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Myelination increases neuronal conduction velocity through its
insulating properties and an unidentified extrinsic effect that
increases axonal caliber. Although it is well established that
demyelination can cause axonal atrophy, the myelin molecule
that regulates axonal caliber is not known. Loss of the structural
proteins of compact peripheral nervous system (PNS) myelin,
P, protein, and myelin basic protein does not lead to axonal
atrophy. This study demonstrates that mice with a null mutation
of the myelin-associated glycoprotein (MAG) gene have a
chronic atrophy of myelinated PNS axons that results in para-
nodal myelin tomaculi and axonal degeneration. Absence of

MAG was correlated with reduced axonal calibers, decreased
neurofilament spacing, and reduced neurofilament phosphory-
lation. Because axonal atrophy and degeneration in MAG-
deficient mice occur in the absence of inflammation, hypomy-
elination, significant demyelination-remyelination, or gain of
function mutations, these data support a functional role for
MAG in modulating the maturation and viability of myelinated
axons.
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Peripheral nerve axons are ensheathed by Schwann cells. Axons
with larger calibers are surrounded by myelin, which is a multi-
layered, tightly compacted extension of the Schwann cell plasma
membrane. Myelination is essential for rapid propagation of
action potentials and for normal neurological function (Waxman,
1980). Unmyelinated axons, usually of smaller caliber, are en-
sheathed by single uncompacted Schwann cell membranes. My-
elination of peripheral nervous system (PNS) axons is initiated by
an axonally derived signal (Aguayo et al., 1976; Weinberg and
Spencer, 1976), and in most settings maintenance of PNS myelin
internodes depends on physical contact with a viable axon (Griffin
et al., 1993). Although axonal regulation of Schwann cell pheno-
type is well established, it is also clear that myelination influences
the axon locally. Myelination is associated with increases in
axonal caliber (Windebank et al., 1985). This effect is important
functionally because axonal caliber is a determinant of neuronal
conduction velocity (Arbuthnott et al., 1980). Axonal caliber is
influenced by neurofilament number (Hoffman and Griffin, 1992;
Ohara et al., 1993; Eyer and Peterson, 1994) and neurofilament
spacing (Friede and Samorajski, 1971; Hoffman and Griffin,
1992).

The extrinsic effect of myelination on axonal caliber was dem-
onstrated in developing rat optic nerve (Sanchez et al., 1996), and
by comparing axonal caliber in myelinated regions with the non-
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myelinated initial segment of dorsal root ganglion axons (Hsieh et
al., 1994). The trophic effect of myelination on axonal caliber is
also reversible. In demyelinated internodes of the Trembler
mouse, axonal calibers were smaller, and neurofilaments (NFs)
were spaced closer and were less phosphorylated than those in
control mice (deWaegh et al., 1992). Reduced axonal calibers and
neurofilament spacing after demyelination is also reversed by
remyelination (Hsieh et al., 1993).

Neurofilaments consist of three subunits with apparent molec-
ular weights of 68, 150, and 200 kDa that are referred to as NFL,
NFM, and NFH, respectively (Hoffman and Lasek, 1975;
Hirokawa et al., 1984). All subunits share a highly conserved
central rod domain but differ in their C-terminal region. NFL
forms the core of the 10 nm neurofilaments, and the C-terminal
regions of NFH and NFM include sidearms that extend from the
core filament. The C-terminal region of NFH and NFM contains
40-50 and 10-15 lysine—serine—proline (KSP) repeats, respec-
tively, which are potential phosphorylation sites. It has been
proposed that phosphorylation of NFH and NFM increases the
total negative charge and the lateral extension of neurofilament
sidearms (Hirokawa et al., 1984; Nakagawa et al., 1995). Sidearm
extension, in turn, increases neurofilament spacing and axonal
caliber.

The studies discussed above support a positive correlation
between myelination, neurofilament number, neurofilament
spacing, neurofilament phosphorylation, and axonal caliber.
Although the mechanism by which myelination regulates ax-
onal cytoskeleton is unclear, one tenable possibility is that a
molecule(s) in the adaxonal membrane of the myelin internode
regulates neurofilament number or neurofilament phosphory-
lation or both. The following observations support this hypoth-
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esis. Ensheathment of axons by oligodendrocyte processes that
do not form myelin because of mutations in myelin protein
genes still increase axonal caliber and neurofilament spacing
(Sanchez et al., 1996). Increased axonal calibers, therefore, can
occur in the absence of myelination as long as the axon is
ensheathed by a myelin-forming cell. However, axonal en-
sheathment by Schwann cells does not guarantee increased
axonal caliber of unmyelinated fibers, suggesting that a mole-
cule enriched in the adaxonal membrane of myelinating
Schwann cells and absent from the adaxonal membrane of
nonmyelinating Schwann cells regulates axonal caliber.

