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Chapter VII

On the Origin of the Degenerated
Fibers in the White Matter of the Spinal
Cord in Amyotrophic Lateral Sclerosis

. . o, * . .1,2 . .
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ABSTRACT

The characters of the degeneration of the white matter of the spinal cord of amyotrophic
lateral sclerosis (ALS) were examined, and the origins of the degenerated fibers were
discussed.

1. The degree of large myelinated fiber loss in the lateral corticospinal tract ( 1-CST) did
not correlate with either the duration of their illness or their history of respirator use.
Direct correlation of disease mechanism was absent between the anterior horn cells and
the 1-CST in classic ALS.

2. The patients who required respirator support showed more severe degeneration of the
anterolateral funiculus (ALF) in the ALS than those who required none, and the degree
of myelinated fiber loss in the 1-CST did not correspond with either the illness duration
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or the history of respirator use. Thus the large myelinated fibers in the I-CST and ALF
degenerate independently in classic ALS.

3. The large myelinated fibers in the ALF of the mid-cervical spinal cord of humans
originate from the tegmentum of the brain stem and the lower cervical spinal cord, not
from the cerebrum, or the thoracic or lumbar spinal cord. The origin of the large
myelinated fibers in the ALF of the spinal cord in humans, is considered to be the long-
descending neurons in the brain stem tegmentum and the propriospinal neurons in the
spinal cord.

Keywords: Amyotrophic lateral sclerosis, Anterolateral funiculus, Corticospinal tract,
Middle root zone, Morphometry, Spinal neurons.

Introduction

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease occurring in adults mainly
involving the upper and lower motor neurons with relative sparing of the abducens and
oculomotor nerve nuclei, and of the autonomic and sensory neurons in the brain stem and
spinal cord. About 90% of ALS patients have been reported to be sporadic, and the sporadic
ALS are roughly classified into classic ALS, “multi-system type ALS” [Hayashi & Kato
1989, Mizutani et al. 1992], and ALS with temporal lobe involvement [Yuasa 1970,
Mitsuyama & Takamatsu 1971, Nakano et al. 1992]. Among the familial ALS patients with
inheritance, superoxide dismutase (SOD)-1 gene mutation was revealed in about 20% of the
patients [Shaw 2001].

Figure 1. Cervical cord of a control subject (A) and a patient with classic ALS (B). Asterisks indicate ALF.
Kliiver-Barrera preparation.
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In the spinal cord of ALS, degeneration of the corticospinal tract (CST), lateral and
anterior, is commonly obvious. In addition to this, since being proposed by Charcot [1880], it
has been reported repeatedly that degeneration of the anterolateral funiculus (ALF) occurs in
the spinal cord of patients with classic ALS (Fig. 1) [Holmes 1909, Ikuta et al. 1979, 1982,
Lawyer & Netsky 1953, Smith 1960]. The posterior funiculus was scarcely/occasionally
involved in the classic ALS, but severely deteriorated in the “multi-system type ALS”
{Hayashi & Kato 1989, Mizutani et al. 1992]. Some cases of familial ALS with or without
superoxide dismutase (SOD)-1 mutation show degeneration of the posterior funiculus and
spinocerebellar and spinothalamic tracts in addition to the CST degeneration.

In the present paper, the characteristic patterns of the degeneration of the white matter of
the spinal cord of ALS patients were analyzed, and the origins of the degenerated fibers was
discussed, based on the observation by the authors and the literature review.

Materials and Methods
1. Examined Subjects

The control subjects and patients with sporadic and familial ALS examined by the
authors were Japanese, and none of them had had cardiac arrest, hypoglycemic episodes, or
severe liver dysfunction. Neuropathological findings of many of the cases were previously
reported by the authors [lkuta et al. 1979, 1982, Makifuchi & Ikuta 1977, Oyanagi et al.
1983, 1989, 1995, 1999, Takahashi et al. 1992, 1993a, 1993b, 1994].

