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Previous studies in the hypomyelinating mouse mutant
Trembler have suggested that demyelinating axons are
smaller in caliber compared to normal axons, and that there
are differences in the organization of axonal neurofilaments.
In the normal PNS, however, the relationship between neu-
rofilament organization and myelination has not been inves-
tigated extensively. In normal axons, only the initial seg-
ments, the nodes of Ranvier (~1 um), and the terminals are
not covered by myelin. We took advantage of an unusual
feature of the primary sensory neurons in the dorsal root
ganglion, the relatively long nonmyelinated stem process (up
to several hundred micrometers), to determine if the pres-
ence of myelination correlates with differences in cytoskel-
etal organization and neurofilament phosphorylation. Axonal
caliber and neurofilament numbers were substantially great-
er in the myelinated internodes than in the stem process or
nodes of Ranvier. Neurofilament spacing, assessed by mea-
suring the nearest-neighbor neurofilament distance, was 25—
50% less in the stem processes and nodes of Ranvier than
in the myelinated internodes. In the myelinated internodes,
neurofilaments had greater immunoreactivity for phosphor-
ylated epitopes than those in the stem process. These find-
ings indicate that interactions with Schwann cells modulate
neurofilament phosphorylation within the ensheathed axonal
segments, and that increased phosphorylation within my-
elinated internodes leads to greater interfilament spacing.
Lastly, the myelinated internodes had three fold more neu-
rofilaments, but the same number of microtubules. Both the
increased neurofilament spacing and the increase in neu-
rofilament numbers in myelinated internodes contribute to a
greater axonal caliber in the myelinated internodes.

[Key words: neurofilament phosphorylation, nearest-
neighbor distance, myelination, Schwann cell, dorsal root
ganglion, initial segment, stem process, node of Ranvier,
axonal caliber, morphometry]

Received Aug. 27, 1993; revised Mar. 11, 1994; accepted Mar. 29, 1994.

This work was supported by NIH Grants to J.W.G. (NINDS Grant RO1-14784);
to J.W.G., D.W.C,, and B.D.T. (NS PO1-22849), to S.-T.H. (NIMH Grant 5T32
MH 18030); and to T.O.C. (NINDS CIDA NS 01412). We thank Eileen Mulrenin
and Carol Haney for technical assistance; Drs. Paul Hoffman, Michael Shelanski,
and Phil Wong for suggestions and discussion, and Rod Graham for editorial
assistance. G.J.K. and Z.X. are postdoctoral fellows of the National Multiple
Sclerosis Society, and the Muscular Dystrophy Association, respectively.

Correspondence should be addressed to Dr. John W, Griffin, Johns Hopkins
Hospital, Department of Neurology, Meyer 6-109, 600 North Wolfe Street, Bal-
timore, MD 21287-7609.

Copyright © 1994 Society for Neuroscience 0270-6474/94/146392-10%$05.00/0

In large neurons neurofilaments are the most abundant cyto-
skeletal organelles, and have been postulated to act as important
intrinsic determinants of axonal caliber (Hoffman et al., 1987).
Neurofilaments in vertebrates are composed of three related
proteins with apparent molecular weights of 68, 150, 200 kDa
(NF-L, NF-M, and NF-H, respectively) (Hoffman and Lasek,
1975; Liem et al., 1978; Geisler et al., 1983; Willard and Simon,
1983; Hirokawa et al., 1984; Schlaepfer, 1987). All three of these
proteins share a central rod domain, but they differ in their
C-terminal regions. In NF-H, this region contains over 40 ly-
sine-serine-proline repeats (Julien et al., 1986, 1988; Lees et al.,
1988), which provide potential phosphorylation sites (Julien et
al., 1983; Geisler et al., 1983; Lee et al., 1988). The extent of
phosphorylation of this region, which contributes to the side-
arms of the neurofilament (Hirokawa et al., 1984; Carden et al.,
1985; Hisanaga and Hirokawa, 1988), appears to differ within
different regions of the neuron, with a higher phosphorylation
state in the axon than in the cell body and dendrite (Sternberger
and Sternberger, 1983; Lee et al., 1986, 1987). One attractive
hypothesis is that phosphorylation on the side arms may in-
crease spacings between nearest-neighbor neurofilaments (Car-
den et al., 1987), and thereby achieve a larger axonal caliber.

Axonal caliber is a fundamental phenotypic feature of neu-
rons. For each of the different functional classes of peripheral
nerve fibers, there is a restricted range of normal axonal calibers.
The conduction velocity of nerve action potential is a function
of fiber diameter (for review, see Waxman, 1980). Axonal caliber
is considered to be largely determined developmentally. A spe-
cial role of neurofilaments in influencing caliber has been de-
duced from the observation that neurofilament density is rela-
tively constant among axons of different calibers (Friede and
Somarajski, 1970; Hoffman et al., 1984), although regional dif-
ferences (Nixon and Logvinenko, 1986; Lasek, 1988; Price et
al, 1990; Reles and Friede, 1991), changes in axonal diseases
(Parhad et al., 1987; Dyck et al., 1990), and alterations due to
interrupted axon-target interactions (Hoffman et al., 1984) all
indicate that neither neurofilament number nor density is fixed
or immutable.