Although little is known about the molecules that regulate the
myelinotropic effect on axonal cytoskeleton, the myelin-
associated glycoprotein (M AG) is an attractive candidate. MAG
is a member of the I-type lectin subgroup of the Ig gene super-
family (Arquint et al., 1987; Lai et al., 1987; Salzer et al., 1987)
and is expressed exclusively by myelinating cells where it is
enriched in the adaxonal membrane of the myelin internode
(Sternberger et al., 1979; Trapp and Quarles, 1982; Trapp et al.,
1989). MAG was initially considered a potential receptor for an
axonal ligand important to the initiation and progression of
myelination. This was based on the biochemical properties of
MAG and enrichment in periaxonal membranes of myelinated
fibers and by studies of transfected Schwann cells in vitro that
correlated MAG overexpression with accelerated myelination
(Owens et al., 1990) and MAG underexpression with hypomyeli-
nation (Owens and Bunge, 1991). Normal myelination in MAG-
deficient mice (Li et al., 1994; Montag et al., 1994), however, has
ruled out an essential role for MAG in myelin formation in vivo.
In vitro, neurite outgrowth can be inhibited by MAG
(McKerracher et al.,, 1994; Mukhopadhyay et al., 1994), and
MAGe-coated beads can cause growth cone collapse (Li et al,
1996). These data raised the possibility that MAG directly or
indirectly modulates axonal cytoskeleton. This study investigated
whether alterations in axonal cytoskeleton occur in MAG-
deficient myelinated fibers. The results, for the first time, impli-
cate MAG in regulating the levels of neurofilament spacing and
axonal caliber in mature myelinated axons. The data are consis-
tent with the hypothesis that MAG exerts a major extrinsic
influence on the organization of the axonal cytoskeleton and the
viability of axons.

MATERIALS AND METHODS

Morphological analysis and morphometrics. Mice deficient in MAG at
the mRNA and protein levels (Li et al., 1994) and age-matched
controls were perfused with 4% paraformaldehyde, 2.5% glutaralde-
hyde, and 0.08 M of Sorrenson’s buffer, post-fixed in OgO,, and
embedded in Epon. For light microscopy, 1-um-thick sections were
stained with toluidine blue. For electron microscopy, approximately
120-nm-thick sections were stained with uranyl acetate and lead ci-
trate, and were examined in a Philips CM100 electron microscope.
Axonal caliber of 35-d-old fibers was determined by analysis of elec-
tron micrographs (final magnification 3000X) with the aid of a
computer-based morphometric system, as described previously (Xu et
al., 1996). For 3-, 6-, 9-, and 16-month-old nerves, similar analysis was
performed on 1-um-thick Epon sections.

Axonal caliber. Mean axon calibers of myelinated fibers were ob-
tained from 1-um-thick Epon sections of sciatic nerve as described
previously (Wong et al., 1995). Continuous, nonoverlapping images in
regions of good cross-sectional orientation containing ~1000 axons
were digitized with a standard video frame grabber (Targa M8). The
optimal gray scale and lighting were determined for each image indi-
vidually, and all axons with a cross-sectional area >1.5 um? centered
within the frame were enumerated with a computerized morphometric
program (Bioquant MEGx, R & M Biometrics, Memphis, TN). Axonal
caliber is determined by the diameter of a circle of area equivalent to
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each axon. Four nerves from control and M AG-deficient mice were
analyzed at 3, 6, 9, and 16 months of age. To combine different age
groups for statistical comparison, the average axonal diameter of each
nerve was transformed by subtracting the appropriate age control
group mean diameter value. Statistical analysis was performed by the
two-tailed Student’s ¢ test.

Neurofilament spacing. Nearest neighbor distance was used to mea-
sure neurofilament spacing. Electron micrographs were illuminated on
a view box and imaged with a video camera. Neurofilament bundles
that were oriented in true transverse section were accepted and digi-
tized with Bioquant software (R & M Biometrics). Nearest neighbor
distance was determined as described previously (Xu et al., 1996). For
statistical analysis, the mean neurofilament nearest neighbor distance
for 11 or more axons for each age was compared by the two-tailed
Student’s ¢ test.

