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Motoneuron Death after Human Spinal Cord Injury

Robert M. Grumbles' and Christine K. Thomas'™3

Abstract

The severe muscle weakness and atrophy measured after human spinal cord injury (SCI) may relate to chronic muscle
denervation due to motoneuron death and/or altered muscle use. The aim of this study was to estimate motoneuron death
after traumatic human SCI. The diameter and number of myelinated axons were measured in ventral roots post-mortem
because ventral roots contain large diameter (> 7 um) myelinated axons that typically arise from motoneurons and
innervate skeletal muscle. In four cases (SCI levels C7, C8, T4, and L1) involving contusion (rn=3) or laceration (n=1),
there was a significant reduction in the number of large diameter myelinated axons at the lesion epicenter (mean + standard
error [SE]: 45+ 11% Uninjured), one level above (51 % 14%), and one (27 12%), two (45 £40%), and three (54 £23%)
levels below the epicenter. Reductions in motoneuron numbers varied by side and case. These deficits result from
motoneuron death because the gray matter was destroyed at and near the lesion epicenter. Muscle denervation must ensue.
In seven cases, ventral roots at or below the epicenter had large diameter myelinated axons with unusually thin myelin, a
sign of incomplete remyelination. The mean £ SE g ratio (axon diameter/fiber diameter) was 0.60+0.01 for axons of all
diameters in five above-lesion ventral roots, but increased significantly for large diameter fibers (= 12 um) in three roots at
the lesion epicenter. Motoneuron death after human SCI will coarsen muscle force gradation and control, while extensive

muscle denervation will stifle activity-based treatments.
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Introduction

POST-MORTEM EXAMINATION of injured human spinal cords
typically shows contusion or laceration of the cord. Severance
of long nerve tracts, demyelination of axons, and maceration of
gray matter are common.'™ These findings show the unequivocal
need for axon regeneration, axon sprouting, and remyelination to
restore function after injury.* Although given far less attention, the
survival of spinal neurons and their dendritic trees also is crucial to
retain spinal circuitry after injury, to provide sites for formation of
new synapses, and for activity-based rehabilitation.

Few animal studies have quantified motoneuron (or interneuron)
survival after spinal cord injury>® despite the fundamental roles
that these neurons play in the control of movement. The contri-
butions of chronic muscle denervation (due to motoneuron death
and/or ventral root avulsion) and alterations in muscle use to the
striking muscle weakness and atrophy seen after human spinal cord
injury also remain unclear.”™'* Motoneuron death after human
spinal cord injury has largely been inferred from physiological
signs of muscle denervation, not from morphological analysis. For
example, various muscles innervated from the lesion epicenter have
been unresponsive to electrical stimulation of their peripheral
nerves, consistent with complete muscle denervation.'*!8 Other

studies have shown signs of partial denervation (low motor unit
counts, positive sharp waves, small amplitude compound muscle
action potentials, muscle weakness that exceeds that expected from
disuse atrophy, atrophied and angular muscle fibers), including
indications of intramuscular motor axon sprouting, an important
compensatory mechanism for recovery of muscle innervation after
death of some motoneurons in a motor pool (large polyphasic motor
unit potentials, stronger than usual motor unit forces, increased
motor unit fiber density, increased jitter in re-innervated muscle
fibers), 121923

In this study, we address an important and often overlooked
aspect of SCI—the effect of injury on the lesioned spinal cord
segment and denervation of skeletal muscle as a contributor to
muscular weakness. Our aim was to estimate the extent of moto-
neuron death from the number of large diameter myelinated axons
in ventral roots taken post-mortem from individuals who had sus-
tained a spinal cord injury at least 6 months earlier. Ventral roots
were chosen for analysis because motor axons exit the spinal cord
from these roots, all of the axons can be sampled in one section, and
root identity can be defined by anatomical landmarks. The skeletal
muscles innervated by a given ventral root are therefore relatively
predictable. Motoneurons, in contrast, lie in longitudinal columns
that may be relocated by compression of the spinal cord, making the
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original motor pool identity and location less clear. Many serial
sections also are needed to adequately sample spinal motoneurons.
Greater motoneuron survival after SCI has practical and clinical
importance. Muscle innervation, force generating capacity, and
function are more likely to be retained. Control of muscle largely
determines functional capability after SCI. In addition, only in-
nervated muscles can be used voluntarily, stimulated to restore
functional movements, or trained to benefit from activity-based
rehabilitation.”*