Few studies have examined the possible effects of ensheathing
cells or myelination on the axon or its cytoskeleton (Aguayo et
al., 1977; Windebank et al., 1985; de Waegh et al., 1992). In
the PNS, all axons are ensheathed by Schwann cells. Schwann
cells elaborate specialized lamellated plasmalemma sheaths, the
myelin sheaths, around some of the PNS axons. These myelin
sheaths are interrupted periodically at the nodes of Ranvier.
Myelination is associated with increased axonal caliber in mye-



linating tissue culture (Windebank et al., 1985), and the nodes
of Ranvier are smaller than the neighboring myelinated inter-
nodes (Berthold, 1978). From these observations, it has been
presumed that myelination has some effect on the axonal cy-
toskeleton. In a series of studies by nerve-graft experiments, de
Waegh and colleagues provided a possible basis for this effect
in studies of the hypomyelinating/demyelinating mouse mutant,
Trembler (de Waegh and Brady, 1990, 1991; de Waegh et al.,
1992). Compared to normally myelinated internodes, the Trem-
bler internodes were smaller, had closer neurofilament spacing,
and had lower levels of phosphorylated NF-H. Based on these
observations, de Waegh et al. (1992) proposed that the regional
variations in neurofilament organization is modulated by mye-
linating Schwann cells.

The effect of myelination on the regional variations of axonal
cytoskeleton in the normal PNS has not been examined com-
prehensively. In most large axons, only the short initial segments
and the nodes of Ranvier (~1 pm) are not covered by myelin.
In this study, we have taken advantage of an unusual feature of
the large primary sensory neurons in the dorsal root ganglion
(DRG) and trigeminal ganglion, the nonmyelinated axonal stem
process, which is usually of tens of micrometers in length (Fig.
14). We asked whether the stem process differed from the my-
elinated internodes in terms of axonal size, cytoskeletal com-
position, neurofilament spacing, and the level of neurofilament
phosphorylation. The results indicate that those regions covered
by myelin are different in all of these features of the axonal
cytoskeleton, and are consistent with the hypothesis that mye-
linating Schwann cells exert a major extrinsic influence on the
organization of the axon.

Materials and Methods

Tissue preparation: primary sensory ganglion neurons
We studied the primary sensory neurons and their axons in the rat
lumbar dorsal root ganglia, and trigeminal ganglion. The stem process,
the nonmyelinated portion of the axon that extends from the cell body
of the sensory neurons to the first myelin heminode (Spencer et al.,
1973), varies in its length and course. Long stem processes wrap around
their cell bodies in a glomerular fashion. On cross sections, the stem
process was easily recognized as a nonmyelinated axon lying near the
cell body and surrounded by satellite cells (Fig. 1B); in neurons with
glomerular arrangement the stem process could be seen more than once
in a single cross section. g

Groups of Sprague-Dawley rats (8-12 weeks of age, with body weights
of 200-300 gm) and C57 mice (6-8 weeks of age) were anesthetized
with 4% chloral hydrate and animals were fixed by intracardiac perfusion
with 4% paraformaldehyde/3% glutaraldehyde (for ultrastructural mor-
phometry), 4% paraformaldehyde (for light microscopic immunocyto-
chemistry), or 4% paraformaldehyde/0.5% glutaraldehyde (for electron
microscopic immunocytochemistry)in 0.1 M Sorenson’s phosphate buffer.
The lumbar DRGs and trigeminal ganglia with roots attached were
dissected out and postfixed in the same fixatives for another 24 hr, and
then transferred to buffers.

Ultrastructural morphometry

Preparations. The lumbar DRGs and dorsal roots were postfixed in 2%
osmium tetroxide, embedded in Epon and sectioned in an ultramicro-
tome. Relatively thick thin-sections (silver-gold to gold reflection) were
picked up on Formvar-coated grids, stained with uranyl acetate and
lead citrate, and observed under electron microscope. Individual stem
processes were identified and photographed at 10,000x and 40,000 x.
For each stem process the adjacent myelinated axon and the nerve cell
body were photographed at the same magnifications.