2. Light Microscopic Examination

Serial 6-um-thick sections of the brains and spinal cords were made from 10% formalin-
or 4 % paraformaldehyde in phosphate buffer-fixed-paraffin embedded blocks, and stained
with  hematoxylin-eosin, Kliiver-Barrera, Bodian, Gallyas, phosphotungustic acid
hematoxylin, periodic acid Schiff and other preparations, and examined light
microscopically. Other sections (also 6 pum thick) were subjected to immunohistochemical
staining using the avidin-biotin-peroxidase complex (ABC) method, using a Vectastain ABC
kit (Vector, Burlingame, CA, USA). The primary antibodies used were: rabbit anti-cow
ubiquitin polyclonal antibody (dilution 1:150; Dakopatts A/S, Glostrup, Denmark), a rabbit
anti-cystatin C (dilution 1:1000; DAKO, Denmark), a rabbit anti-Cu/Zn superoxide dismutase
(SOD; dilution 1:10000, a gift from Dr. K. Asayama, Yamanashi Medical School,
Yamanashi, Japan), a mouse anti-phosphorylated neurofilament protein (SMI-31; dilution
1:10000, Sternberger Monoclonals, Baltimore, Md, USA), a rabbit anti-glial fibrillary acidic
protein (GFAP) polyclonal antibody (dilution 1:500; Dakopatts A/S, Glostrup, Denmark),
rabbit anti-human tau polyclonal antibody [dilution 1:1000; a gift from Prof. Y. Thara, Tokyo
University, Tokyo, Japan], anti-tau monoclenal antibody AT8 (dilution 1:1000)
(Innogenetics, Belgium), and anti-ci-synuclein monoclonal antibody 1LB509 [gift from Prof.
T. Iwatsubo, Tokyo University, Tokyo, Japan]. Antigenicity was increased for ubiquitin
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immunostaining by pretreating the sections with 0.025% trypsin for 15 min at room
temperature, and for o-synuclein immunohistochemistry by pretreating the sections with
hydrated autoclaving (121°C, 15 min). Nonspecific binding of the biotin/avidin system
reagents was blocked by pretreating the sections with a blocking solution from the kit
(Vector), and then incubating them with the required primary antibody overnight at 4°C. The
sections were then incubated with the secondary reagent containing biotinylated anti-rabbit,
or anti-mouse IgG (diluted 1:200) for 2 h, and finally with the ABC solution for 1 h. The
sections were subjected to the peroxidase reaction using freshly prepared 0.02% 3,3°-
diaminobenzidine-tetrahydrochloride and 0.005% hydrogen peroxide in 0.05 M Tris-HCI
buffer, pH 7.6, for 10 min at room temperature. As antibody controls, the primary antisera
were either omitted or were replaced with normal rabbit or mouse serum. Several specimens
of neural and non-neural tissue from the patients served as positive or negative tissue
controls.

3. Topographic and Quantitative Study of the Neurons in the Spinal Cord

Tissues were embedded in paraffin, serially sectioned at 8 pm, and stained with thionine.
The thickness of the sections was verified by manipulating the fine adjustment drum of the
light microscope. Five serial sections each of the 5th cervical and of the 7th thoracic segment
and 4 serial sections of the second sacral segment were examined. The entire spinal gray
matter of each serial section was surveyed under 1000-fold magnification. Neurons were
identified by the presence of Nissl substance and prominent nucleoli. The longest diameter of
the nucleus (A) and the largest dimension perpendicular to the diameter (B) were measured
with an ocular micrometer (4), and the nuclear area (S) was calculated according to the
formula S=nAB/4. There was a significant positive correlation coefficient (r=0.97) between
the area obtained by calculation and that obtained by counting 1 mm squares of section paper
over the enlarged photograph of the nuclei.

The frequency distribution of nuclear areas by 10 pm?” increments was obtained for each
case, and it was represented in graphs as the nuclear area x n (number of nuclei) to show that
the large nuclei, though fewer in number, cover a wider area.