Methods
Collection and processing of ventral root tissue

Ventral root tissue was taken from the human spinal cord injury
tissue bank at The Miami Project to Cure Paralysis (University of
Miami, FL). Each spinal cord was removed within 24 h of death,
preserved in 10% neutral buffered formalin for at least 2 weeks, and
then stored in 0.1 M phosphate buffer.' Ventral roots were taken for
the present study provided that: 1) the person was between 18-61
years when they died, which avoided the motoneuron death asso-
ciated with aging®; 2) the ventral roots were intact for at least
30mm after exiting the cord, which avoided motoneuron death
from root avulsion'® and Wallerian degeneration of motor axons in
our root samples®>?’; and 3) the root levels could be identified
clearly by anatomical landmarks. For each root, 5-10 mm samples
were taken, beginning at the point where the rootlets entered the
cord caudal to the corresponding spinal segment, since motor axons
take a caudal intramedullary course in the spinal cord before exiting
into the ventral root.”® In some cases, ventral roots were unavail-
able, particularly at or near the lesion epicenter. These roots may
have been avulsed by the spinal cord injury itself and/or removed
during cord extraction. Table 1 shows the history of each case from
which tissue was obtained, the location of root tissue examined
relative to the lesion epicenter, the injury classification (contusion or
laceration) determined anatomically from cord cross-sections
stained with solochrome cyanine for myelin and the Sevier-Munger
method for axons,' and information about the spinal cord pathology.

Ventral roots were placed in neutralized 10% formalin and 2%
osmium tetroxide in 0.1 M phosphate buffer at pH 7.4, dehydrated,
and embedded in epoxy resin. Cross-sections (1 um) were stained
with toluidine blue to detect myelinated axons (Fig. 1A).%>

Myelinated axon diameter measurements and counts

Digital images of each root were collected and analyzed using a
Zeiss Axiophat II microscope (Carl Zeiss Microscopy, Gottingen,
Germany) and a MetaMorph Imaging System (Molecular Devices,
Sunnyvale, CA). A grid was laid over each image to sample my-
elinated axons and to measure their minimum and maximum di-
ameters. Mean myelinated axon diameter was calculated. To
estimate the total number of myelinated axons in each root, the
number of axons in the sampled areas was scaled according to the
total root area. The percentage of large diameter myelinated axons
(=7 um) measured from each root also was scaled to the total root
area to give an estimate of the motoneuron count (Fig. 1B), since
these large diameter axons typicall(}/ arise from spinal motoneurons
and innervate skeletal muscle.?>* Since the injury level differed
across cases (Table 1), data were compared relative to the lesion
epicenter (E). Levels above and below the epicenter were given
positive and negative numbers, respectively (e.g. El, one level
above the epicenter; E-1, one level below the epicenter).