Neurofilament content and phosphorylation. Three pairs of sciatic
nerves from 35-d-old, 3-month-old, and 9-month-old M AG-deficient and
age-matched wild-type mice were used for quantitative Western blot
analysis of NF proteins with a panel of NF-specific mouse monoclonal
antibodies (mAbs) and rabbit polyclonal antisera. These studies were
performed as described previously (Tu et al., 1995), with minor modifi-
cations. Briefly, sciatic nerves were homogenized, sonicated in 200 ul of
BUST buffer (50 mm Tris-HC1, pH 7.4, 8 M urea, 2% B-mercaptoethanol,
and 0.5% SDS), and centrifuged at 40 X 10 rpm, at 25°C for 30 min.
Protein concentrations in the supernatants were determined using Coo-
massie protein assay according to the manufacturer’s instructions. Nerves
from three separate animals were analyzed at each time point. Each
sample was loaded in triplicate, and each lane contained 10 ug of total
protein. Blots were then cut into three parts for analyses. The top third
was incubated overnight with RM024 (a mAb specific for highly phos-
phorylated NFH, NFHP+++), Rmd09 (a mAb specific for the poorly
or nonphosphorylated NFH, NFHP—), or rabbit polyclonal antiserum
raised against the last 20 amino acids of NFH for total NFH. The middle
third was probed with RM0189 (a mAb for rod domain of NFM) for total
NFM level or with RM055 (a mAb specific for highly phosphorylated
NFM, NFMP+++). Finally, the lower third was probed with rabbit
polyclonal antiserum raised against the C-terminal 20 amino acids of
NFL for total NFL. The blots were incubated for 1 hr with 10 uCi'*I-
conjugated goat anti-mouse IgG for the mouse mAbs (RM024, Rmd09,
RMO055, and RM0189) or '**I-conjugated protein A for the rabbit anti-
NFH and anti-NFL polyclonal antisera. The dried blots were exposed to
phosphorimager plates for various time periods, and individual bands
were visualized and quantified with ImageQuant software (Molecular
Dynamics, Sunnyvale, CA). Statistical analysis was performed by the
Student’s ¢ test.

Electron microscopic immunocytochemistry. Segments of sciatic nerve
from control and 9-month-old M AG-deficient mice were fixed in 2.5%
glutaraldehyde and 4% paraformaldehyde, infiltrated with 2.3 M sucrose
and 30% polyvinylpyrrolidone, placed on specimen stubs, and frozen in
liquid nitrogen. Ultrathin cryostections (~120-nm-thick) were cut on
glass knives in an ultracryomicrotome (Ultracut S, Reichert Scientific
Instruments) maintained at —100°C. The sections were placed on carbon-
and formvar-coated grids and immunostained by previously described
immunogold procedures (Trapp et al., 1989). After application of pri-
mary antibodies and gold-labeled secondary antibodies, the sections were
placed on 2.5% glutaraldehyde for 15 min, stained with uranyl acetate,
and mounted in 1.5% methycellulose containing 3.0% uranyl acetate.
Immunostained sections were examined in a Philips CM100 electron
microscope. The antibodies were the same as those used in Western blots
and include RM024 (anti-NFHP+++; 1:5000 dilution) and Rmd09
(anti-NFHP—; 1:250 dilution). The number of gold particles per area of
axoplasm was quantified on electron micrographs printed at a magnifi-
cation of 28,500x. Axoplasm (21 um?) from 15 control and 15 MAG-
deficient fibers was analyzed. Sampling was restricted to axons sur-
rounded by normal-appearing myelin containing 53-67 lamellae.
Statistical analysis was performed by the Student’s ¢ test.

Teased fiber preparations. Glutaraldehyde-fixed sciatic nerves from 3-
and 9-month-old control and M AG-deficient mice were osmicated and
placed in glycerol. Individual fibers were removed with forceps, placed
on slides, and analyzed with a Zeiss axiophot microscope. Thick myelin
segments were quantified and scored as to paranodal or internodal
location. Statistical analysis was performed by the Student’s ¢ test.
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Figure 1.

M AG-deficient sciatic nerves contain degenerating myelin internodes and redundant myelin. A-D, Epon sections of sciatic nerves from P35

(A4 = MAG+/+, B = MAG—/—) and 3-month-old mice (C = MAG+/+, D = MAG—/—). Occasional MAG-deficient myelinated fibers are
degenerating (B, D, arrows), and some axons are surrounded by redundant or excessive myelin (B, D, arrowheads). E-H, At 9 months (E = MAG+/+,
F = MAG-/-) and 16 months (G = MAG+/+, H = MAG—/—) of age, degenerating myelin internodes (arrows) and redundant myelin (arrowheads)
persist in M AG-deficient sciatic nerves. Compared with control nerves, myelinated fibers in M AG-deficient nerves appear to have reduced axonal

calibers. Scale bar, 10 wm.

