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BSTRACT

 

Background

 

Multiple sclerosis is an inflammato-
ry demyelinating disease of the central nervous sys-
tem and is the most common cause of neurologic
disability in young adults. Despite antiinflammatory
or immunosuppressive therapy, most patients have
progressive neurologic deterioration that may reflect
axonal loss. We conducted pathological studies of
brain tissues to define the changes in axons in pa-
tients with multiple sclerosis.

 

Methods

 

Brain tissue was obtained at autopsy from
11 patients with multiple sclerosis and 4 subjects with-
out brain disease. Fourteen active multiple-sclerosis
lesions, 33 chronic active lesions, and samples of nor-
mal-appearing white matter were examined for de-
myelination, inflammation, and axonal pathologic
changes by immunohistochemistry and confocal mi-
croscopy. Axonal transection, identified by the pres-
ence of terminal axonal ovoids, was detected in all
47 lesions and quantified in 18 lesions.

 

Results

 

Transected axons were a consistent fea-
ture of the lesions of multiple sclerosis, and their fre-
quency was related to the degree of inflammation
within the lesion. The number of transected axons
per cubic millimeter of tissue averaged 11,236 in ac-
tive lesions, 3138 at the hypocellular edges of chron-
ic active lesions, 875 in the hypocellular centers of
chronic active lesions, and less than 1 in normal-
appearing white matter from the control brains.

 

Conclusions

 

Transected axons are common in the
lesions of multiple sclerosis, and axonal transection
may be the pathologic correlate of the irreversible
neurologic impairment in this disease. (N Engl J Med
1998;338:278-85.)
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ULTIPLE sclerosis is a disease of the
central nervous system characterized
by multicentric inflammation and de-
struction of myelin. The primary cause

of multiple sclerosis is unknown. Environmental risk
factors

 

1

 

 and multiple genetic loci

 

2-4

 

 contribute to
susceptibility to the disease. The onset of the symp-
toms of multiple sclerosis is often associated with
breakdown of the blood–brain barrier, as visualized
by magnetic resonance imaging.

 

5,6

 

 Inflammatory me-
diators block nerve conduction at the nodes of Ran-
vier,

 

7

 

 and soluble and cellular effector mechanisms
destroy myelin.

 

8,9

 

 The intensity of this process, its
resolution, and possibly remyelination determine the
severity and duration of the clinical symptoms and
recovery after each exacerbation. Acute relapses re-
spond well to corticosteroid therapy,

 

10

 

 providing

M

 

further evidence that inflammation is central to the
disease process.

In more than 50 percent of patients with multiple
sclerosis, steadily progressive clinical deterioration
develops after a 10-to-15-year relapsing–remitting
disease course.

 

11

 

 This chronic progressive stage of
the disease is much less responsive to antiinflamma-
tory-drug therapy. Although it was formerly as-
sumed that axons were spared from the destructive
process, recent studies indicate that axonal injury in
multiple sclerosis may cause permanent neurologic
dysfunction. Neurologic disability in patients with
multiple sclerosis has been correlated with atrophy
in the spinal cord,

 

12

 

 cerebellum,

 

13

 

 and cerebral cor-
tex,

 

14

 

 and the neuronal marker 

 

N

 

-acetyl aspartate
is decreased in multiple-sclerosis lesions according
to magnetic resonance spectroscopy.

 

14-17

 

 In patients
with relapses, reduced 

 

N

 

-acetyl aspartate is restricted
to the area of the lesion, whereas patients with
chronic progressive multiple sclerosis have reduced

 

N

 

-acetyl aspartate even in normal-appearing white
matter.

 

18

 

 This observation suggests the spread of ax-
onal pathologic changes, wallerian degeneration, or
both.

 

19,20

 

Axonal pathologic changes in multiple sclerosis
were mentioned by Charcot

 

21

 

 and have been report-
ed in an experimental model of immune-mediated
demyelination.

 

22

 

 Few studies have rigorously charac-
terized axonal pathologic changes in the brains of
patients with multiple sclerosis. A recent study re-
ported axonal accumulation of the amyloid precur-
sor protein in multiple-sclerosis lesions and raised
the possibility of irreversible axonal damage.

 

23

 

 Using
three-dimensional imaging of brain sections, we
have attempted to identify the pathologic changes in
axons in multiple sclerosis.

 

METHODS

 

Tissue

 

We studied tissue from the brains of 11 patients with multiple
sclerosis (age at death, 18 to 62 years; 8 women and 3 men). For-
ty-seven demyelinated lesions were identified, and each was char-
acterized as active or chronic active, as described previously.

 

24

 

Active lesions contained abundant and evenly distributed major-
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histocompatibility-complex (MHC) class II–positive cells through-
out the lesion and myelin-protein–positive inclusions within the
macrophages. In chronic active lesions, MHC class II–positive
cells were abundant at the edges of lesions and less frequent in
the center. On the basis of these criteria, 14 active and 33 chronic
active lesions were identified.