Spinal neurons were classified into 14 groups according to their nuclear areas. The first
group was composed of neurons whose nuclear areas were smaller than 40 pm?®. Neurons
with nuclear area ranging from 41 to 150 pm? were divided into 11 groups (2nd to 12th) in 10
pm? increments. The 13th group consisted of neurons with nuclear areas of 151 to 200 pm?,
and the 14th, neurons with nuclear areas greater than 201 pm®. Each of the neurons was
expressed by dots of various sizes and was plotted on the trace of the spinal gray matter
magnified 100 times.
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4. Quantitative Examination of the Myelinated Fibers in the Lateral
Corticospinal Tract (I-CST) and Anterolateral Funiculus (ALF) of the Spinal
Cord

The fourth or fifth cervical segments of the spinal cord were fixed in 20% formalin in 0.1
M phosphate buffer (PB; pH 7.3) or 3% glutaraldehyde-1% paraformaldehyde in 0.1 M PB
(pH 7.3). The right half of each segment was then fixed in 1% osmium tetroxide in 0.1 M PB
(pH 7.3) followed by dehydration through a graded ethanol series and embedded in Epon
812. Sections (1 pm thick) were cut, stained with toluidine blue, and then examined with the
aid of a light microscope.

Figure 2. Photographs were taken at three points in both the anterolateral funiculusu (ALF) and lateral
corticospinal tract (I-CST). For further details, see text. Cited from ref. Oyanagi et al. 1995.

Photographs (x200) were taken at three points in both the ALF and I-CST. The ALF was
divided anteriorly into three equal parts from the medial to lateral margins of the anterior
horn and photographs of the mid-medial, mid-lateral and lateral portions were taken (Fig. 2).
Large bundles of myelinated fibers with diameters of 10-12 um (thought to be the
intramedullary portion of the anterior spinal root) crossing the ALF were avoided when
taking the photographs. The I-CST was divided into four equal parts and photographs were
taken at positions midway between the three dividing lines (mid-medial, medial and mid-
lateral portions). Enlarged prints (x2285) were made and the mean diameter of the myelinated
fibers was obtained, using a digitizer, by averaging the longest and shortest diameters (the
latter was perpendicular to the former).

In the present study, in order to determine the origin of the large myelinated fibers in the
ALF of the human spinal cord, the number of which is severely reduced in patients with ALS,
myelinated fibers in the ALF of the mid-cervical spinal cord were examined quantitatively in
five groups of subjects, including control subjects (Group I). The disease groups that were
examined included patients with cerebral lesions showing complete degeneration of the
unilateral/bilateral pyramis of the medulla oblongata (Group II), those with lesions of the
pontine tegmentum (Group III), those with lesions of the lower cervical spinal cord (Group
1V), and those with thoracic/lumbar lesions (Group V) (Fig. 3).
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Figure 3. Myelinated fibers in the ALF of the mid-cervical spinal cord were examined quantitatively in five
groups of subjects, including control subjects (Group I). The disease groups that were examined included
patients with cerebral lesions showing complete degeneration of the unilateral/bilateral pyramis of the
medulla oblongata {Group II), those with lesions of the pontine tegmentum (Group II), those with lesions of
the lower cervical spinal cord (Group 1V), and those with thoracic/lumbar lesions (Group V).

The data for the three areas in the ALF and I-CST of each patient and control subject
were summed, and the frequency distribution of the myelinated fiber diameters, in 1-um
increments, was determined and represented on bar charts as the number of myelinated fibers
(n) x m® (r: half the mean diameter of the myelinated fibers), to show that the large
myelinated fibers, although fewer in number, cover a wide area. The total area of the ALF
and of the 1-CST in each patient examined was 0.057 mm” For the control subjects, the
average of each increment was expressed on the bar chars, and for the ALS cases, the data
obtained for each patient and the average values for the patients with and without respirator-
support were evaluated. Statistical evaluation was performed using the Mann-Whitney U test
to compare the number of myelinated fibers with diameters of less than 3 ym (small), 3-6 pm
(medium), and over 6 pm (large).