The accuracy of the motoneuron estimates was verified in two
ways. First, the indirect estimates were compared with direct counts
of all of the myelinated axons in one C7 and one C8 ventral root.
Initially, the indirect method gave a low estimate of the actual
number of myelinated axons in the C7 root (81% of the direct count
after one sample; Fig. 1C). However, with additional sampling, the
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indirect counts approached the direct counts and were within 5% of
each other after 9% and 10% of the myelinated axons had been
sampled in the respective roots (C7: 9038 £247 vs. 9160 and C8:
7154 £96 vs. 7537, respectively). Our values also were close to the
data reported by Ingbert®' and Coggeshall and colleagues®* (C7:
8913 and 8317 fibers and C8: 8435 and 7687 fibers, respectively;
Fig. 1D), and show how many axons had to be measured per root to
provide representative counts. Here, 30+2% of the myelinated
axons were measured per root, almost three times the number re-
quired. Second, motoneurons were counted bilaterally in six spinal
cord segments (C7, C8, T1, T4, L2, L3; two to five sections per
segment) from five uninjured spinal cords (cases 1-5; Table 1).
Motoneuron counts were comparable for each side of the cord
(p=0.46, paired t-test) so data were pooled to calculate a mean
count per section. The mean count per segment was calculated then
normalized to the data from the segment with the highest mean
motoneuron count. The ventral root counts for the corresponding
spinal segments were normalized similarly, and the two datasets
compared to examine whether both approaches showed high counts
for cervical and lumbar spinal cord segments and reduced counts
for thoracic segments.

Ventral root sections from seven cases were viewed for myelin
abnormalities. To quantify the thin myelin associated with some
large diameter axons, the g ratio (axon diameter/fiber diameter, a
measure of myelin thickness) was calculated from axon and fiber
(axon and myelin) diameter measurements made for all of the axons
sampled from eight ventral roots from cases 10 and 11 (three roots
at the lesion epicenter, E; one root three levels above the lesion, E3;
two roots four levels above the lesion, E4; and two roots five levels
above the lesion, ES).

Statistics

Mean (+ standard error [SE]) are given unless stated. A two-way
repeated measures analysis of variance was used to assess whether
the number of motoneurons differed by group (SCI, Uninjured) and
spinal level relative to the epicenter, and if the g ratio differed by
location relative to the injury (above lesion, epicenter) and axon
diameter (1um bins). Motoneuron and ventral root counts in un-
injured cords were compared using a paired #-test. Statistical sig-
nificance was p <0.05.

Results

Extensive damage of gray and white matter
at the lesion epicenter

Figure 2 shows four representative human spinal cord sections,
one from an uninjured cord at L3 (Fig. 2A), and three from the
epicenter of a SCI at L1, T4, and C8 (cases 11, 10, and 9, respec-
tively; Fig. 2B-D). There is no differentiation of the grey matter
from the white matter in the three injured sections. Gross tissue
sparing occurs primarily around the rim of the cords and there are
different degrees of central cavitation. Representative ventral root
sections show either an absence of large diameter myelinated axons
at the epicenter of the C7 SCI (case 8; Fig. 2E), or few myelinated
axons in a L1 ventral root four segments below a T9 SCI, most of
which were small in diameter (case 12; Fig. 2F).

High motoneuron numbers in uninjured cervical
and lumbar spinal cords

Counts of myelinated axons in ventral roots showed two peaks,
one in the cervical cord (~ 13,000 and 11,000 fibers at C5 and C6)
and the other in the lumbar cord (~ 10,500 fibers at .3 and L5), as
expected for the cervical and lumbar enlargements. Most other
spinal levels had 6000 to 8000 myelinated axons except for C1 to
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FIG. 1. Myelinated axon diameters and counts. (A) Toluidine
blue—stained myelinated axons in a C7 ventral root. (B) Myeli-
nated axon diameter distribution for the same C7 ventral root to
determine the percentage of small (19%) and large diameter fibers
(> 7 um; 81%). (C) Estimated myelinated axon count per sample
(squares) and for cumulative samples (triangles), compared with
the total direct count (dashed line) for the same C7 ventral root.
(D) Total direct and indirect myelinated axon counts for the same
C7 ventral root and a C8 ventral root, compared with the values
published by Ingbert®' and Coggeshall and colleagues.*
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C3, which had 3000-4000 fibers (Fig. 3A). Of these myelinated
fibers, ~80-90 % were large in diameter (> 7 um) in the cervical
ventral roots and from L2 to L5. Between T1 to L2, ~20-40 % of
the myelinated axons were large in diameter (Fig. 3B). Since spinal
motoneurons have large diameter myelinated axons, these data
suggest that muscles innervated from C5 to C8 and from L2 to L5
were supplied by ~7000-11,000 motoneurons. Motoneurons
numbers were lower at C1 to C4 (~ 2,500-5,000 motoneurons) and
from T1 to L1 (~2000-2700 motoneurons; Fig. 3C). These results
closely matched the data obtained by Ingbert.*! Comparisons of
motoneuron estimates from measuring large diameter myelinated
ventral root axons and motoneurons in spinal cord segments also
were similar (p =0.27), suggesting that counts of ventral root axons
are a reasonable estimate of motoneuron numbers in uninjured
spinal cords.