 

Immunocytochemistry

 

The tissue was fixed in 4 percent paraformaldehyde, protected
in 70 percent sucrose, placed on the stage of a sliding microtome,
and frozen. Free-floating sections (30 

 

m

 

m thick) were cut with-
out exposure to solvents or other embedding mediums. Sections
were rinsed in phosphate-buffered saline four times for 5 minutes
each, microwaved twice for 5 minutes each in 10 mM citrate buff-
er (pH 6.0), incubated in 3 percent hydrogen peroxide and 10
percent Triton X-100 for 30 minutes, and immunostained by the
avidin–biotin complex procedure and with diaminobenzidine, as
described previously.

 

24

 

 Sections for confocal microscopy were pre-
treated as described above, incubated with two primary antibod-
ies, and then incubated with fluorescein-conjugated and Texas
red–conjugated secondary antibodies (Jackson Laboratories, West
Grove, Pa.), as described previously.

 

25

 

Antibodies

 

The following well-characterized primary antibodies were used:
mouse anti–MHC class II and rabbit anti–myelin basic protein
(Dako, Carpinteria, Calif.), mouse anti–proteolipid protein (gift
from Nigel Groom), rabbit antiferritin (Sigma Immunochemicals,
St. Louis), and mouse anti–nonphosphorylated neurofilament
(SMI-32) (Sternberger Monoclonals, Baltimore).

 

Confocal Microscopy

 

Sections were analyzed on a Leica Aristoplan laser scanning mi-
croscope (Leitz Wetzlar, Heidelberg, Germany). Individual con-
focal optical sections represented 0.5-

 

m

 

m axial resolution. The
entire thickness of the section was scanned. The images presented
here consist of 16 to 32 optical sections combined to form a
“through-focus” image. Fluorescence was collected individually
in the green (fluorescein) and red (Texas red) channels to elimi-
nate “bleed-through” from either channel. The yellow is a result
of stacking multiple images and not of colocalization of antigens.

 

Quantification of Terminal Swellings

 

Tissue from five brains, which included 5 active and 13 chronic
active lesions, was selected for quantitative analysis of axonal
transection. Sections immunostained with nonphosphorylated-
neurofilament antibodies and diaminobenzidine were used for
quantification. Only swellings at the terminal ends of axons, as
verified by moving the plane of focus up and down through the
section, were counted. To eliminate regional variations in the dis-
tribution of terminal-axon ovoids, all areas of multiple-sclerosis
lesions were analyzed. The tissue volume (in cubic millimeters)
was calculated by multiplying the total two-dimensional area of
the grid that was analyzed by the thickness of the section (30

 

m

 

m). Terminal ovoids in multiple-sclerosis lesions, 10 microscop-
ical fields of normal-appearing white matter in multiple-sclerosis
blocks, and 20 microscopical fields of white matter from control
brains were quantified. The data were compared by the Wilcoxon
rank-sum test and mixed-model analysis.

 

RESULTS

 

Axonal Pathologic Changes in Multiple-Sclerosis Lesions

 

Axonal pathologic changes, demyelination, and
inflammation were studied in serial sections of in-
dividual multiple-sclerosis lesions immunostained with
antibodies to proteolipid protein, MHC class II

molecules, and nonphosphorylated neurofilament
(SMI-32) (Fig. 1). Proteolipid protein is the major
structural protein of central nervous system myelin,

 

26

 

and its absence in white matter indicates areas of de-
myelination. MHC class II molecules are expressed by
activated monocytes and microglia concentrated in
and around multiple-sclerosis lesions,

 

24

 

 and their
abundance and distribution have been used to char-
acterize different stages of demyelinating lesions.

 

23,27,28

 

Nonphosphorylated neurofilaments are abundant in
neuronal cell bodies and dendrites.

 

29-31

 

 Neurofila-
ments in healthy myelinated axons are heavily phos-
phorylated and not stained by SMI-32 antibodies.

 

29

 

SMI-32 immunoreactivity in normally myelinated re-
gions of the brain provides a sensitive marker for de-
myelination or axonal pathologic changes. SMI-32
immunoreactivity was rare in normal-appearing white
matter from control brains (data not shown). In con-
trast, all 47 multiple-sclerosis lesions analyzed con-
tained abundant SMI-32–positive axons. 

Figure 1 shows a lesion classified as active because
of the absence of proteolipid-protein immunoreac-
tivity (Panel A) and the abundance and even distri-
bution of MHC class II–positive cells (Panel B)
throughout the demyelinated area. The acuteness of
the demyelination is also indicated by the detection
of proteolipid-protein–positive myelin debris within
the lesion (Fig. 1A, arrowheads). Abundant SMI-32
immunoreactivity was detected within the area of
demyelination (Fig. 1C). This staining appeared as
thin lines and small dots, which represent demyelin-
ated axons viewed in longitudinal and transverse ori-
entation, and as larger ovoids that may represent
damaged axons.

