons with myelin formed after
transplantation can conduct impulses. The present study,
however, was limited to studying myelin formed within only
2 weeks of transplantation. Future studies will examine the
long-term effects of glial transplantation and the effects of
glial transplantation into adult recipients (26) and will deter-
mine the optimal method of obtaining a pure population of
myelin-forming precursor cells (4, 26).

In this study, we examined the effects of glial transplan-
tation on conduction velocity. It would be interesting to
determine whether conduction block is overcome by trans-
plantation of glial cells, as has been demonstrated by agents
that block potassium channels such as 4-aminopyridine (27).
However, conduction block has not been observed in the md
rat (14); future studies in other models will be needed to
examine conduction block and safety factor. Our results
clearly demonstrate that conduction velocity increased
nearly 3-fold as a result of glial cell transplantation. Since
there is a 4-fold reduction in conduction velocity in md spinal
cord axons (14), the 3-fold increase in conduction velocity
seen here demonstrates a significant return toward normal
function in amyelinated CNS axons as a result of the trans-
plantation of myelin-forming cells. This provides a demon-
stration that physiological properties, as well as anatomical
properties, of pathological white matter tracts can be favor-
ably altered by glial cell replacement.
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