Reduced motoneuron numbers above, at, and below
cervical, thoracic, or lumbar spinal cord injury

Ventral roots were analyzed above the spinal cord injury, at the
injury epicenter, and below the trauma in four cases where the
epicenter was either at C7, C8, T4, or L1 (cases 8-11; Fig. 4A).
Motoneuron death occurred in all four cases. There were significant
differences in the number of motoneurons by group (SCI, Unin-
jured; p<0.001), and by level, relative to the epicenter (p=0.003).
There was also an interaction between group and level (p=0.006).
Compared to Uninjured, significantly fewer motoneurons were
present in ventral roots arising from one level above the lesion
epicenter (E1; mean £ SE, 51+ 14%; n=6 roots; p <0.001), at the
lesion epicenter (E; 45+ 11%; n=8; p<0.001), one (E-1; 27+ 12%;
n=6; p<0.001), two (E-2; 45+40%; n=2; p=0.014) and three
levels (E-3; 54 £23%; n=3; p=0.023) below the lesion epicenter.

The reductions in motoneuron numbers were always bilateral
but the extent varied by case and side. For example, when the SCI
was at C7, < 20% of motoneurons were present from C6 to T1
(range: 0.4-18.2% Uninjured, bilaterally). Recovery only began at
T2, three segments below the injury (Fig. 4B). For the C8 SCI,
motoneuron numbers were reduced more at the epicenter on the left
versus right side of the cord (40% vs. 64% Uninjured; Fig. 4B).
When the SCI was at T4, the greatest reductions in motoneuron
numbers occurred one level below the lesion, as was typical for
83% of the data (five of six roots). For the SCI at L1, motoneuron
numbers were reduced to ~50% of Uninjured at the epicenter
bilaterally and even more below the injury on the right side.

In another case (case 12), where the SCI epicenter was at T9,
ventral roots were available above and below the lesion only
(Table 1). Motoneuron numbers were lower than usual—two seg-
ments above the epicenter on the right and three segments below
the SCI at T9 on the left (both 45% Uninjured).

Large diameter axons with thin myelin after
spinal cord injury

Large diameter axons with thin myelin were evident in ventral
roots at and below the lesion epicenter (Fig. SA; Table 1). The g
ratio differed by location (above-level vs. epicenter; p=0.027) and
by fiber diameter (p<0.001). There was also a significant inter-
action between diameter and location (p<0.001). In five above-
lesion ventral roots, the mean g ratio was 0.60 £0.01 for axons of all
diameters. However, the g ratio increased significantly for large
diameter fibers (= 12 um) in the roots taken from the lesion epi-
center (p<0.003; Fig. 5B).
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FIG. 2. Spinal cord and ventral roots. Solochrome cyanine—stained spinal cord sections from an uninjured cord at L3 (A), and spinal
cords injured at L1 (B; case 11), T4 (C; case 10), or C8 (D; case 9). Toluidine blue—stained sections from a C7 ventral root at the lesion
epicenter (E; case 8), and a L1 ventral root four segments below the epicenter at T9 (F; case 12).