Several patterns of SMI-32 staining were detected
in and near multiple-sclerosis lesions, and these pat-
terns varied on the basis of lesion activity. In active le-
sions, small-diameter axons and large ovoids (Fig. 2A)
were distributed randomly throughout the demyelin-
ated area. In chronic active lesions, SMI-32–positive
axons and ovoids were concentrated at the actively
demyelinating edges (Fig. 2B). Both were less abun-
dant than those found in active lesions, and the
ovoids were of smaller diameter. The centers of
chronic active lesions contained fewer SMI-32–posi-
tive axons and ovoids than the borders (data not
shown).

Individual axons displayed several patterns of
SMI-32 immunoreactivity. Most abundant were
continuous lines of SMI-32 immunoreactivity (Fig.
2A and 2B), which indicated intact demyelinated ax-
ons. Some axons contained discontinuous lines of
SMI-32–positive dots (Fig. 2C). These staining pat-
terns are consistent with axonal degeneration distal
to the sites of transection. Other axons showed dra-
matic changes in caliber, including alternating con-
strictions and dilatations or single swellings that ex-
tended from a thin axon (Fig. 2D).
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Axonal Transection in Multiple-Sclerosis Lesions

 

The most striking axonal alterations in multiple-
sclerosis lesions were ovoids of intense SMI-32 stain-
ing. These structures resembled terminal axonal
ovoids or end bulbs that resulted from axon transec-
tion.

 

32-35

 

 To confirm this interpretation, sections were
stained with SMI-32 and fluorescence-labeled anti-
bodies and examined by confocal microscopy, and
computer-based three-dimensional reconstructions of
entire ovoids were generated. Figure 3A shows an ac-
tive lesion with many axonal ovoids. On the basis of
three-dimensional analysis, the vast majority of ovoids
retained only a single axonal connection (Fig. 3A, ar-
rows). Axonal ovoids with dual axonal connections
were rare (Fig. 3A, arrowhead). This analysis estab-

lished that the majority of SMI-32–positive axonal
swellings were terminal ends of axons.

 

Axonal Transection in Relation to Demyelinating Activity 
in Multiple-Sclerosis Lesions

 

Inflammatory demyelination is the pathologic
hallmark of multiple sclerosis. The relation between
SMI-32–positive terminal ovoids and active demye-
lination was studied by confocal microscopy. Figure
3B shows the distribution of SMI-32 (green) and
myelin basic protein (red) at the edge of a chronic
active lesion. Three large-diameter axons are intense-
ly stained by SMI-32 antibodies. The irregular and
discontinuous distribution of myelin basic protein
immunoreactivity around these axons indicates on-
going demyelination. The two lower, large-diameter

 

Figure 1.

 

 Serial Sections of Multiple-Sclerosis Lesions Immunostained for Myelin (Panel A), MHC Class II (Panel B), and Nonphos-
phorylated Neurofilaments (Panel C).
This figure shows an active multiple-sclerosis lesion characterized by loss of myelin (Panel A), myelin debris within the demyelin-
ated area (Panel A, arrowheads), even distribution of numerous MHC class II–positive cells throughout the demyelinated area (Panel
B), and abundant expression of nonphosphorylated neurofilaments within the lesion (Panel C). The scale bars in Panels A and B
represent 400 

 

m

 

m; the scale bar in Panel C represents 235 

 

m

 

m.

 

B C

A
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fibers had normal-appearing axonal cylinders, where-
as the upper fiber terminated in a large ovoid (Fig.
3B, arrow). Figure 3C is another confocal image
of myelin basic protein (red) and SMI-32 (green)
staining at the border of a lesion. Many SMI-32–
positive, myelin basic protein–negative fibers extend-
ed into normal-appearing white matter, where they
remained SMI-32–positive but were surrounded by
normal-appearing myelin internodes (Fig. 3C, ar-
rowheads). Occasionally, an SMI-32–positive axon
that was surrounded by normal-appearing myelin
terminated in a swelling (Fig. 3C, arrow). Confocal
analysis of these and similar fibers provided addi-
tional evidence that most SMI-32–positive ovoids
were terminal ends of axons.

Cells of monocyte origin are effectors in tissue de-
struction and phagocytosis in multiple-sclerosis le-
sions. To study the association between macrophages
or microglia and terminal axonal ovoids, sections
were immunostained for SMI-32 and ferritin (a
marker for cells of monocyte origin) and analyzed by
confocal microscopy. In the center of an active lesion

(Fig. 3D), phagocytic macrophages were abundant
and were closely associated with or partially sur-
rounded terminal axonal ovoids (Fig. 3D, arrows).
Normal-appearing SMI-32–positive axons (Fig. 3D,
arrowheads) were not surrounded by phagocytic
macrophages. At the borders of chronic active lesions
(Fig. 3E), the majority of ferritin-positive cells (red)
were process-bearing microglia. SMI-32–positive ax-
ons (green) were abundant; most had a normal ap-
pearance and no consistent association with activated
microglia (Fig. 3E, arrowheads). However, two ter-
minal axonal swellings were engulfed by activated mi-
croglia (Fig. 3E, large arrows), whereas a swelling
with dual axonal connections was not ensheathed by
microglia or their processes (Fig. 3E, small arrow).