RESULTS

To study pathological changes in M AG-deficient myelinated fi-
bers, the light microscopic appearance of sciatic nerves from
control and M AG-deficient mice was compared. Epon sections
(1-um-thick) of sciatic nerves from postnatal day (P) 7, P14, and
P35, and 3-, 6-, 9- and 16-month-old mice were studied. The
appearance of myelinated fibers in sections from 7- and 14-d-old
MAG-deficient sciatic nerves did not differ significantly from
age-matched control nerves (data not shown). At P35 (Fig.
1A4,B), sections of M AG-deficient nerves contained two to three
profiles with classic features of Wallerian degeneration: multiple
myelin ovoids, no axon, and scattered macrophages. Sections
from 3-month-old M AG-deficient mice contained four to five
fibers undergoing Wallerian-like degeneration, redundant or
asymmetrically positioned myelin, and an apparent reduction in
the caliber of myelinated axons (Fig. 1C,D). Sections from 9- and
16-month-old M AG-deficient nerves contained a greater propor-
tion of redundant myelin profiles, four to nine degenerating
myelinated fibers, and an apparent decrease in the calibers of

myelinated axons (Fig. 1E-H). Degenerating myelinated fibers
were detected in control nerves at 16 months of age and averaged
less than one per section. Compared with control sciatic nerves,
Student’s ¢ test analysis detected a statistically significant increase
in the incidence of Wallerian degeneration in P35 and older
M AG-deficient nerves (Table 1). These observations extend pre-
vious reports of axonal pathology and Wallerian degeneration in
adult MAG-deficient nerves (Fruttiger et al., 1995; Carenini et
al., 1997), and they raise the possibility that myelinated fibers in
M AG-deficient mice have reduced axonal calibers.

To test whether a generalized reduction in axonal caliber
occurred in M AG-deficient sciatic nerves, a mean average axonal
caliber of ~1000 myelinated fibers from four control and four
M AG-deficient mice was obtained at P35 and 3, 6, 9, and 16
months of age. Axonal calibers in 35-d-old M AG-deficient and
control nerves were similar (data not shown). By 3 months and
thereafter, myelinated axons in M AG-deficient nerves were sig-
nificantly smaller (all ages combined, p < 0.005) than control
axons (Fig. 2).
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Table 1. Quantitative analysis of Wallerian degeneration in sciatic nerve of MAG-deficient and control mice

Age

7 and 14 d 35d 3 month 6 month 9 month 16 month
MAG+/+ 0 0 0 0 0 0.5=*0.6
MAG—-/- 0 2.0 = 0.8* 4.2+ 1.3* 4.3 = 0.5%* 53+ 1.5%* 54 +2.7%

Epon sections (1-um-thick) of sciatic nerves from four MAG+/+ and four MAG—/— mice were analyzed at each age. Numbers represent mean = SD of degenerating

myelinated internodes per total nerve cross section.
*p < 0.01; **p < 0.001.
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Figure 2. Average axonal calibers of myelinated fibers in control and
MAGe-deficient sciatic nerves. M AG-deficient myelinated axons have
reduced calibers. Axons surrounded by normal-appearing myelin in
MAG-deficient nerves are significantly smaller than those in control
nerves (p < 0.005, for all ages combined). Statistical analysis was per-
formed by the two-tailed Student’s ¢ test. Values are mean = SD.

Interneurofilament spacing is reduced in
MAG-deficient mice

Because decreased axonal caliber can correlate with decreased
neurofilament spacing (deWaegh et al., 1992; Hsieh et al., 1994;
Sanchez et al., 1996), the nearest neighbor neurofilament distance
was compared in myelinated axons from MAG-deficient and
control mice. Analysis was restricted to those axons surrounded
by normal-appearing myelin. In cross sections of myelinated ax-
ons, neurofilaments appear as 10-nm-thick dots (Fig. 34, arrow-
heads) from which thread-like sidearms extend (Fig. 34, arrows).
The spacings between neurofilaments appear greater in control
axons (Fig. 34) than in MAG-deficient axons (Fig. 3B). Myelin-
ated axons were sampled randomly in electron micrographs of 14-
and 35-d-old and 3- and 9-month-old M AG-deficient and control
sciatic nerves. Between 1420 and 3930 neurofilaments were iden-
tified, and the distance to their nearest neighbor was measured.
Neurofilament spacing was similar in M AG-deficient and wild-
type myelinated axons at P14 (data not shown). Statistically
significant differences in the nearest neighbor neurofilament dis-
tance in M AG-deficient and control nerves were detected at P35,
3 months, and 9 months of age (Fig. 3C-E).