Discussion

Our data provide morphological evidence for motoneuron death
after injury to human cervical, thoracic, or lumbar spinal cord. Not
only did ventral roots at or near the lesion epicenter have reduced
numbers of large diameter myelinated axons, there was no viable
cord at the epicenter of most injuries. These low axon counts must
induce muscle denervation because large diameter myelinated
axons typically arise from spinal motoneurons and innervate
skeletal muscle. Further, large diameter axons in ventral roots at the
lesion epicenter often were myelinated thinly, which is indicative
of incomplete remyelination.

Motoneuron death occurs irrespective of the level
or cause of human spinal cord injury

The high numbers of motoneuron numbers in both the cervical
and lumbar cord (Fig. 3), the high percentage of injuries occurring
at these levels (54% and 11%, respectively, in the U.S.; www.
nscisc.uab.edu), and the extensive destruction of gray matter
(Fig. 2) and motoneurons (Fig. 4) after human SCI, all indicate that
denervation of arm and leg muscles must be common after human
spinal cord injury. These findings also imply that muscles inner-
vated from the epicenter are likely to be reinnervated, not normally
innervated. While inactivity can reduce muscle fiber areas up to
50%,33 motoneuron death and muscle denervation must contribute to
the severe atrophy that is measured in muscles after spinal cord

injury (e.g. 70% on average in triceps brachii and vastus later-
alis).'"'? Survival of thoracic motoneurons is just as important, de-
spite the low proportion of motoneurons at these cord levels because
thoracic motoneurons support respiration and trunk control.**

Reduced numbers of large diameter motor axons in ventral roots
occurred after spinal contusion due to a sports or motor vehicle
accident, and after a laceration injury induced by gunshot (Fig. 4;
Table 1). The deficits were bilateral but asymmetrical, matching the
variance in functional impairment measured across limbs after
SCI.3%37 The C7 injury was particularly catastrophic as the number
of large diameter motor axons was reduced severely across at least
five spinal levels (Fig. 4B). Multi-segmental destruction of motor
axons will denervate some muscles completely and irreparably
because motor pools typically span 1-3 spinal levels in humans,*®
as they do in the macaque.*® Complete, chronic denervation is
consistent with the inability to excite various muscles after injury
using peripheral nerve stimulation.'*™'® Nevertheless, it often is
possible to record evoked potentials from the skin in these indi-
viduals despite the absence of an evoked muscle compound action
potential, suggesting that some large dorsal root ganglion cells
remain intact near the lesion epicenter.'®

The less extensive reduction in large diameter myelinated axon
counts in ventral roots that exited the cord near the epicenter of a C8,
T4, or L1 SCI (Fig. 4B) likely induced the physiological signs
of partial muscle denervation and reinnervation commonly reported
in individuals with SCI (e.g., polyphasic electromyographyic
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FIG. 3. Uninjured myelinated axon and motoneuron estimates by spinal level. (A) Mean (+ standard error) myelinated axon counts (A),
percentage of large diameter myelinated axons (> 7 um; B), and number of motoneurons (C) from C1 to L5 (n=1 to n=>5 ventral roots per
level), compared with motoneuron estimates for two cervical, thoracic and lumbar segments (cases 1-5). Current data from one uninjured
spinal cord (case 1), and cervical and thoracic ventral roots taken from two cases of SCI beyond S2 (cases 6 and 7) were similar across
cords suggesting that ventral roots remain intact many segments above a SCI. Data from Ingbert®' are plotted for comparison.

potentials, strong unit forces).”*>* Axons that remain intact can
sprout locally to innervate four to six times more muscle fibers,*’
which is key to retention of innervation and functional use of these
muscles. However, muscles innervated by few motoneurons will
likely have coarser force control because each unit will make a
relatively greater contribution to whole muscle force. When the
sprouting capacity is exceeded (> 75-80% of the motoneurons in a
pool die),41 denervation will contribute to whole-muscle weakness.
This motoneuron death will delimit the possible benefits that can be
achieved with activity-based treatments.