 

Quantification of Axonal Transection

 

The results described above established a strong
qualitative correlation between axonal pathologic
changes and areas of demyelination in 47 lesions
from 11 patients with multiple sclerosis. To de-
termine the quantitative relation between axonal

 

Figure 2.

 

 Patterns of Axonal Pathologic Changes in Multiple-Sclerosis Lesions.
In active lesions (Panel A), SMI-32–positive ovoids and axons are abundant. At the edges of chronic active lesions (Panel B), non-
phosphorylated-neurofilament–positive axons and ovoids are less abundant and the ovoids are smaller. Most nonphosphorylated-
neurofilament–positive axons in multiple-sclerosis lesions have a normal appearance (Panels A and B). Some have discontinuous
staining for nonphosphorylated neurofilaments (Panel C), which is characteristic of axonal degeneration. Other axons have con-
strictions, dilatations, or large swellings (Panel D). The scale bars in Panels A and B represent 60 

 

m

 

m; the scale bars in Panels C
and D represent 52 

 

m

 

m.

 

C D

A B
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Figure 3.

 

 Confocal Microscopical Images of Axonal Changes in Multiple-Sclerosis Lesions.
Nonphosphorylated neurofilaments are green in all panels. Red indicates myelin in Panels B and C and macrophages or microglia
in Panels D and E. Panels A and D show the centers of active lesions. Panels B, C, and E show the edges of active lesions. Panel A
shows “stacked images” of terminal axonal ovoids with single axonal connections (arrows), an axonal ovoid with dual axonal con-
nections (arrowhead), and many normal-appearing axons. Panel B shows three large, nonphosphorylated-neurofilament–positive
axons undergoing active demyelination (arrowheads). One axon ends in a large terminal ovoid (arrow). Panel C shows some axons
(green) terminating at the ends of normal-appearing myelin internodes (arrow), and many axons that express nonphosphorylated
neurofilaments surrounded by normal-appearing myelin (arrowheads). In Panels D and E, macrophages (red in Panel D) and mi-
croglia (red in Panel E) surround and engulf terminal axonal swellings (large arrows) but have no consistent association with nor-
mal-appearing axons (arrowheads) or swellings in nontransected axons (Panel E, small arrow). The scale bar in Panel A represents
64 

 

m

 

m; the scale bars in Panels B, C, D, and E represent 45 

 

m

 

m.
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transection and regions of demyelination and in-
flammation, we counted the number of SMI-32–
positive terminal axonal swellings in 5 active and 13
chronic active lesions selected from five well-pre-
served brains of patients with multiple sclerosis.
Transected axons within chronic active lesions were
counted in the cores and at the edges of the lesions.
The clinical features of the five patients are shown in
Table 1. One had acute progressive disease with a
course of only 2 weeks; another had primary pro-
gressive disease with a 5-year course; and three had
secondary progressive disease with durations rang-
ing from 7 to 27 years. 

The average number of SMI-32–positive terminal
ovoids per cubic millimeter of tissue was 17 in 11 ar-
eas of normal-appearing white matter from brains of
patients with multiple sclerosis and less than 1 in
5 blocks from four control brains (Table 2). The av-
erage number of terminal axonal ovoids per cubic
millimeter of tissue was 11,236 in active lesions, 3138
in the demyelinating borders of chronic active lesions,
and 875 in their inactive centers. All multiple-sclerosis
lesions contained significantly more terminal axonal
ovoids than did normal control tissue. Active lesions
contained significantly more terminal ovoids than the
edges or cores of chronic active lesions, and terminal
ovoids were significantly more numerous at the edges
of chronic active lesions than in their cores. All lesion
areas contained significantly more terminal ovoids
than nonlesion areas in sections of brains of patients
with multiple sclerosis. These results establish that ax-
onal transection is a consistent and abundant feature
of multiple-sclerosis lesions and that its incidence is
related to the degree of inflammation.

 

DISCUSSION

 

These results establish that axonal transection is a
consistent consequence of demyelination in the
brains of patients with multiple sclerosis. The use of
30-

 

m

 

m-thick sections and computer-based three-
dimensional reconstruction identified the vast ma-
jority of axonal ovoids as terminal ends of axons.
The number of terminal axonal ovoids per cubic
millimeter of tissue averaged 11,236 in active le-
sions, 3138 at the edges of chronic active lesions,
875 at the centers of chronic active lesions, and less
than 1 in white matter from control brains. These
results are consistent with and extend those of a re-
cent report describing amyloid precursor protein–
positive axonal swellings in 10-

 

m

 

m-thick paraffin
sections of multiple-sclerosis lesions.