The myelinated fibers in the ALF and 1-CST were quantitatively examined bilaterally in
control subjects and in patients with cerebral lesions. Based on the obtained data that there
was no difference in number between the myelinated fibers in the right and left side, those in
the right side of the ALF and 1-CST were examined in other groups.
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Anatomic Definition of Nerve Fiber
Tracts in the Spinal Cord

The white matter of the spinal cord contains bundles of various nerve fiber tracts. It has
been reported that the anterolateral funiculus (ALF), which is the ventral part of the lateral
funiculus [Nathan et al. 1996}, contains, as long-descending tracts, the ventral pyramidal tract
(human [Barnes 1901]), corticospinal tracts (human [Nathan et al. 1990]), reticulospinal
tracts (cat, opossum and human [Ikuta et al, 1982, Iwamoto et al. 1990, Martin et al. 1979,
Nathan et al. 1996, Nyberg-Hansen 1965, Parent 1996]), the vestibulospinal tract (cat and
human [Parent 1996, Rose et al. 1996, Shinoda et al. 33]), and raphe spinal tracts (opossum
[Martin et al. 1982]). In addition, the ALF contains, as long-ascending tracts, the
spinothalamic tract (human [Kuru 1976, Parent 1996, Smith 1951, Smith 1957]), the
spinoreticular tract (human [Parent 1996]), the spinocerebellar tract (human [Kuru 1976,
Parent 1996]), and Helweg’s triangular tract (human [Smith & Deacon 1981]). Propriospinal
fibers (cat and human [Altermark et al. 1987, Giok 1958, Parent 1996]) have also been
observed.

On the origin of these fibers, experimental studies of animals and human autopsy cases
with various destructive lesions in the brain and spinal cord revealed the topographic
localization of the neurons, however, the origin neurons of the above mentioned nerve tracts
have not yet been completely ascertained in humans so far (Fig. 1).

Lateral Corticospinal Tract (I-CST)
Degeneration and Spinal Neuron Loss

Patients with ALS of long course of the illness or on artificial respiration usunally show
severe loss of neurons in the spinal gray matter including anterior horn and intermediate zone
(Fig. 4 & 5). On the contrary, the spinal cord of a housewife, who died at the age of 59 with 1
year-7 months-clinical course refusing the use of a respirator, and whose muscular strength
was fairly well preserved up to death, shows only moderate loss of AHCs and quite well
preserved neurons in the intermediate zone (Fig. 6). The findings indicate that the primary
degeneration may occur in the AHCs and the neurons in the intermediate zone degenerate
sequentially in the spinal gray matter in ALS (Fig. 7).

These findings indicate the occurrence of a sequential degeneration of the neurons in the
intermediate zone (Rexed’s [Rexed 1954] laminae V-VIII) of the spinal cord to loss of
anterior homn cells (Rexed’s lamina IX) in patients with ALS [Oyanagi et al. 1983, 1989].
Terao et al. [1994] also reported neuronal loss in the intermediate zone of the ALS spinal
cord. Long-ascending neurons [Parent 1996], internuncial neurons [Parent 1996}, and
propriospinal neurons [Altermark et al. 1987, Molenaar & Kuypers 1978] have been shown
to originate in the intermediate zone of the spinal cord.
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Figure 4. Size distribution of neurons in the cervical gray matter of a control subject. Large neurons, with a
nuclear area greater than 151 pm?, are located in lamina IX; middle sized neurons, 71 to 120 urnz, in laminae
IV-VIII; and numerous small neurons are distributed in laminae II, 111 and VII. This pattern of distribution

seems to correspond to the laminar cell architecture of the cat reported by Rexed (1954). Cited from ref.
Oyanagi et al. 1983.

Figure 5. Size distribution of neurons in the cervical gray matter of an advanced ALS patient. The large
neurons in lamina IX disappear almost completely. The middle-sized neurons located in laminae VI, VII, and
VIII decrease markedly. However, the distribution of the small neurons appears the same as in the control
subjects in all parts of the spinal gray matter. Cited from ref. Oyanagi et al. 1983.
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Figure 6. Size distribution of the neurons in the cervical gray matier of a ALS patient, whose muscular
strength was fairly well preserved up to death. The large neurons, with a nuclear area greater than 151 pm?,
are severely decreased in Rexed’s lamina IX. However, the degree of decrease of the neurons is not equal to
that of advanced ALS patients. The neurons in the intermediate zone and posterior horn are quite well
preserved. Cited from ref. Oyanagi et al. 1989.
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Figure 7. Progression pattern of neuronal loss in the spinal gray matter of ALS. The findings indicate that the
primary degeneration may occur in the anterior horn cells and the neurons in the intermediate zone
degenerate sequentially in the spinal gray matter in ALS.