Here, myelinated axon counts were reduced in ventral roots that
remained attached to the spinal cord and that were undamaged for at
least 30 mm after exiting the cord, therefore, these injuries must have
activated neurodegenerative pathways to destroy motoneurons and

myelinated axons independently of motoneuron death related to root
avulsion.'® Thus, our approach likely underestimates the overall
SCl-induced motoneuron death in humans. The direct mechanical
impact of the injury may result in primary cell insults that lead to
apoptotic, necrotic and/or excitotoxic death of motoneurons.'** The
low calcium buffering capacity of motoneurons also make it likely
that motoneurons cope poorly with injury and die.**

Motoneuron death was greatest one spinal level below
the lesion epicenter

In uninjured cases, there was no difference in the estimates for
motoneuron numbers when analyzed from large diameter myelin-
ated axons in ventral roots versus counting motoneurons in the
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for four SCI cases (epicenter at C7, C8, T4, L1; cases 811, re-
spectively), expressed relative to Uninjured data. (B) Motoneuron
count for the same four cases by level and side (L, left; R, right).

ventral horn. This finding supports the idea that assessing ventral
root axons provides a reasonable estimate of motoneuron numbers
(Fig. 3C). However, no identifiable motoneurons were observed at
the epicenter of the T4 SCI (Fig. 2B), but the T4 ventral roots
contained near normal numbers of large diameter myelinated axons
(79% and 88% Uninjured; Fig. 4B). More striking reductions in
large diameter axon counts occurred one level below the epicenter
in this case (16% and 76% Uninjured), as well as in the three other
cases that also had massive gray matter destruction at the lesion
epicenter (Fig. 2). Cavitation, tissue distortion, secondary degra-
dation, and limited availability of tissue to sample can make mo-
toneuron origin, identification, and counting challenging. While
neurons may survive, they can be displaced to adjacent segments
and/or atrophy, possibly because axonal tears disrupt retrograde
signals and neurotrophic support from muscle.** Thus, we propose
that counts of large diameter myelinated axons in ventral roots may
provide a more accurate estimate of motoneuron survival after
human SCI than motoneuron counts in cord sections. However,
even the presence of large diameter axons in ventral roots does
not necessarily guarantee that the circuitry and axons remain
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FIG. 5. Remyelination after spinal cord injury. (A) Toluidine
blue—stained section from a T1 ventral root (case 13) to show
large diameter axons with thin myelin (*). (B) Mean (+ standard
error) g ratio by fiber diameter for five above-lesion ventral roots
(C7, C8 bilaterally, T1) from case 10 (bars), compared with the
mean g ratio for three roots taken from the epicenter of case 10
(left T4 root) and case 11 (L1 root, bilaterally).

functional,* particularly if the injury has displaced neurons and

stretched axons. Thus, myelinated axon counts in ventral roots may
exceed function, consistent with the low counts of motor units in
muscles innervated from near the lesion epicenter.zz’23

Clinical assessments show that at-level (one segment) recovery of
muscle function occurs in 70% of spinal cord injury cases after 1
year. Recovery of function in two or more spinal segments is less
common.*® The more extensive motoneuron death reported here one
level caudal to the lesion epicenter may explain why more recovery
is not always apparent clinically, even though this is the level where
functional return is expected to occur. Further, the extent of muscle
denervation will depend on the longitudinal extent of the lesion,
which is unexplored clinically. Only the last functional level is
evaluated with manual muscle tests.*” Muscles innervated above the
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lesion also may be impaired given the U-shaped profile of moto-
neuron survival (Fig. 4A), consistent with muscle function being
scored as 5 (normal muscle function) but being associated with
weaker than usual maximal voluntary forces.>