 

23

 

 Since many
multiple-sclerosis lesions have volumes of several cu-
bic centimeters, these data establish axons as a major
disease target in patients with multiple sclerosis.

The finding of extensive axonal transection in
multiple-sclerosis lesions has important clinical and
therapeutic implications. Historically, it has been as-
sumed that the disease process in multiple sclerosis

spares axons. Major therapeutic and research efforts
have been directed toward limiting immune-mediat-
ed damage to myelin and promoting remyelination.
The treatment of multiple sclerosis remains unsatis-
factory, with chronic disease progression being the
principal clinical challenge. This report and recent
results from magnetic resonance imaging studies in-
dicate a need for noninvasive techniques that moni-
tor axonal pathologic changes in patients with mul-
tiple sclerosis. The development of neuroprotective
therapies should become an objective of multiple-
sclerosis research. It will be of particular interest to
define the consequences in terms of axonal injury of
therapy with high-dose pulsed corticosteroids, com-
monly used to treat relapses,

 

10

 

 and interferon beta,
which is indicated for patients with relapsing–remit-
ting disease.

 

36,37

 

 
The findings in this study provide an additional

rationale for early treatment with drugs that reduce
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 C
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1 18/F 2 wk Acute progressive

2 29/F 5 yr Primary progressive

3 49/F 7 yr Secondary progressive

4 52/M 22 yr Secondary progressive

5 56/F 27 yr Secondary progressive

*Plus–minus values are means 

 

�

 

SE. P

 

�

 

0.018 for the comparison be-
tween multiple-sclerosis samples and control white matter, by the Wilcox-
on rank-sum test. For patients with multiple lesions the median value was
used. P

 

�

 

0.001 for the comparison between active lesions and the edges
of chronic active lesions, P

 

�

 

0.001 for the comparison between active le-
sions and the cores of chronic active lesions, and P

 

�

 

0.01 for the compar-
ison between the edges and the cores of chronic active lesions, by mixed-
model analysis, which incorporates correlations for all lesions in a single
patient.
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 D

 

ISTRIBUTION

 

 

 

AND

 

 NUMBER OF TRANSECTED AXONS

IN MULTIPLE-SCLEROSIS LESIONS.

TISSUE (NO. OF PATIENTS)
NO. OF LESIONS

ANALYZED

NO. OF TRANSECTED

AXONS/mm3*

Active lesions (3) 5 11,236�2775

Chronic active lesions (4)
Edge
Core

13
3138�688

875�246

Nonlesion white matter (5) 11 17�2.8

Control white matter (4) 5 0.7�0.7
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inflammation, since axonal transection is irreversible
and is most abundant in areas of inflammation.
However, the effects of specific antiinflammatory strat-
egies on axonal integrity will need careful evaluation.
Ultimately, neuroprotective factors may be one ele-
ment of an effective, comprehensive therapeutic
strategy for multiple sclerosis.

Axonal transection was abundant in active and
chronic active lesions from patients with durations
of clinical disease ranging from 2 weeks to 27 years.
During relapsing–remitting stages of the disease, the
restoration of conduction along demyelinated axons,
redundant neuronal pathways, or axonal sprouting
may compensate for the destruction of axons. Our
results suggest that a threshold of axonal loss is
eventually reached beyond which patients have pro-
gressive neurologic deterioration. If axonal patho-
logic changes begin at the onset of disease, as our
data suggest, aggressive early treatment with neuro-
protective agents should be considered.

Axonal destruction in multiple-sclerosis lesions
could result from direct immunologic attack on ax-
ons, from soluble inflammatory mediators, or from
secondary effects of chronic demyelination. A specif-
ic immune attack on axons seems unlikely, because
most axons survive the demyelinating process and
have no consistent association with cells of mono-
cytic origin. Since the greatest degree of axonal
transection occurred in areas of active demyelination
and inflammation, we consider it most likely that de-
myelinated axons are vulnerable to inflammatory en-
vironments and that axonal transection is caused by
proteolytic enzymes, cytokines, oxidative products,
and free radicals produced by activated immune and
glial cells.38-40

The possibility that chronic demyelination may
lead to axonal degeneration was also supported by
the finding of terminal axonal ovoids in the centers
of chronic active lesions. Myelination provides an ex-
trinsic trophic signal to axons that increases axonal
caliber,41,42 and the loss of this effect can result in ax-
onal degeneration. Although the precise nature of
this trophic effect is unknown, degeneration and
atrophy have been described in mouse axons that
are normally myelinated but are deficient in the
myelin-associated glycoprotein.43 As a member of
the immunoglobulin gene superfamily that is local-
ized exclusively in the adaxonal membrane of central
nervous system myelin,44 myelin-associated glyco-
protein may directly or indirectly be part of a ligand
system that modulates the maturation and survival
of myelinated axons.