To compare the cytoskeletal organization between the node of Ran-
vier and the internode of the same axon, serial thin sections intermixed
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Figure 1. The diagram of a dorsal root ganglion (DRG) neuron. The
stem process, the nonmyelinated axonal portion, extends from the cell
body to the first internode. If a cross section was made through the
dashed line of the schematic DRG neuron (A4), the perikaryon (p), stem
process (s), and the myelinated internodes (1) would appear on the
same section, as illustrated in the electron micrograph in B. The stem
process was covered by satellite cells, which did not make myelin sheaths.

with thick sections of the dorsal roots (total of 300 thin sections and
20 thick sections) were cut. The criteria of defining a node of Ranvier
included (1) the absence of myelin, (2) the presence of Schwann cell
microvilli, and (3) the presence of dense undercoatings on axonal mem-
brane. When a node of Ranvier was identified, we traced forward and
backward to find its corresponding internode and photographed both
sites at 6000 x, 10,000 x, and 40,000 x.

Cytoskeletal composition. To estimate the cytoskeletal composition,
we modified the previous method of Parhad et al. (1987). Briefly, we
divided the whole cross-section axonal area into tiles of 1 pm?, assigned
consecutive numbers (beginning from 1) on each tile, chose one to five
tiles based on the numbers of a random table, and counted the whole
axonal neurofilament densities (expressed as neurofilaments/um? axonal
arca) on those selected squares. The mean of the whole axonal neuro-
filament densities for each sampled axon was multiplied by the axonal
area to give the estimated total number of neurofilaments for that axon.
The same procedure was repeated for the estimation of the total number
of microtubules per axon. For stem process and node of Ranvier, one
to five 1 um? tiles constituted 50-90% of axonal area. For myelinated
axons, the sampled regions would be responsible for 16—40% of axonal
area. In the myelinated axons, the region occupied by membrane-bound
organelles (mitochondria, smooth endoplasmic reticulum, and vesicular
organelles) was negligible (less than 5% of axonal area) (Berthold, 1978;
Hoffman et al., 1984). In the stem process and nodes particulate or-
ganelles occupied a greater area of the cross-sectional area, so-that the
whole axonal density data cannot be used for comparing neurofilament
spacing. Price et al. (1990) and de Waegh et al. (1992) calculated neu-
rofilament packing density by excluding the area occupied by particulate
organelles. In this study, we used nearest-neighbor distance to compare
neurofilament spacing (see below); the whole axonal density data were
used to calculate the total number of neurofilaments and microtubules.

Nearest-neighbor distance. We used the analysis of nearest-neighbor
distance to measure neurofilament spacing. The nearest-neighbor dis-
tance approach identifies obligate minimum spacing and the degree of
variations in spacing of neurofilaments. Both nearest-neighbor distance
and packing density are complementary and necessary to understand
neurofilament organization and distribution (Hsieh et al., 1994). Briefly,
the negatives of electron micrographs were illuminated on a view box,
imaged with a video camera. Each neurofilament that was oriented in
true transverse section was accepted and digitized with the BIoQUANT
software (R&M Biometrics, Inc., Nashville, TN). The data of X-y or-
dinates for each neurofilament were exported to a database. A program
was written to calculate the nearest-neighbor distance for each neuro-
filament. In addition, axonal area, axonal circumference, and myelin
sheath thickness were measured with the BIOQUANT software to compare
their relationships with neurofilament spacing.




6394 Hsieh et al. + Myelination Modulates Neurofilament Organization and Phosphorylation

66-

-
*.
45-

Figure 2. Immunoblotting to characterize the polyclonal antibody pAb-
NFH. The antibody pAb-NFH was made against the C-terminus of NF-
H. Protein extract of mouse spinal cord was electrophoresed on 7%
SDS-polyacrylamide gel and stained with Coomassie blue (lane I). A
duplicate gel was transferred onto a nitrocellulose paper (lane 2). Im-
munoblotting in /ane 2 indicated that pAb-NFH recognized NF-H as
a discrete band.

Antibodies against different epitopes of neurofilament proteins

We used immunoreactivity against different epitopes of NF-H (phos-
phorylated, nonphosphorylated and phosphorylation-independent ep-
1topes) to assess the regional difference of neurofilament phosphoryla-
tion. SMI-31 and SMI-32 are mouse monoclonal antibodies (Sternberger
Monoclonals Inc., Baltimore, MD). They have been characterized in
terms of their phosphorylation status. SMI-31 is directed against the
extensively phosphorylated form of NF-H, the sequence motif contain-
ing highly phosphorylated lysine-serine-proline. The SMI-32 recognize
a nonphosphorylated or relatively hypophosphorylated form of this
motif on neurofilaments (Sternberger and Sternberger, 1983; Lee et al.,
1988).