MAG is not present in the adaxonal Schwann cell membrane of
unmyelinated fibers (Trapp et al., 1989). If alterations in neuro-
filament spacing are regulated by MAG, then the nearest neigh-
bor neurofilament distance in unmyelinated axons should be
identical in M AG-deficient and control mice. Therefore, ~950
neurofilaments in unmyelinated axons from 9-month-old M AG-
deficient and control mice were identified, and the distance to
their nearest neighbor was measured. The spacing of neurofila-
ments in unmyelinated fibers was identical in M AG-deficient and

control mice (Fig. 3F). These studies correlated reduced neuro-
filament spacing with the loss of MAG in the adaxonal Schwann
cell membrane.

MAG-deficient nerves have decreased

neurofilament phosphorylation

Alterations in axonal diameter and neurofilament spacing have
been correlated with the phosphorylation state of NFH and
NFM (deWaegh et al., 1992; Tu et al., 1995) and with alterations
in NF subunit ratios (Tu et al., 1995; Xu et al., 1996). Based on
these observations and the data in Figures 1-3, the neurofilament
subunit composition and the extent of neurofilament protein
phosphorylation were compared in sciatic nerve homogenates
from M AG-deficient and wild-type mice. Significant decreases in
the levels of total NFL and NFH were detected in MAG-
deficient nerve homogenates from P35, 3- and 9-month-old mice,
whereas levels of total NFM were comparable to those in the
age-matched control nerves (Fig. 4). In the absence of MAG,
therefore, NF subunit ratios are altered. Relative levels of NFH
and NFM phosphorylation (P+++) were also significantly de-
creased in the MAG-deficient nerves. The reduction in
NFHP+++ paralleled that of total NFH, but there was no
decrease in nonphosphorylated (P—) NFH epitopes in 3- and
9-month-old M AG-deficient nerves. These observations indicate
reduced NFH phosphorylation levels in the M AG-deficient mice
relative to NFH nonphosphorylated epitopes. Although total
NFM remained unchanged in M AG-deficient nerves, a signifi-
cant reduction in NFM phosphorylation was detected in 3- and
9-month-old nerves (Fig. 4). NFM is also a structural component
of cross-bridges, and these cross-bridges can control the spacing
of neurofilaments (Nakagawa et al., 1995).

The 20-30% decrease in the amount of highly phosphorylated
NFM and NFH in MAG-deficient mice is a minimum estimate
because the homogenates of sciatic nerve contained both myelin-
ated and unmyelinated axons, and our electron microscopy data
showed that the NFs in the unmyelinated axons remained un-
changed (Fig. 3F). To overcome these possible limitations and to
analyze NFH phosphorylation states in myelinated axons, ultra-
thin cryosections of adult sciatic nerves were immunostained with
NFHP+++ and NFHP— antibodies using immunogold proce-
dures (Fig. 4C, D). Gold particles per unit area of axoplasm were
quantified in axons surrounded by 53-67 normal-appearing my-
elin lamellae. When compared with control fibers, a 50% reduc-
tion in NFHP+++ epitope labeling and a fivefold increase in
NFHP— epitope labeling was detected in M AG-deficient fibers
(Fig. 4F). Because neurofilament density is higher in MAG-
deficient fibers, analysis of these NF epitopes per unit area of
axoplasm indicates significant reductions in NFH phosphoryla-
tion in myelinated axons of M AG-deficient nerves.
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Figure 3. MAG-deficient nerves have reduced neurofilament spacing. 4, B, In electron micrographs, neurofilaments (arrowheads) appear as 10-nm-thick
structures from which sidearms (arrows) extend. Compared with myelinated axons in 9-month-old control nerves (A4), neurofilaments are spaced closer
together in 9-month-old M AG-deficient myelinated axons (B). Scale bar, 0.1 wm. C-E, Compared with myelinated axons in control nerves, the
neurofilament nearest neighbor distance in myelinated axons in M AG-deficient nerves was significantly reduced at P35 (C), 3 months (D), and 9 months
(E). Statistical analysis by Student’s  test analysis; # = number of neurofilaments analyzed. F, Neurofilament spacing in unmyelinated axons was similar
in control and M AG-deficient nerves from 9-month-old mice; » = number of neurofilaments analyzed.

Collapse of paranodal axons and formation of
redundant myelin

A significant number of myelinated fibers in transverse sections
from adult MAG-deficient sciatic nerves had excessive myelin

thickness (Fig. 1). The extent and location of thick myelin was
studied in teased fibers from control and M AG-deficient sciatic
nerves. Thick myelin segments were quantified in 85 and 150
internodes from 3- and 9-month-old mice, respectively (Fig. 5).
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Reductions of NF subunits in MAG-deficient Mice

35 day 3 month 9 month
Total NFL | *037+0.12  *0.67+022 *0.75+0.05
Total NFH | **0,52+0.16  *0.57+023 *0.77+0.15
NFHP+++ | **0,52 +0.13  **0.61 £0.03  *0.76 + 0.09
NFHP- **() 52 +0.09 1.01+0.13  0.92+0.04
Total NFM 0.87 +0.21 1.14+029  0.95+0.20
NFMP+++ 0.94 +0.16 *0.81 +0.13  *0.83 +£0.07

—————

++ /-

++ -/- ++ /-

9Mo

The numbers represent MAG-deficient/wild type ratios + standard
deviation.