It has been reported that the degeneration of the CST caused by hemispherectomy [Ikuta
et al. 1982] and stroke [Terao et al. 1997] does not induce trans-synaptic degeneration in the
AHCs in humans. Long duration of the illness and respirator use tend to cause severe
degeneration of both the I-CST and marked loss of neurons in the spinal gray matter.
However, some patients with marked loss of spinal neurons show only mild degeneration of
the I-CST (Fig.8). Based on these findings, the degree of myelinated fiber loss in the 1-CST
did not completely correlate with either the duration of their illness or their history of
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respirator use [Oyanagi et al. 1995] These findings mean absence of direct correlation of
disease mechanism between the AHCs and the I-CST in ALS.

Figure 8. An ALS patient with relative preserved AHCs (asterisks) but severe degeneration of the I-CST (A).
An ALS patient with marked loss of AHCs (asterisks) but relatively slight degeneration of the I-CST (B).
Cervical cord. Kliiver-Barrera preparation.

Laterality of Corticospinal Tract (CST)
Degenerration in ALS: Proportion of
Crossed and Uncrossed Fibers

Symptoms of most of the ALS patients occurs in unilateral extremity at the initiation.
According to the course of the disease, muscle weakness usually progressed to the other
extremity in the patients, and the neuropathological examination reveals symmetric or almost
symmetric degeneration of the CST and loss of AHCs. However, occasionally, there have
been reported asymmetric degeneration of the 1-CST [Reuter 1931, Swash et al. 1988] and
loss of AHCs [Mochizuki et al. 1995].

The proportion of the crossed (lateral) and uncrossed (anterior) CST should be
considered, when asymmetric degeneration of the CST is present in the spinal cord, since
dysproportion, probably developmental, of the crossed and uncrossed CST is observed
occasionally in Japanese subjects in routine neuropathological examination. It has been
observed that the apparent asymmetry of the CST degeneration was caused not by the
severity of the degeneration, but by the dyspropotion of the nerve fibers of the cressed and
uncrossed CST (Fig. 9).
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Figure 9. ALS patients showing asymmetry of the spinal white matter. Volume of the left anterior CST (a) is
large, and that of right anterior CST (b) is small, but left lateral CST (b’) is large, and right lateral CST (a°) is

small. This finding indicates a + a” = b+ b’. A: cervical, B; thoracic of a different patient. Kliiver-Barrera
preparation.

Loss of Myelinated Fibers in the Anterolateral
Funiculus (ALF) in Classic ALS

In the white matter of most the patients with sporadic ALS, the ALF degenerates along
with the lateral and anterior CST [Charcot 1880, Holmes 1909, Ikuta et al. 1979, 1982,
Lawyer & Netsky 1953, Oyanagi et al. 1995, Smith 1960]. In the present morphometric study
on the myelinated fibers in the ALF and I-CST of the cervical segment revealed that: (1)
marked and significant loss of large myelinated fibers in the ALF of ALS patients, (2) the
patients who required respirator support showed more severe degeneration of the ALF in the
ALS than those who required none, and (3) the degree of myelinated fiber loss in the I-CST
did not correspond with either the illness duration or the history of respirator use, (4) large
myelinated fibers in the I-CST and ALF degenerate independently in classic ALS [Oyanagi et
al. 1995] (Fig. 10).
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Figure 10. Evaluation of the ratio for the decrease in numbers of large myelinated fibers between the ALF
and 1-CST. Open circle; control subject, solid circle; ALS patient without respirator support, solid square;
ALS patient with respirator support. Numbers indicate the duration of illness. Patients who required
respirator support showed more severe degeneration of the ALF in the ALS than those who required none,
and the degree of myelinated fiber loss in the 1-CST did not correspond with either the illness duration or the
history of respirator use. Cited from ref. Oyanagi et al. 1995.

Origin of the Degenerated Fibers
of the ALF in Classic ALS

The neurons originating the reticulospinal tract, the neurons in the spinal cord [Ikuta et
al. 1982], and the propriospinal neurons [Oyanagi et al. 1983, 1989] have been proposed as
the origins of the degenerated fibers observed in the ALF of patients with ALS.