For the purpose of recognizing all the NF-H, independent of phos-
phorylation state, a polyclonal antibody (termed pAb-NFH in this re-
port) was made against NF-H. The peptide CYEKTTEDKATKGEK
(one-letter code for amino acid), which corresponds to the carboxyl
terminal 13 amino acids of mouse NF-H (Julien et al., 1986; Julien et
al., 1988) plus Cand Y at its N-terminus for coupling and UV detection,
was chemically synthesized using a peptide synthesizer. The peptide was
then coupled to keyhole limpet hemocyanin and used to immunize
rabbits. Purification of the antibody was carried out as described pre-
viously (Lopata and Cleveland, 1987).

To characterize the antibody pAb-NFH, approximately 20 ug of total
protein extract from mouse spinal cord was electrophoresed on a 7%
SDS-polyacrylamide gel (Laemmli, 1970), and stained with Coomassie
blue. A duplicate gel was transferred onto a nitrocellulose filter as de-
scribed before (Lopata and Cleveland, 1987). The nitrocellulose filter
was then incubated with the purified antibody pAb-NFH in 2% powder
milk and PBS for 2 hr. After the filter was washed five times with PBS,
it was incubated with '**I-protein A (Amersham Corp., Arlington Heights,
IL) for 1 hr. The filter was then repeatedly washed and exposed to x-ray
film. On immunoblotting, pAb-NFH recognized neurofilaments as a
band at the 200 kDa position on immunoblotting (Fig. 2). Because there
are no potential serine phosphorylation sites in this region of the carboxy
terminus of NF-H (Julien and Mushynski, 1983; Julien et al., 1986,
1988), pAb-NFH should recognize the total NF-H independent of phos-
phorylation status.

Immunocytochemistry and confocal laser scanning microscopy

The dissected rat lumbar DRGs, rat, and mouse trigeminal ganglia were
cryoprotected with 20% glycerol in the Sorenson’s buffer for 24 hr and

then cut on a freezing microtome. Sections of 20-30 um thickness were
rinsed in PBS solution, incubated with 25% Triton X-100 in PBS for
24 hr to increase antibody penetration, and then blocked with 5% normal
horse serum for 30 min. Tissue sections were labelled by incubating
them in a combination of mouse and rabbit antibodies in 1% Triton
X-100/PBS at 4°C for 24 hr. The primary antibodies used in this study
included the monoclonal antibodies against phosphorylated neurofila-
ments (SMI-31) and nonphosphorylated neurofilaments (SMI-32), and
a polyclonal antibody against myelin protein P, (Trapp et al., 1981).
The sections were washed and then incubated in a mixture of fluorescein
isothiocyanate (FITC)-conjugated sheep anti-mouse and Texas red—con-
jugated donkey anti-rabbit antibodies (Amersham Corp., Arlington
Heights, IL) for 2 hr. The sections were washed in PBS and mounted
in a fade-resisting mowiol-based mounting medium containing para-
phenylene diamine.

The sections were examined with standard epifluorescence and im-
aged with a Leica confocal laser scanning microscope. Optical sections
of approximately 0.5-1 pm thick were collected using a line averaging
technique. The Texas red and FITC images were collected simulta-
neously. In some cases, serial sequences of optical sections were obtained
at 1-2 pm intervals through the profiles. The continuity and staining
patterns of myelinated and non-myelinated portions of the same axon
were investigated using these *‘z-series” either viewed as a sequence of
single images or in three-dimensional reconstructions and rotations.

Electron microscopic immunocytochemistry

The procedure of electron microscopic immunocytochemistry followed
that previously reported (Trapp et al., 1989). Briefly, the rat lumbar
DRGs were infiltrated with 1 M, 2 M, and 2.3 M sucrose solution con-
taining 30% polyvinylpyrrolidone. Frozen sections were cut on a Reich-
ert ultramicrotome in a liquid nitrogen—cooled chamber (around — 100°C).
Thin sections around 100 nm in thickness were picked up on Formvar-
coated grids, rinsed with PBS, blocked with ovalbumin/normal goat
serum, and incubated with primary antibodies (SMI-31 and pAb-NFH)
for 16-24 hr. After washing in PBS, grids were incubated with 10 nm
colloidal gold-labeled goat anti-mouse IgG (for SMI-31) and 5 nm col-
loidal gold-labeled goat anti-rabbit IgG (for pAb-NFH) for 2 hr. The
sections were fixed with glutaraldehyde, stained with uranyl acetate,
embedded in uranyl acetate-containing methyl cellulose, and observed
under a Hitachi 600 electron microscope.

To assess the relative intensity of labeling, stem processes and my-
elinated axons on the grids were photographed at 60,000 <. The densities
of immunogold particles in the axons were measured using BIOQUANT
software.

Statistical analysis

T test, Wilcoxon ranked sums test, and regression statistics were gen-
erated by using the STATISTICAL ANALYSIS SYSTEM program (SAS Institute
Inc., Cary, NC). Differences with p < 0.05 were considered statistically
significant.