Neurofilaments are the principal constituent of
the axonal cytoskeleton,45 and their phosphorylation
states are dynamically regulated by myelination, de-
myelination, and intrinsic axonal pathologic chang-
es. Developmentally, myelination increases neurofil-

ament phosphorylation, which in turn increases the
lateral extension of neurofilament side arms.46,47 This
increases neurofilament spacing, axonal caliber, and
axonal conduction velocity.42,48 In animal models,
demyelination or dysmyelination causes decreased
neurofilament phosphorylation, reduced axonal cal-
iber, and an increase in nonphosphorylated neurofil-
ament epitopes.49,50 Therefore, it was expected that
SMI-32 immunoreactivity would be increased in
multiple-sclerosis lesions and that most SMI-32–
positive axons would appear normal. In addition to
axonal transection, two patterns of axonal patholog-
ic changes were identified. Discontinuous SMI-32
staining similar to that described in axonal degener-
ation (Fig. 2C) provided additional evidence of ax-
onal transection in multiple-sclerosis lesions. Other
axons had significant alterations in caliber (Fig. 2D)
and represented damaged axons that retained active-
transport systems and connection to neuronal peri-
karya.

Axons distant from multiple-sclerosis lesions also
displayed alterations in neurofilament phosphoryla-
tion. Although most appeared normally myelinated,
some ended in terminal ovoids. This finding is con-
sistent with the results of magnetic resonance spec-
troscopy studies that detected reduced N-acetyl
aspartate in regions where there were no visible le-
sions.20 Reduced N-acetyl aspartate may therefore
reflect potentially reversible axonal dysfunction due
to demyelination,51 as well as irreversible axonal de-
generation distal to sites of transection. Since myelin
ensheathment governs the activity of the axonal ki-
nases and phosphatases that regulate neurofilament
phosphorylation, myelination may also modulate
the activity of aspartoacylase, the enzyme that hy-
drolyzes N-acetyl aspartate to aspartate and acetate.
N-Acetyl aspartate–derived acetate can be used to
make acetyl coenzyme A.52 N-Acetyl aspartate may
therefore be part of an energy-storage system in ax-
ons that helps meet the energy demands of saltatory
conduction. In the absence of myelination, axonal
energy demands may be reduced and N-acetyl aspar-
tate levels diminished. The results of this study high-
light the considerable importance of clarifying the
implications of reduced N-acetyl aspartate in mul-
tiple-sclerosis lesions, and they stress the need to
develop or improve noninvasive methods of moni-
toring and treating axonal pathologic changes in pa-
tients with multiple sclerosis.

Supported by a grant from the National Institutes of Health (R01
NS35058), the Norwegian Research Council, the Multiple Sclerosis Soci-
ety of Norway, and the Rebekka Ege Hegermann Foundation, Bergen,
Norway.

We are indebted to Karen Toil for typing the manuscript and to
Jeff Cohen for helpful comments.

Copyright © 1998 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 11, 2009 . For personal use only. No other uses without permission. 