B *p value < 0.05, **p value < 0.01 by Student T test.

Quantification of axonal immunolabeling

Gold particles p value
per 0.1 pmz
NFHP+++
MAGH+ 86.4+16.4
< 0.0001
MAG-/- 39.8+8.9
NFHP-
MAGH+ 09+0.8
< 0.0001
MAG-/- 5. 12 1

Figure 4. Neurofilament proteins and their phosphorylation states are reduced in sciatic nerves of MAG-deficient mice. 4 shows comparison between
quantitative Western blots of neurofilament epitopes in control (+/+) and M AG-deficient (—/—) sciatic nerve homogenates from P35 and 3- and 9-month
old mice. NFHP—, Poorly or nonphosphorylated NFH; NFHP+++ and NFMP+ + +, highly phosphorylated NFH and NFM. Three M AG-deficient and
three control nerves were analyzed in triplicate at each time point, and representative bands were quantitated and expressed as M AG-deficient/wild-type
ratios = SD (B). Total NFL, total NFH, and NFHP+ ++ were significantly reduced at all ages. NFHP— was reduced in 35-d-old M AG-deficient
homogenates but not at later time points. Total NFM remained unchanged at all ages, whereas NFM P+ + + was significantly reduced in 3- and 9-month-old
M AG-deficient homogenates. C-E, Ultrathin cryosections of 9-month-old control (C) and M AG-deficient (D) sciatic nerves were immunostained with
NFHP+++ antibodies by immunogold procedures. Compared with control nerves (C), MAG-deficient nerves (D) contained a 50% decrease in
NFHP+++ labeling (E). In contrast, NFHP— labeling was significantly increased in MAG-deficient nerves (E). Scale bars, 0.1 um.

Paranodal regions (57 and 93%) from 3- and 9-month-old MAG-
deficient mice had thick-appearing myelin segments (Fig. 5B).
Compared with control fibers, segments of internodal thick-
appearing myelin were also increased in 3- and 9-month-old M AG-
deficient mice (Fig. 5B), but they were less frequent than those in
paranodal regions. In electron micrographs of MAG-deficient
paranodes, the excessive myelin was positioned asymmetrically
around axons with remarkably small calibers (Fig. 5C). Electron
microscopic examination of longitudinal nerve sections established
that small axonal calibers characteristic of nodes of Ranvier ex-
tended into paranodal regions of M AG-deficient fibers. Figure 5D
shows the dramatic difference between axonal caliber in nodal and
paranodal regions in 9-month-old control nerve. In contrast, axonal
calibers in 9-month-old M AG-deficient fibers did not increase
significantly in paranodal regions that contained redundant myelin
(Fig. 5E). Thick-appearing para-nodal myelin, therefore, is gener-
ated in part by axonal shrinkage and collapse of myelin.

DISCUSSION

This report establishes for the first time that MAG modulates
caliber, neurofilament spacing, and neurofilament phosphoryla-
tion of myelinated axons. In addition, absence of MAG results in
axonal atrophy and Wallerian degeneration of myelinated fibers.
Axonal atrophy was most prominent in paranodal regions where
it resulted in formation of tomaculi. Decreased axonal calibers,
neurofilament spacing, and neurofilament phosphorylation have
been described previously in peripheral nerves from Trembler
mice (deWaegh et al., 1992). Trembler mice have a point muta-
tion in the PMP22 gene that causes a dysmyelinating peripheral
neuropathy (Suter et al., 1992) mediated by a “gain of function”
of the mutated PMP22. The mechanism by which mutated
PMP22 modulates axonal cytoskeleton and reduced axonal cali-
ber is unclear, and the chronic demyelination and remyelination
of Trembler axons complicates the interpretation of underlying
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Figure 5. Tomaculi result from axonal shrinkage and myelin collapse. 4, Teased fibers from 9-month-old control (fop) and M AG-deficient (center and
bottom) sciatic nerves. Thick paranodal myelin was rare in control fibers but abundant in M AG-deficient fibers (center, arrowheads). Internodal segments
also had thick myelin in M AG-deficient fibers (bottom, arrowhead). Scale bar, 20 um. B, Thick-appearing myelin segments were quantified, grouped by
location (paranodal and internodal), and found at significantly greater numbers in M AG-deficient fibers when compared with control fibers. C-E,
Electron micrographs of paranodal regions of M AG-deficient (C, E) and control (D) myelin internodes. In transverse section, thick redundant myelin
(C, arrowheads) partially surrounds an axon (C, arrows) with remarkably small caliber. In longitudinal orientation, the difference between nodal (*) and
internodal (arrows) axonal caliber is much greater in control (D) than in MAG-deficient (E) fibers. Redundant paranodal myelin surrounds paranodal
axons with reduced caliber in M AG-deficient fibers (E, arrowheads). Scale bars: C, 2.0 wm; D, E, 1.0 pum.