Results

Axonal caliber and cytoskeletal composition in myelinated and
nonmyelinated segments

To test whether variations of axonal caliber and cytoskeletal
composition were related to the myelination status of the axonal
segment, we sampled eight stem processes and nine neighboring
myelinated axons and compared the following parameters: ax-
onal caliber, and the total number of neurofilaments, and mi-
crotubules per axon. Myelinated axons were larger than stem
processes [axonal area: 26.3 £ 9.4 vs 11.0 = 4.8 um? (mean =
SD), p < 0.01]. Ultrastructurally, neurofilaments appeared as
10 nm electron-dense dots in axonal cross section and had side
arms extending as thin threads from the core of neurofilaments.
The most impressive feature of the cytoskeleton in the stem
process was the greater proportion of microtubules, and other
membrane-bound organelles and the smaller proportion of neu-
rofilaments compared to the pattern in the myelinated segments
(Fig. 3; Berthold, 1978). Compared to the stem process, the
myelinated internodes had threefold more neurofilaments (6760



+ 2,427 vs 2423 + 1474 neurofilaments per axon, p < 0.01),
but similar numbers of microtubules (614 + 423 vs 538 + 188
microtubules per axon, p = 0.73).

To analyze further the correlation of myelination with the
regional differences in cytoskeletal composition, we traced in-
dividual axons in the rat dorsal roots and analyzed morphom-
etrically six node of Ranvier/internode pairs in six axons. The
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Figure 3. Regional differences in ax-
onal cytoskeleton between the stem
process and myelinated axon. Repre-
sentative sections were taken from a
stem process (4) and a myelinated in-
ternode (B). Compared with the my-
elinated internode, the stem process had
fewer neurofilaments, denser microtu-
bules, mitochondrial and vesicular or-
ganelles. Neurofilaments in the stem
process tended in cluster. Scale bar, 0.5
pm.

results were similar to the stem process/internode comparison
(Fig. 4). Compared to the nodes of Ranvier, the myelinated
internodes were larger in axonal area (29.5 + 8.9 vs 4.1 = 1.7
um?, p < 0.01), had a greater number of neurofilaments (6505
+ 2025 vs 879 £ 627 neurofilaments per axon, p < 0.01), and
had the same total number of microtubules (499 + 197 vs 578
+ 171 microtubules per axon, p = 0.47).

Figure 4. The comparison of cyto-
skeletal composition between the node
of Ranvier and its internode. The node
of Ranvier (4) was recognized by its
absence of myelin sheath, and its pres-
ence of Schwann cell microvilli (arrow)
and the dense undercoatings on axonal
membrane (arrowhead). The node of
Ranvier had less neurofilaments and
denser microtubules and vesicular or-
ganelles than its myelinated internode
(B). Scale bar, 0.5 yum.
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Figure 5. Neurofilament distribution in different regions of dorsal root ganglion (DRG) neurons. Neurofilaments tend to be in different orientations
in the cell body of DRG neurons (4). Occasionally bundles of neurofilaments in cross section can be found. In the stem process (B), neurofilaments
were sometimes clustered between microtubules. In the myelinated axon (C), neurofilaments were more widely spaced in the stem process. The
corresponding histograms of nearest-neighbor neurofilament distances were shown in the right panels. Neurofilaments in the cell bodies and the
stemn processes had spacings of 28.9 + 4.4 and 32.2 + 7.7 nm (mean + SD), respectively (D and E), which were ~25-30% smaller than in the
myelinated axons (F) (40.3 + 9.3 nm; p < 0.001 by ¢ test). The comparison was based on six DRG neurons (with 390 digitized neurofilaments),
nine stem processes (with 4634 digitized neurofilaments), and 15 myelinated axons (with 20,301 digitized neurofilaments). Scale bar, 200 nm.

The regional increase in neurofilament spacing correlates with

myelination

To correlate myelination with regional differences in neurofi-
lament spacing, we compared nearest-neighbor neurofilament
distances in the cell bodies, the nonmyelinated stem process and
myelinated axons. In the perikaryon, neurofilaments tended to
be in different orientations, and occasionally in bundles (Fig.
54). In the stem process (Fig. 5B), neurofilaments were not only
fewer in number, but were also more closely packed than in the
myelinated internodes (Fig. 5C). Neurofilaments in the cell body
and stem process sometimes appeared as clusters interspersed
among the microtubules. Neurofilaments were not clustered
through the axoplasm of myelinated internodes. The mean fil-
ament-filament spacings in the cell bodies and stem processes
were 28.9 + 4.4 and 32.2 + 7.7 nm (mean + SD) (Fig. 5 D,E).

In myelinated internodes, these values were 25-30% greater
than in the perikarya and stem processes: 40.3 + 9.3 nm (p <
0.001) (Fig. 5F).

