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ABSTRACT Neurofilaments in the axons of mammalian spinal cord neurons are extensively
cross-linked ; consequently, the filaments and their cross-bridges compose a three-dimensional
lattice . We have used antibody decoration in situ combined with tissue preparation by the
quick-freeze, deep-etch technique to locate three neurofilament polypeptides (195, 145, and
73 Kd) within this lattice . When antibodies against each polypeptide were incubated with
detergent-extracted, formaldehyde-fixed samples of rabbit spinal cord, each antibody assumed
a characteristic distribution : anti-73-Kd decorated the neurofilament core uniformly, but not
the cross-bridges ; anti-145-Kd also decorated the core, but less uniformly ; sometimes the anti-
145-Kd antibodies were located over the bases of cross-bridges . In contrast, anti-195-Kd
primarily decorated the cross-bridges between the neurofilaments . These observations show
that the 73-Kd polypeptide is a component of the central core of neurofilaments, and that the
195-Kd polypeptide is a component of the inter-neurofilamentous cross-bridges . It is consistent
with this conclusion that we found few cross-bridges between neurofilaments in the optic
nerves of neonatal rabbits during a developmental period when the ratio of 195 to 73 or 145-
Kd polypeptides is much lower than in adults . The ratio of 195-Kd polypeptide to the other
two neurofilament polypeptides also appeared much lower in the cell bodies and dendrites
than in axons of adult spinal cord neurons, when the dispositions of the three polypeptides
were studied by immunofluorescence experiments . The cell bodies apparently contain neu-
rofilaments composed primarily of 145- and 73-Kd polypeptides, because we observed
antibody decoration of individual neurofilaments in the cell bodies with anti-73- and -145-Kd,
but not with anti-195-Kd . We conclude that the 195-Kd polypeptide participates in a cross-
linking function, and that this function is, at least in certain neurons, most prevalent in the
mature axon .

The axonal cytoskeleton is typically composed of longitudi-
nally oriented neurofilaments and microtubules that are ex-
tensively cross-linked to themselves, to each other, and to the
plasma membrane by thin fibrils (3, 10, 11, 22, 23, 28, 35,
40, 41) . Embedded in the resulting three-dimensional lattice
are membrane-bounded organelles (e .g ., mitochondria, vesi-
culo-tubular structures, smooth endoplasmic reticulum)
which are themselves extensively cross-linked to the neurofil-
aments, microtubules, or both. The system of cross-bridges
appears to determine the spatial relationships between the
various elements ofthe axoplasm ; in addition, the cross-links
between elements that may be moving past each other by the
process of axonal transport raise the question ofthe dynamic
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properties of these cross-bridges (i .e ., how they are made and
released) and whether they could affect the translocation of
organelles down the axon . For these reasons, it is important
to understand the morphology and chemistry of these cross-
bridges.
Three populations of cross-bridges, each mediating different

intra-axonal linkages, have been described in axons prepared
for electron microscopy by the quick-freeze, deep-etch tech-
nique (10). Here we have attempted to identify the molecular
nature of the cross-bridges (20-60 nm long, 4-6 nm wide)
between neurofilaments.
Mammalian neurofilaments contain three major polypep-

tides . In the case of the rabbit, these have molecular weights
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of -195-, 145-, and 73-Kd . Several observations have nomi-
nated the 195-Kd polypeptide as a candidate for a component
of the cross-bridges between neurofilaments. First, when par-
tially purified neurofilaments were incubated with antibodies
specific for 195-, 145- and 73-Kd polypeptides, anti-195-Kd
decorated a structure that was peripheral to the core of the
filament, and that occasionally cross-linked two filaments,
whereas anti-73-Kd decorated the central core ofthe filament
uniformly (38) . A similar decoration pattern was observed
when neurites of cultured dorsal root ganglion neurons were
incubated with antineurofilament antibodies (29) . Second,
filaments could be assembled from their constituent polypep-
tides in vitro only when the 73-Kd polypeptide was included
in the assembly mixture (4, 19, 24, 42) ; when the 195 Kd-
polypeptide was also included, the resulting filaments had
projections (4, 24) . These observations showed that a portion
of the 195-Kd polypeptide is peripheral to the filament core
and in some cases links two filaments together in vitro.
However, the cross-bridges between neurofilaments were not
well preserved in these experiments, and therefore the role of
the 195-Kd polypeptide in these cross-bridges was speculative.
Here we provide evidence that the 195-Kd polypeptide is a
component of the cross-bridges between neurofilaments in
the axon . When we decorated nervous tissue with antineuro-
filament antibodies in situ and observed the resulting deco-
ration in tissue prepared for electron microscopy by the quick-
freeze, deep-etch technique, anti-195-Kd was localized over
the interfilamentous cross-bridges . In certain immature axons,
where the ratio of 195- to 145- or 73-Kd polypeptides is much
lower than in adult axons (16, 18, 31, 39), we observed few
interneurofilamentous cross-bridges . In adult neurons indirect
immunofluorescence indicated that the ratio of 195- to 145-
or 73-Kd polypeptides is much greater in the axons than in
the cell bodies and dendrites. These observations support the
conclusion that the 195-Kd polypeptide is a component of
the cross-bridges between neurofilaments, and that the func-
tion of these cross-bridges is somewhat specific for mature
axons .