In the present study, in order to determine the origin of the large myelinated fibers in the
ALF of the human spinal cord, the number of which is severely reduced in patients with ALS,
myelinated fibers in the ALF of the mid-cervical spinal cord were examined quantitatively in
five groups of subjects, including control subjects (Group I). The disease groups that were
examined included patients with cerebral lesions showing complete degeneration of the
unilateral/bilateral pyramis of the medulla oblongata (Group II), those with lesions of the
pontine tegmentum (Group III), those with lesions of the lower cervical spinal cord (Group
IV), and those with thoracic/lumbar lesions (Group V) (Fig. 3).

The results of the present study have revealed that: (1) large myelinated fibers in the ALF
of the mid-cervical spinal cord originate from the tegmentum of the brain stem and from the
lower cervical spinal cord. (2) large and medium-sized myelinated fibers in the ALF of the
mid-cervical spinal cord are not corticospinal tracts, (3) nor are these fibers long-ascending
tracts from the thoracic and lumbar spinal cord (Table 1).
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A histological and quantitative study has revealed neither degenerative fibers, loss of
myelinated fibers, nor atrophy of the ALF in patients with hemispherectomy [Ueki 1966].
The finding concurs with the results of the present study.

The number of large and medium-sized myelinated fibers in the ALF of the mid-cervical
spinal cord in patients with complete transverse myelopathy at the thoracic level was not
reduced. This indicates that the long-ascending tracts, such as the spinothalamic [Kuru 1976,
Parent 1996, Smith 1951, Smith 1957], spinoreticular [Parent 1996), spinocerebellar [Kuru
1976, Parent 1996], and Helweg’s triangular [Smith & Deacon 1981] tracts are either not
composed of large or medium-sized myelinated fibers, or else do not pass through the areas
investigated in the present study.

Table 1. The number of myelinated fibers in the ALF. The mean + SD of the values are
indicated. The examined area is 0.057 mm? in each subject or patient. Statistical
evaluation was performed using the Mann-Whitney U test to compare the numbers of
myelinated fibers with diameters of less than 3 pm, 3-6 um and over 6 im. In the
patients with lesions of the pontine tegmentum (group III) and with lesions of the lower
cervical cord (group IV), the number of myelinated fibers with a diameter of over 6 pm
had decreased significantly. Cited from ref. Oyanagi et al. 1999

Diameter

< 3.0 pm 3-6 pym > 8.0 pm
1. Control (n=8)  2645.2 +/ 247.6 605.2 +/- 62.8 158.4 +/- 11.6
l. Cerebral lesions (n=4) 2335.5 +/-400.9 627.0 +/- 83.8 183.0 +/-91.6 *

¥

Il Pontine tegmentum lesions  (N=5) 27454 4+ 607.6 620.2 +/- 54.5 56.4 +/- 19.3 _J
IV. Lower cervical lesions (n=5)  3472.4 +/-802.8 519.2 +/- 1179 88.6 +/- 23.6
V. Thoracic/lumbar lesions (h=4}  2403.0 «/ 83.2 607.0 +/~ 91.6 148.0 +- 25.6

* P<0.01

The result of the present study shows that a proportion of the large myelinated fibers in
the ALF of the mid-cervical spinal cord originate from the lower cervical cord, and that the
large myelinated fibers in the ALF are not long-ascending fibers from the thoracic and
lumbar spinal cord. This finding suggests that the large myelinated fibers reduced in number
In patients with lower cervical involvement are not long-ascending fibers, but propriospinal
fibers connecting neighboring segments. The present study has also revealed that the large
myelinated fibers in the ALF of the mid-cervical segment originate from the tegmentum of
the brain stem and the lower cervical spinal cord, and their origins are considered to be
reticulo-, vestibulo- and/or raphe-spinal neurons, and propriospinal neurons.

In advanced ALS patients who require the long-term use of a respirator, an extensive
reduction in the number of neurons other than motor neurons has been observed in addition to
complete loss of the anterior horn cells [Hayashi & Kato 1989, Mizutani et al. 1992]. It has
also been noted that the tegmentum of the brain stem and the intermediate zone of the spinal
cord exhibit extremely severe atrophy and neuronal loss, and that the ALF degenerates