Implications for spinal cord repair and recovery
of muscle function

These ventral root axon data strongly support the idea that mo-
toneuron death at the lesion epicenter is an important contributor to
chronic muscle weakness, atrophy, and dysfunction after human
SCI.'? Even though models of spinal cord injury often show only a
peripheral rim of spared white matter at the lesion epicenter, the
extent varying with lesion severity,*® most repair strategies focus
on repair of long fiber pathways or remyelination**® without
consideration of how the requirements for axon regeneration or
sprouting may have to change to accommodate death of spinal
neurons. Motoneuron death must induce reorganization of spinal
circuitry because motoneurons act as the central hub to coordinate
output to muscle. One consequence of fewer motoneurons will be a
reduction in the area available for synaptic sites. Axon sprouts or
regenerating axons will likely have to grow over longer distances to
form new synapses, particularly if all motoneurons die at the lesion
epicenter. Synapses on foreign motoneurons are likely to change
control of muscle. Further, the functional consequences of a
“missing’’ motor pool is rarely discussed or explored experimen-
tally. It is likely to disrupt limb movement. For example, biceps
brachii, an elbow flexor, is paralyzed with a C5 lesion. Bridging or
regeneration of spinal axons from C4 to C6 may help wrist ex-
tension. However, it will not allow the upper arm to be moved
towards or away from the body (elbow flexion and extension
primarily arise from C5 and C7, respectively). To move the body
towards the hand requires trunk control, which is also absent.
Thus, if we are restore limb function, and the balanced amount of
excitation and inhibition that intact motoneuron pools typically
receive to execute movements,’’ there needs to be a focus on
studying protection of both motoneurons and interneurons, neu-
ron replacement, axon growth, and remyelination. Current re-
search also shows it is easier to save tissue at the time of SCI than
it is to replace or repair it.>

Partial remyelination of peripheral motor axons
is common after human spinal cord injury

In seven cases that involved a laceration or a contusion injury,
the ventral roots at and below the epicenter contained some large
caliber, thinly myelinated axons (Fig. SA). These changes in my-
elin were greatest at the lesion epicenter but confined to large di-
ameter axons (Fig. 5B) and therefore did not influence our
estimates of motoneuron numbers. The forces associated with
contusion and laceration injuries may stretch axons excessively,
resulting in both central and peripheral demyelination that is fol-
lowed by some remyelination.>>** Longitudinal examination of
central and peripheral axon conduction latencies revealed im-
provements over time in hand muscles, which may indicate re-
myelination of central and/or peripheral axons after human SCL.>
Thinner than usual myelin and shorter internodal distances with
remyelination will diminish impulse propagation, which is con-
sistent with the general slowing of single thenar motor axon
conduction velocities measured 1.5-19 years after human SCI>®
These changes in axon conduction, as well as chronic motor unit
firing at low rates, may induce further adaptations since thenar
motor units have low recruitment and maximal firing rates during
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involuntary and voluntary contractions, and are weak and slow
after chronic SCI.'857-5°

Defining the cause of muscle paralysis is important
for planning rehabilitation

Muscle denervation is routinely overlooked after human SCI
because muscle function is assessed manually in the clinic. Paralyzed
muscles are scored as zero without distinguishing between different
sources of paralysis: motoneuron death, severance of central nervous
system axons, and demyelination of central or peripheral axons.*’
While disruption or demyelination of central nervous system axons
will leave muscle innervation intact and enable use of patterned
electrical stimulation to restore function or to provide activity-based
rehabilitation, complete denervation due to motoneuron death will
eliminate voluntary control of the affected muscle fibers. It also will
exclude use of patterned electrical stimulation to restore function
because of the high current needed to excite denervated muscle.®® In
these challenging situations, it becomes important to replace moto-
neurons and re-innervate muscle because innervation will restore
muscle excitability and fiber size,®' enable muscle conditioning and
all of the benefits of exercise,62 and allow muscles to be stimulated
electrically to generate diverse behaviors, such as walking, grasping,
respiration, and bladder or bowel control.*
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