MATERIALS AND METHODS

Preparation of Antisera :

	

Antibodies against SDSdenatured 195-,
145-, and 73-Kd rabbit neurofilament polypeptides were produced in goats as
described previously (38). An IgG fraction of each antiserum was adsorbed by
passing it sequentially through affinity columns containing each of the other
two neurofilament polypeptides, and then purified by affinity chromatography
on a column containing the polypeptide against which it was made . To assess
the specificity of the antibodies, proteins from an SDS extract of rabbit spinal
cord were transferred (Western blotted) onto nitrocellulose paper, after they
had been separated by electrophoresis on SDS polyacrylamide gels (2). The
specificity of the adsorbed, affinity-purified antibodies was assayed by incubat-
ing the polypeptides on the nitrocellulose paper with each antibody followed
by biotinylated secondary antibody, and avidin-biotin-horseradish peroxidase
(HRP), both from Vector Laboratories (Burlingame CA). TheHRP was reacted
with diaminobenzidine according to a previously described procedure (12). Fig .
I shows that the anti-195-Kd and anti-73-Kd polypeptide reacted specifically
with the 195- and 73-Kd polypeptide, respectively . Anti-145-Kd polypeptides
reacted primarily with 145-Kd polypeptides~ but also weakly stained a small
number of additional polypeptides; our conclusion concerning the localization
of 145-Kd polypeptides in the axon is subject to this reservation. The pattern
of reactivity of each antibody was not altered when the proteins on the
nitrocellulose sheets were incubated with alkaline phosphatase to remove
phosphate by the method of Stemberger and Sternberger (34), prior to incu-
bation with the antibodies .

Affinity-purified rabbit anti-goat IgG was purchased from either Gateway
Immunologicals (St. Louis, MO) or Cappel Laboratories (West Chester, PA).
Monovalent Fab fragments were prepared from rabbit anti-goat IgG using the
method described by Mage (20) .
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Quick-Freeze, Deep-Etch Technique and Immunocyto-
chemistry : Pieces (2-3 mm long) of rabbit spinal cord were cut in cross-
section or in an oblique plane and were agitated gently with 1% Triton X-100
in K'-buffer (70 mM KCI, 5 MM M9CIZ, 3 mM EGTA, 0.25 mM phenylmeth-
ylsulfonyl fluoride (PMSF), 30 mM HEPES, buffer pH 7 .4) for 3 h at 4°C.
After they were washed twice in K'-buffer, the spinal cord pieces were fixed
with 1 % paraformaldehyde in K'-buffer for 1 h at 4°C.

The Triton-treated tissue was trimmed and the anterior horn region includ-
ing the bordering white matter was incubated overnight at 4°C with adsorbed,
affinity-purified primary antibodies, or control nonimmune IgG (40-60 kg/ml)
in K'-buffer containing bovine serum albumin (I mg/ml). The tissue segments
were washed in K'-buffer, and incubated overnight with a secondary rabbit
anti-goat IgG (150 ug/ml) or monovalent Fab fragments (100 ug/ml) . The
tissue was washed in K'-buffer, and fixed in 2% paraformaldehyde for 3 h at
4°C.

To observe cytoskeletal structures in tissue that was not treated with anti-
bodies, the tissue (either adult rabbit spinal cord or optic nerves from 1-, 5-,
and 10-d-old and adult rabbits) was quick-frozen either directly after dissection,
or after it was made permeable by incubation with saponin (0 .1 % saponin,
10-5 M taxol) for 30 min at room temperature (10). Some of the saponin-
treated tissues were fixed with 1 % paraformaldehyde for l h at room tempera-
ture . The fixed tissue was first rinsed briefly in distilled HZO, followed by
methanol (15%), and then rapidly frozen on a copper block cooled with liquid
helium as described previously (9, 13) . Thefrozen samples were freeze-fractured
and deeply etched, rotary shadowed with platinum and carbon, and the replicas
were viewed with a JEOL IOOCX electron microscopy at 100 kV, with ±10°
tilt.

1mmunofluorescence :

	

Rabbit spinal cord pieces, cut in cross-section
or in an oblique plane were frozen in liquid freon, and 6-8-jum thick frozen
sections were cut with a cryostat and collected on glass slides . The sections were
incubated for 30 min with adsorbed, affinity-purified primary antibodies or
with control nonimmune IgG (30 Ag/ml), then washed three times in K'-buffer
or PBS (150 mM NaCl, 10 mM NaPOs , pH 7.2) and incubated with a 50-fold
dilution of fluorescein-conjugated rabbit anti-goat IgG (Cappel Laboratories) .
All sections were mounted in 90% glycerol (with 0.1% para-phenylenediamine
added to reduce fading) and examined using a fluorescence microscope .