mechanisms. Nevertheless, the striking similarities between our
data and those described in Trembler mice raised the possibility
that reductions in axonal caliber, neurofilament spacing, and
neurofilament phosphorylation can be caused by two separate
molecules (MAG and PMP22) that participate in a common
pathway. In contrast to Trembler mice, axonal changes in MAG-
deficient mice result from a “loss of function,” and interpretation
of this effect is not compounded by chronic hypomyelination,
demyelination, and remyelination. In addition, near-normal cali-
bers can be obtained when myelin-forming cells ensheath but fail
to myelinate axons (Sanchez et al., 1996), supporting the notion
that axonal calibers are regulated by a molecule in the adaxonal
membrane of myelin-forming cells.

Loss of MAG results in reduced neurofilament spacing
How does MAG modulate axonal caliber? Reduced axonal cali-
bers in M AG-deficient mice could, in principle, reflect decreased
neurofilament numbers or spacings or both. Our results indicate
that the primary determinant of reduced axon calibers in MAG-
deficient mice is reduced neurofilament spacing. Furthermore,
our data support the hypothesis that MAG affects phosphoryla-
tion of NFH and NFM. This is best supported by our quantitative
immunolabeling studies in which highly phosphorylated NFH
epitopes were reduced by 50%. We sampled fibers that theoreti-

cally should have had the largest axonal calibers based on their
number of compact myelin lamella. A fivefold increase in non-
phosphorylated NFH epitopes was also detected in sections from
MAG-deficient nerves. Decreased NFH phosphorylation was
also confirmed by Western blot analysis. Compared with control
nerve homogenates, M AG-deficient nerves contained reduced
NFHP+++ levels relative to nonphosphorylated NFH and a
25% reduction in NFMP++ + epitopes. These data are consis-
tent with previous reports that correlated reduced axonal caliber
with reduced NF spacing and NF phosphorylation (deWaegh et
al., 1992; Tu et al., 1995). If NF spacing is regulated by bulk NF
phosphorylation, then one would predict greater reductions in
NFHP+++ and NFMP+ ++ than observed in our Western blot
analysis. It is possible, therefore, that phosphorylation of select
KSP or other sites regulates lateral extension of NF sidearms.
Collectively, our data are most consistent with the hypothesis that
the absence of MAG causes reduced phosphorylation of NFH
and NFM, retraction of neurofilament sidearms, reduced neuro-
filament spacing, and smaller axonal calibers.

Loss of MAG caused reduced
neurofilament phosphorylation
How does MAG regulate neurofilament spacing? The biochem-
ical properties and periaxonal of location of MAG are consistent
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with the possibility that MAG regulates axonal cytoskeleton
through interaction with an axolemmal receptor. In support of
this function, MAG-containing liposomes adhere to neurons
(Poltorak et al., 1987; Johnson et al., 1989), and MAG inhibits
neurite extension (McKerracher et al., 1994; Mukhopadhyay et
al., 1994) and can cause axonal growth cone collapse (Li et al,,
1996). Neurofilament phosphorylation depends on a delicate bal-
ance between the activities of axonal kinases and phosphatases
(Pant and Veeranna, 1995) that include glycogen synthase kinase
3a (Yang et al., 1995), cyclin-dependent kinase 5 (cdk5) (Shetty
et al.,, 1993), and protein phosphatase 2a (Veeranna et al., 1995).
Western blot analysis detected similar levels of cdk5 in homoge-
nates of control and M AG-deficient sciatic nerve (X. Yin, unpub-
lished observations). Kinase activity of cdk5 depends on the
formation of a multimeric complex that has several activators
(Lew et al., 1992). It is possible that M AG directly or indirectly
initiates a signaling cascade that modulates kinase complexes or
activators. It is also possible that the overall organization of
axonal cytoskeleton may be compromised in MAG-deficient
mice, and this may reduce neurofilament phosphorylation and
neurofilament spacing by a more indirect mechanism. Although
microtubule distributions were not studied extensively in this
report, microtubule-enriched and microtubule-free regions were
conspicuously apparent in electron micrographs of axons from
MAG-deficient mice (Yin, unpublished observations). Because
alteration in microtubules and axonal transport accompany re-
duced axonal calibers and neurofilament spacing in Trembler
peripheral nerve (Kirkpatrick and Brady, 1994), similar studies
may provide additional insights into the mechanisms of axonal
atrophy in M AG-deficient mice.