Comparing neurofilament spacing between the nodes and in-
ternodes, we found that neurofilaments were sometimes clus-
tered between microtubules in the nodes (Fig. 6.4), recapitulating
the picture seen in the stem process. Neurofilaments in the
internodes were more widely spaced (Fig. 6 B); the nearest-neigh-
bor distances in the nodes of Ranvier were less than in the
adjacent internodes [29.2 + 5.5 vs 44.8 + 8.6 nm (mean *+
SD), p < 0.001] (Fig. 6C).

We separately compared the relationships among spacing,
myelin sheath thickness, and axonal caliber. Fifty-nine axons
were analyzed for this purpose, including 10 stem processes
(with 5049 neurofilaments sampled) and 49 myelinated axons
(with 40,927 neurofilaments sampled). In general, larger fibers
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Figure 6. Neurofilament distribution in the node of Ranvier and the
adjacent internode. Neurofilaments in node of Ranvier (4) were more
closely packed than in the adjacent internode (B) of the same fiber. In
C, the comparison of histograms of nearest-neighbor neurofilament dis-
tance in nodes of Ranvier (solid bars) and internodes (shaded bars)
indicated that neurofilaments (3156 from six nodes, and 4197 from six
internodes) were more closely packed in the nodes [29.2 + 5.5 vs 44.8
+ 8.6 nm (mean * SD), p < 0.001 by ¢ test]. Scale bar, 50 nm.

had greater interfilament spacing. The correlation was higher
between the mean filament spacing and myelin sheath thickness
(Fig. 74) than between the mean filament spacing and axonal
caliber (Fig. 7B).

Mpyelination correlates with the regional differences in
neurofilament phosphorylation

By using confocal laser scanning microscopy to follow and re-
construct the stem process, and by using double immunofluo-
rescence staining, we found a close relationship between mye-
lination and neurofilament phosphorylation. In the cell bodies,
there was strong immunoreactivity for relatively hypo- and non-
phosphorylated neurofilament, SMI-32 (Fig. 84). The immu-
noreactivity for extensively phosphorylated neurofilament an-
tibody, SMI-31, was much weaker in the cell body than in the
myelinated axons (Fig. 94). The stem processes were identified
by the absence of immunoreactivity for the myelin protein P,
(Figs. 84,B; 94,B). The stem process of DRG neurons was
strongly immunostained with SMI-32, as the nerve cell bodies
(Fig. 84), but these regions were stained much weakly with
phosphorylated neurofilament antibody, SMI-31 (Fig. 94). The
phosphorylated neurofilament immunoreactivity was markedly
more intense within the myelinated segments than within the
stem process (Fig. 94). In summary, the nonmyelinated stem
process had a staining pattern similar to that of the cell body
of DRG neurons, showing enrichment of immunoreactivity for
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Figure 7. Relationship between mean nearest-neighbor filament spac-
ings, myelin sheath thickness, and axonal diameter. In both A4 and B,
open circles were for myelinated axons, and solid triangles, for stem
processes. 4, When the mean of filament spacing (y-axis, in nm) was
regressed against the myelin sheath thickness (x-axis, in um), the re-
lationship was described by y = 33.96 + 4.57x with correlation coef-
ficient r = 0.76, p < 0.0001. B, The mean filament spacing (y-axis, in
nm) regressed against the axonal diameter (x-axis, in pgm) was described
by y = 32.54 + 1.18x with correlation coefficient r = 0.5, p < 0.0001.
Myelin sheath thickness correlated better with mean filament spacings
than did axonal diameter.

nonphosphorylated neurofilaments, and weak immunoreactiv-
ity for extensively phosphorylated neurofilaments. In the sec-
tions we examined, all the axons exhibiting intense phosphor-
ylated neurofilament immunoreactivity were associated with
myelin protein immunoreactivity, indicating that the intensity
of staining for phosphorylated neurofilaments increased abrupt-
ly within the myelinated internodes.