AXONAL TRANSECTION IN THE LESIONS OF MULTIPLE SCLEROSIS

Volume 338 Number 5 � 285

REFERENCES

1. Weinshenker BG. Epidemiology of multiple sclerosis. Neurol Clin 
1996;14:291-308.
2. Sawcer S, Jones HB, Feakes R, et al. A genome screen in multiple scle-
rosis reveals susceptibility loci on chromosome 6p21 and 17q22. Nat 
Genet 1996;13:464-8.
3. Haines JL, Ter-Minassian M, Bazyk A, et al. A complete genomic screen 
for multiple sclerosis underscores a role for the major histocompatibility com-
plex: the Multiple Sclerosis Genetics Group. Nat Genet 1996;13:469-71.
4. Ebers GC, Kukay K, Bulman DE, et al. A full genome search in multiple 
sclerosis. Nat Genet 1996;13:472-6.
5. McFarland HF, Frank JA, Albert PS, et al. Using gadolinium-enhanced 
magnetic resonance imaging lesions to monitor disease activity in multiple 
sclerosis. Ann Neurol 1992;32:758-66.
6. Rudick RA, Cookfair D, Ransohoff R, et al. Cerebrospinal fluid abnor-
malities in a phase III trial interferon beta-1a (Avonex) for relapsing mul-
tiple sclerosis. Ann Neurol 1996;40:516. abstract.
7. Bornstein MB, Crain SM. Functional studies of cultured human brain 
tissues as related to “demyelinative disorders.” Science 1965;148:1242-4.
8. Prineas JW, Graham JS. Multiple sclerosis: capping of surface immuno-
globulin G on macrophages engaged in myelin breakdown. Ann Neurol 
1981;10:149-58.
9. Prineas JW, Kwon EE, Cho ES, Sharer LR. Continual breakdown and 
regeneration of myelin in progressive multiple sclerosis plaques. Ann N Y 
Acad Sci 1984;436:11-32.
10. Milligan NM, Newcombe R, Compston DAS. A double-blind con-
trolled trial of high dose methylprednisolone in patients with multiple scle-
rosis. I. Clinical effects. J Neurol Neurosurg Psychiatry 1987;50:511-6.
11. Weinshenker BG, Bass B, Rice GP, et al. The natural history of multi-
ple sclerosis: a geographically based study. I. Clinical course and disability. 
Brain 1989;112:133-46.
12. Losseff NA, Webb SL, O’Riordan JI, et al. Spinal cord atrophy and 
disability in multiple sclerosis: a new reproducible and sensitive MRI meth-
od with potential to monitor disease progression. Brain 1996;119:701-8.
13. Davie CA, Barker GJ, Webb S, et al. Persistent functional deficit in 
multiple sclerosis and autosomal dominant cerebellar ataxia is associated 
with axon loss. Brain 1995;118:1583-92.
14. Losseff NA, Wang L, Lai HM, et al. Progressive cerebral atrophy in 
multiple sclerosis: a serial MRI study. Brain 1996;119:2009-19.
15. Arnold DL, Riess GT, Matthews PM, et al. Use of proton magnetic 
resonance spectroscopy for monitoring disease progression in multiple scle-
rosis. Ann Neurol 1994;36:76-82.
16. Davie CA, Hawkins CP, Barker GJ, et al. Serial proton magnetic reso-
nance spectroscopy in acute multiple sclerosis lesions. Brain 1994;117:49-58.
17. De Stefano N, Matthews PM, Antel JP, Preul M, Francis G, Arnold 
DL. Chemical pathology of acute demyelinating lesions and its correlation 
with disability. Ann Neurol 1995;38:901-9.
18. Matthews PM, Pioro E, Narayanan S, et al. Assessment of lesion pa-
thology in multiple sclerosis using quantitative MRI morphometry and 
magnetic resonance spectroscopy. Brain 1996;119:715-22.
19. McDonald WI. Rachelle Fishman-Matthew Moore Lecture: the 
pathological and clinical dynamics of multiple sclerosis. J Neuropathol Exp 
Neurol 1994;53:338-43.
20. Narayanan S, Fu L, Pioro E, et al. Imaging of axonal damage in mul-
tiple sclerosis: spatial distribution of magnetic resonance imaging lesions. 
Ann Neurol 1997;41:385-91.
21. Charcot M. Histologie de la sclerose en plaques. Gaz Hosp 1868;141:
554-5, 557-8.
22. Raine CS, Cross AH. Axonal dystrophy as a consequence of long-term 
demyelination. Lab Invest 1989;60:714-25.
23. Ferguson B, Matyszak MK, Esiri MM, Perry VH. Axonal damage in 
acute multiple sclerosis lesions. Brain 1997;120:393-9.
24. Bö L, Mörk S, Kong PA, Nyland H, Pardo CA, Trapp BD. Detection 
of MHC class II-antigens on macrophages and microglia, but not on as-
trocytes and endothelia in active multiple sclerosis lesions. J Neuroimmu-
nol 1994;51:135-46.
25. Trapp BD, Nishiyama A, Cheng D, Macklin W. Differentiation and 
death of premyelinating oligodendrocytes in developing rodent brain.
J Cell Biol 1997;137:459-68.
26. Norton WT, Poduslo SE. Myelination in rat brain: method of myelin 
isolation. J Neurochem 1973;21:749-57.
27. Prineas JW. The neuropathology of multiple sclerosis: In: Koetsier JC, 
ed. Demyelinating diseases. Vol. 47 of Handbook of clinical neurology. 
Amsterdam: Elsevier Science, 1985:213-57.
28. Bö L, Peterson JW, Mörk S, et al. Distribution of immunoglobulin su-
perfamily members ICAM-1, -2, -3, and the b2 integrin LFA-1 in multiple 
sclerosis lesions. J Neuropathol Exp Neurol 1996;55:1060-72.