Because neurofilaments are obligate heteropolymers,
changes in total NF subunits or subunit ratios could also affect
axonal caliber by changing neurofilament number and phos-
phorylation. Although total NFL and NFH subunits were
reduced in M AG-deficient nerves, NF numbers were similar to
those in control nerves. These findings suggest a smaller non-
filamentous NF subunit pool in M AG-deficient mice and sup-
port previous in vitro (Ching and Liem, 1993; Nakagawa et al.,
1995) and in vivo (Veeranna et al., 1995; Xu et al., 1996) studies
that demonstrate NF assembly over a wide range of NF sub-
unit stoichiometries. The contribution of NF subunits to radial
axonal growth has been studied by overexpressing each subunit
or a combination of subunits in transgenic mice. One- to
twofold increases in individual neurofilament subunit ratios
inhibit radial growth of axons (Cote et al., 1993; Xu et al,,
1996). The 25% increase in NFM/NFL ratios in 9-month-old
M AG-deficient nerves could contribute, in principle, to reduce
neurofilament spacing and axonal calibers.

Loss of MAG causes paranodal tomaculi

Regional variations in axonal calibers were prominent within
individual myelin fibers of M AG-deficient mice. Most striking
was a dramatic reduction of caliber and neurofilament spacing in
paranodal axons. In M AG-deficient mice, paranodal axonal cal-
ibers expanded appropriately during early postnatal develop-
ment. Between P35 and P90, paranodal axonal calibers in normal
mice continue to expand, whereas those in M AG-deficient mice
shrink. Reduction in paranodal axonal calibers resulted in para-
nodal tomaculi in 57% of fibers in 90-d-old M AG-deficient mice
and in 95% of fibers in 9-month-old MAG-deficient mice.
Tomaculi described in another line of MAG knockout mice
(Carenini et al., 1997) and in heterozygous PMP22 knockout
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Figure 6. Schematic representation of tomaculi formation in MAG-
deficient paranodal regions. A-C, Relationship between axonal caliber
and myelin sheath in transverse section of normal myelinated fiber (A4). In
M AG-deficient nerves, paranodal axonal calibers shrink (B) and result in
myelin sheath collapse and tomaculi formation (C). D, In MAG+/+
paranodal regions, increased neurofilament spacings correlate with large
axonal caliber. In MAG—/— paranodal regions surrounded by tomaculi,
neurofilament spacings and axonal calibers are similar to those in nodal
regions.

mice (Adlkofer et al., 1997) were attributed to paranodal hyper-
myelination. The symmetrical distribution of redundant myelin
around paranodal axons in heterozygous PM P22 mice (Adlkofer
et al., 1997) supports hypermyelination as a cause of tomaculi
formation. The dramatic reduction in paranodal axonal calibers
and the asymmetrical distribution of the redundant myelin
around the axon in M AG-deficient mice is more consistent with
collapse of myelin that formed around larger axonal cylinders
(Fig. 6).

Regional variations in axonal caliber of M AG-deficient mice
raise several additional possibilities regarding mechanisms of
Schwann cell-axon interactions. First, the role of MAG in mod-
ulating axonal cytoskeleton may differ based on location along the
internode. Second, other Schwann cell molecules that are con-
centrated within or transported to paranodal regions (and possi-
bly to axons) may affect neurofilament spacing and axonal caliber.
Third, MAG helps segregate nodal axoplasmic environments that
favor NF sidearm retraction (i.e., NF dephosphorylation) from
paranodal environments that favor NF sidearm extension (i.e.,
NF phosphorylation). In chronic absence of MAG, these nodal
components or microenvironments may diffuse into paranodal
axoplasm and cause sidearm retraction.

Summary

This report has established that M AG-deficient mice develop a
chronic atrophy of myelinated axons that can lead to axonal
degeneration. Although the numbers of degenerating myelinated
fibers in MAG-deficient nerves were small (two to nine per
section), they were present in all sections examined from P35 and
older mice, and were detected only in control nerves from 16-
month-old mice. Axonal atrophy and degeneration as a conse-
quence of demyelination have been reported in multiple sclerosis
brains (Trapp et al., 1998) and in chronic relapsing experimental
allergic encephalomyelitis (Raine and Cross, 1989). MAG-
deficient mice are an excellent model for investigating mecha-
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nisms of axonal atrophy and degeneration, and they provide a
unique setting to test potential therapeutics that may delay or stop
axonal atrophy associated with chronic diseases of myelin.
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