These observations were extended by electron microscopic
immunocytochemistry on thin sections (around 100 nm in
thickness). This technique minimized the concerns about the
immunofluorescence data: the differences in antibody penetra-
tion and the influence of neurofilament number, density, spac-
ing, or distribution (clustering or not) on immunofluorescence
pattern. The staining pattern was consistent with that observed
atthe light microscopic level. The myelinated axons had a higher
density of immunogold particles representing phosphorylated
neurofilament (P[+]), than did the stem process, whereas den-
sities of immunogold particles for total NF-H, the phosphory-
lation-independent neurofilaments (P[ind]), in the myelinated
axon and stem process were not statistically different (Fig. 10B8,C).
To compare the relative abundance of phosphorylated neuro-
filament epitopes between stem process and myelinated axon,
we used the ratio of gold particle densities (P[+]:P[ind]). My-
elinated axons had relatively more phosphorylated epitopes than
did the stem process, with about a 20-fold increase ]1P[+]:P[ind]
= 2.1 £ 1.1 (mean + SD) for myelinated internodes, and 0.1
=+ 0.1 for stem processes, p < 0.02] (Fig. 10D).
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Figure 8. Immunofluorescence of dorsal root ganglion (DRG) neurons doubly labeled with antibodies against nonphosphorylated neurofilaments
and myelin proteins, The DRG neurons were doubly immunostained with antibodies against nonphosphorylated neurofilaments, SMI-32 (4), and
myelin protein, P, (B), simultaneously, and then subject to confocal laser scanning microscopy. Shown here was a 1 um optical section through a
portion of a DRG neuron with its stem process and myelinated axons. Due to the torturous course of the stem process, several profiles of stem
process (arrows in A) would appear on the same section. Strong SMI-32 immunoreactivity was present in the perikaryon (p), but not in the nucleus
{Nu). The stem process, which had a tortuous course (arrows in A), had the same staining pattern for nonphosphorylated neurofilaments as the
perikaryon. P, antiserum labeled the myelin sheaths of several myelinated axonal profiles, one of which was marked with * in B. The stem processes
were unstained with P, (arrows in B). The myelinated axons, one of which was marked with * in 4, were also stained with the antibody against

nonphosphorylated neurofilaments. Scale bar, 10 um.

Discussion

Compared to the cell bodies, the nonmyelinated stem processes
and the nodes of Ranvier, the axonal cytoskeleton in myelinated
segments is modified in at least three regards: (1) the level of
phosphorylation of NF-H is higher, (2) the spacing between
neurofilaments is greater, and (3) there are more neurofilaments.
These correlates of myelination are local, and recent results
indicate that the first two can be reversed by demyelination (de
Waegh et al., 1992), suggesting that they are effects of myeli-
nation. All of these correlates of myelination have the effect of
increasing the size of myelinated segments, as discussed below.
Taken together they suggest that the regulation of axonal caliber
is influenced by mutual local interactions between the axon and
the Schwann cell, as well as by developmental and target-derived
influences on the whole neuron.

Myelination correlates with neurofilament phosphorylation and
spacing

Previous studies have found low levels of phosphorylated ncu-
rofilament immunoreactivity in the perikarya, dendrites, and
short initial segments, and usually have found that phosphor-
ylation is high within the axons (Sternberger and Sternberger,
1983; Leeet al., 1986, 1987; Oblinger, 1987). Because the initial
segment is very short in the neurons, it was not clear whether

Figure 9.

increased phosphorylation is an intrinsic feature of axon per se,
or whether it is influenced by the presence of the myelination.
By the combination of double labeling immunofluorescence and
confocal laser microscopy, we were able to follow and recon-
struct the nonmyelinated stem process of primary sensory neu-
rons and found that intense phosphorylated neurofilament im-
munoreactivity always appeared with acquisition of myelin
sheath; in the stem process, nonphosphorylated epitopes pre-
dominated. Mata et al. (1992) found low phosphorylated neu-
rofilament immunoreactivity in the node of Ranvier of the rat
sciatic nerve, suggesting that this same pattern is found wherever
the axon is not covered by a myelin sheath. These results suggest
that neurofilaments are in a low phosphorylation state as they
are transported through the cell body and down the stem process,
and become heavily phosphorylated in the myelinated inter-
nodes.

Not only is neurofilament phosphorylation higher in myelin-
ated segments, but neurofilament spacing is greater. Taken to-
gether, these data suggest that myelination changes the interfi-
lament spacing by altering local neurofilament phosphorylation
and consequently the extent of negative charges on the side arms
(Carden et al., 1987). Our data suggest that spacing increases
directly with the thickness of the myelin sheath, so that the
thicker the sheath the greater the spacing. Mean filament spacing
correlated both with axonal caliber and myelin sheath thickness,

Immunofluorescence of dorsal root ganglion (DRG) neurons doubly labeled with antibodies against phosphorylated neurofilaments and

myelin proteins. The DRG neurons were simultaneously stained with antibodies against phosphorylated neurofilaments, SMI-31 (4), and myelin
protein, P, (B), and scanned by confocal laser microscopy. This 1 um optical section demonstrated a portion of the DRG neuron with its perikaryon
(p), and three profiles of the stem process, recognized by the absence of P, staining (arrows in A and B). The immunoreactivity for SMI-31 was
barely detectable or appeared as weakly stained punctate dots in the perikaryon (p) and stem process (arrows in A), while staining was intense and
homogenous in the myelinated internodes (arrowheads in 4 and B). Scale bar, 10 yum



but the higher correlation coefficient suggested that thickness of
the myelin sheath was the major influence.