29. Sternberger LA, Sternberger NH. Monoclonal antibodies distinguish 
phosphorylated and nonphosphorylated forms of neurofilaments in situ. 
Proc Natl Acad Sci U S A 1983;80:6126-30.
30. Lee VM-Y, Carden MJ, Trojanowski JQ. Novel monoclonal antibodies 
provide evidence for the in situ existence of a nonphosphorylated form of 
the largest neurofilament subunit. J Neurosci 1986;6:850-8.
31. Lee VM, Carden MJ, Schlaepfer WW, Trojanowski JQ. Monoclonal 
antibodies distinguish several differentially phosphorylated states of the 
two largest rat neurofilament subunits (NF-H and NF-M) and demonstrate 
their existence in the normal nervous system of adult rats. J Neurosci 1987;
7:3474-88.
32. Cochran E, Bacci B, Chen Y, Patton A, Gambetti P, Autilio-Gambetti 
L. Amyloid precursor protein and ubiquitin immunoreactivity in dys-
trophic axons is not unique to Alzheimer’s disease. Am J Pathol 1991;
139:485-9.
33. Gentleman SM, Nash MJ, Sweeting CJ, Graham DI, Roberts GW. 
Beta-amyloid precursor protein (beta APP) as a marker for axonal injury 
after head injury. Neurosci Lett 1993;160:139-44.
34. Ohgami T, Kitamoto T, Tateishi J. Alzheimer’s amyloid precursor pro-
tein accumulates within axonal swellings in human brain lesions. Neurosci 
Lett 1992;136:75-8.
35. Sherriff FE, Bridges LR, Gentleman SM, Sivaloganathan S, Wilson S. 
Markers of axonal injury in post mortem human brain. Acta Neuropathol 
(Berl) 1994;88:433-9.
36. IFNB Multiple Sclerosis Study Group, University of British Columbia 
MS/MRI Analysis Group. Interferon beta-1b in the treatment of multiple 
sclerosis: final outcome of the randomized controlled trial. Neurology 
1995;45:1277-85.
37. Jacobs LD, Cookfair DL, Rudick RA, et al. Intramuscular interferon 
beta-1a for disease progression in relapsing multiple sclerosis. Ann Neurol 
1996;39:285-94.
38. Selmaj K, Raine CS, Cannella B, Brosnan CF. Identification of lym-
photoxin and tumor necrosis factor in multiple sclerosis lesions. J Clin In-
vest 1991;87:949-54.
39. Bö L, Dawson TM, Wesselingh S, et al. Induction of nitric oxide syn-
thase in demyelinating regions of multiple sclerosis brains. Ann Neurol 
1994;36:778-86.
40. Hohlfeld R. Biotechnological agents for the immunotherapy of mul-
tiple sclerosis: principles, problems and perspectives. Brain 1997;120:865-
916.
41. Windebank AJ, Wood P, Bunge RP, Dyck PJ. Myelination determines 
the caliber of dorsal root ganglion neurons in culture. J Neurosci 1985;5:
1563-9.
42. Sanchez I, Hassinger L, Paskevich PA, Shine HD, Nixon RA. Oligo-
dendroglia regulate the regional expansion of axon caliber and local accu-
mulation of neurofilaments during development independently of myelin 
formation. J Neurosci 1996;16:5095-105.
43. Fruttiger M, Montag D, Schachner M, Martini R. Crucial role for the 
myelin-associated glycoprotein in the maintenance of axon-myelin integri-
ty. Eur J Neurosci 1995;7:511-5.
44. Trapp BD, Andrews SB, Cootauco C, Quarles RH. The myelin-asso-
ciated glycoprotein is enriched in multivesicular bodies and periaxonal 
membranes of actively myelinating oligodendrocytes. J Cell Biol 1989;109:
2417-26.
45. Hoffman PN, Lasek RJ. The slow component of axonal transport: 
identification of major structural polypeptides of the axon and their gen-
erality among mammalian neurons. J Cell Biol 1975;66:351-66.
46. Hirokawa N, Glicksman MA, Willard MB. Organization of mammali-
an neurofilament polypeptides within the neuronal cytoskeleton. J Cell 
Biol 1984;98:1523-36.
47. Nakagawa T, Chen J, Zhang Z, Kanai Y, Hirokawa N. Two distinct 
functions of the carboxyl-terminal tail domain of NF-M upon neurofila-
ment assembly: cross-bridge formation and longitudinal elongation of fil-
aments. J Cell Biol 1995;129:411-29.
48. Arbuthnott ER, Boyd IA, Kalu KU. Ultrastructural dimensions of my-
elinated peripheral nerve fibers in the cat and their relation to conduction 
velocity. J Physiol (Lond) 1980;308:125-57.
49. deWaegh SM, Lee VM-Y, Brady ST. Local modulation of neurofila-
ment phosphorylation, axonal caliber, and slow axonal transport by myeli-
nating Schwann cells. Cell 1992;68:451-63.
50. Hsieh S-T, Crawford TO, Bouldin TW, Griffin JW. Influence of de-
myelination and remyelination on axonal organization. Brain Pathol 1993;
3:307.
51. De Stefano N, Matthews PM, Arnold DL. Reversible decreases in 
N-acetylaspartate after acute brain injury. Magn Reson Med 1995;34:721-
7.
52. Mehta V, Namboodiri MAA. N-acetylaspartate as an acetyl source in 
the nervous system. Brain Res Mol Brain Res 1995;31:151-7.

Copyright © 1998 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 11, 2009 . For personal use only. No other uses without permission. 