The effect of myelination on neurofilament phosphorylation
and spacing is local and reversible, as demonstrated by de Waegh
et al., (1992). In the Trembler mouse the demyelinated inter-
nodes were smaller and neurofilaments were less phosphorylated
and more closely spaced than in control mice. The molecular
defect in the Trembler, a point mutation affecting the myelin
protein PMP-22 (Suter et al., 1992), indicates that abnormality
is in the Schwann cell rather than the axon. To further examine
the effect of myelinating Schwann cells on neurofilament or-
ganization, experiments employing tellurium-induced demye-
linating neuropathy indicated that neurofilament spacing in the
remyelinating axons was increased compared with the demye-
linated axons (Hsieh et al., 1993).

Effects of myelination on neurofilament number

Neurofilaments have been proposed to be the major intrinsic
determinant of axonal caliber (Hoffman et al., 1987). Their
number and their spacing could each separately affect axonal
caliber. The present study suggests that myelination increases
both number and spacing. Increased neurofilament spacing ac-
counts for about 25-50% of the difference in caliber between
the nodes/stem process and the myelinated segments. The total
number of microtubules remains the same in all of these regions.
The remainder, up to 75% of the difference, is accounted for by
the greater total number of neurofilaments in the myelinated
segments. This is consistent with the previous reports indicating
that myelinated internodes have more neurofilaments than the
nodes of Ranvier (Price et al., 1990; Reles and Friede, 1991).

How myelination might affect neurofilament number in the
myelinated segments is unclear. One possibility is that phos-
phorylation, by influencing the interactions between neurofila-
ments, might slow the transport of neurofilaments locally in the
myelinated internodes. Increased phosphorylation has been as-
sociated with slowed transport in some reports (Watson et al.,
1989a,b, 1991; Archer et al., 1994) but not all (de Waegh et al.,
1992), and focal slowing could lead to accumulations of neu-
rofilaments as argued by Hoffman et al. (1985). Another pos-
sibility is that phosphorylation alters the proportion of neuro-
filaments that are undergoing proximodistal transport. Whether
most neurofilament organelles are moving (Lasek et al., 1992)
or most are stationary has been a controversial issue (for re-
views, see Hollenbeck, 1989; Lasek et al., 1992; Ochs and Brim-
ijoin, 1993). Several lines of evidence suggest that there is a
substantial stationary cytoskeleton (Nixon and Logvinenko,
1986; Nixon et al., 1987; Hollenbeck, 1989; Nixon and Sihag,
1991), and that phosphorylated neurofilaments are closely as-
sociated with the stationary phase (Watson et al., 1989a, 1991).
Thus, by increasing phosphorylation locally, myelination might
encourage local retention of neurofilaments as part of the sta-
tionary cytoskeleton. A final possibility is that myelination en-
courages local assembly of neurofilaments from subunits and
precursors (Angelides et al., 1989; Okabe et al., 1993). In any
event, although demyelination reverses the phosphorylation of
neurofilaments in the underlying axons, it has a lesser effect on
neurofilament number (de Waegh et al., 1992).

Conclusions

The axon dictates whether or not the Schwann cell forms myelin,
and survival of the myelin sheath usually requires continued
axonal innervation of the Schwann cell (for review, see Bunge
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STEM PROCESS MYELINATED AXON
Figure 10. Immunogold labeling of different neurofilament epitopes
in the stem process and myelinated axon of dorsal root ganglion (DRG)
neurons. In electron microscopic immunocytochemistry (as described
in Materials and Methods), the antibody against phosphorylated neu-
rofilaments (P[+] for SMI-31), was labeled with 10 nm gold particles,
while the antibody against total neurofilaments (the phosphorylation-
independent antibody, P[ind] for pAb-NFH), was labeled with 5 nm
gold particles. For each DRG neuron, the stem process (open arrow in
A) as well as the myelinated axon (solid arrow in 4) were selected and
gold particles were counted. In the stem process (B), densities of 10 nm
gold particles for P[+] were much lower than those in myelinated axons
(C). When the relative extent of neurofilament phosphorylation was
expressed as the ratio of gold particle densities, P[+]:P[ind], myelinated
axons (n = 5) had the higher ratio than stem process (n = 5) [2.1 = 1.1
vs 0.1 = 0.1 (mean + SD), p < 0.02 by Wilcoxon rank sums test] (D).
Scale bars: 4, 5 um; B and C, 100 nm.

and Griffin, 1992; Griffin et al., 1993). These facts have con-
tributed to an axocentric view of axon-Schwann cell interac-
tions. The present data, in combination with other recent ob-
servations (Windebanket al., 1985; de Waegh et al., 1992), show
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that the local axonal phenotype is profoundly modified by the
ensheathing Schwann cell, necessitating a reappraisal of the rel-
ative roles of the axon and the Schwann cell in their interactions.
Understanding the mechanism of this Schwann cell-axon in-
teraction has implications for developmental neurobiology and
for demyelinating diseases.
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