Examination of Neurofilaments by the Quick-Freeze-Mica
Technique (8):

	

Neurofilaments (100 A/ml in PBS, prepared from rabbit
spinal cord as described previously [38]) were dropped onto fragmented mica
flakes, and quick-frozen. The samples were freeze-fractured at -106°C, etched
for 3 min in a Balzars 301 unit, and then rotary replicated with platinum at
24° or I I°. The mica and tissue were dissolved in hydrofluoric acid and
chromesulfuric acid, and the platinum replicas were examined as described
above .

RESULTS
Antibody Decoration of Neurofilaments in Axons
To determine the location of the three neurofilament poly-

peptides within the axonal cytoskeleton, we treated small
pieces of the anterior horn region of rabbit spinal cord with
Triton X-100, fixed them, and incubated them with anti-
bodies that reacted specifically (see Fig . 1) with each of the
three neurofilament polypeptides (or control nonimmune
IgG) followed by a secondary antibody . The tissue was pre-
pared for electron microscopy by the quick-freeze, deep-etch
technique. Fig . 2 shows tissue incubated with nonimmune
IgG . The neurofilaments and 20-60-nm cross-bridges were
undecorated . When the tissue was incubated with anti-73-Kd,
specific antibody complexes were attached to the central core
of the neurofilaments, increasing their diameters by a factor
of two ; the cross-bridges appeared smooth and undecorated
(Figs. 3 and 4A) . Glial filaments, characterized by their lack
ofcross-bridges, were not decorated by the antibody (Fig. 4B) .
In contrast, anti- 195-Kd-secondary-antibody complexes ap-
peared as globular masses situated between the neurofilaments
(Fig . 5, A and B); the cores of the neurofilaments appeared
smooth . Fig. 5 B shows, at higher magnification, that the anti-
195-Kd polypeptide complexes were situated between the
smooth neurofilament cores and appeared to overlie the cross-



bridges. When we used monovalent Fab fragments of rabbit
anti-goat IgG as the secondary antibody, these complexes
were smaller and more discrete (Fig. 5 C). Like anti-73-Kd,
the anti-145-Kd antibody complexes decorated the central
core, but less uniformly than anti-73-Kd complexes (Fig . 6) .

FIGURE 1 Polypeptides
from SDS extracts of spinal
cord electrophoresed and
transferred onto nitrocel-
lulose sheets (Western
blotting) and incubated
with affinity purified and
adsorbed antibodies to the
195-Kd polypeptide, (lanes
1 and 2), the 145-Kd poly-
peptide (lane 3), the 73-Kd
polypeptide (lane 4), or
nonimmune IgG (lane 5) ;
antibody reaction was de-
tected by means of a per-
oxidase reaction as de-
scribed in Materials and
Methods . Lanes 3-5 are tis-
sues samples from the

same rabbit . Lane 1 is from a different rabbit that was heterozygous
for two different alleles (H, and H Z ) of the gene for the 195-Kd
polypeptide (36) ; this genetic polymorphism gives rise to the two
bands on the blot .

Occasionally we observed anti- 145-Kd complexes at the bases
of cross-bridges. These results show that antigens associated
with the 195-Kd polypeptides are located in the interfilamen-
tous cross-bridges and that antigens associated with the 73-
and 145-Kd polypeptides are located in the central core of
neurofilaments .

lmmunofluorescent Staining of Axons, Cell
Bodies, and Dendrites with
Antineurofilament Antibodies

Using antibodies specific for each, we studied the distribu-
tion of the three neurofilament polypeptides in neurons of
the anterior horn of the rabbit spinal cord by indirect immu-
nofluorescence of cryostat sections . Fig. 7 shows oblique
sections through the spinal cord, in which cell bodies, den-
drites and axons in the grey matter, as well as axons cut in
cross-section in the white matter, were available for staining.
All three antineurofilament antibodies (but not nonimmune
IgG) intensely stained the axons in both white matter and
grey matter (Fig. 7, A-D). In contrast, cell bodies and den-
drites were stained less intensely by anti-195- than by anti-
145- and anti-73-Kd (Fig . 7, E-G) . These observations suggest
that the ratio of 195- to 145- or 73-Kd polypeptides is greater
in the axons than in the cell bodies, and dendrites, and raises
the question of how this deficiency of 195-Kd polypeptides
may be expressed in the morphology of filaments in the cell
bodies and dendrites.

FIGURE 2 Axonal neurofilaments from Triton-extracted spinal cord incubated with nonimmune IgG and secondary IgG, and
then prepared for electron microscopy by the quick-freeze, deep-etch method. No antibody complexes are apparent on the
neurofilaments or their cross-bridges (arrows) . Bar, 0.1 Am . x 257,000.
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FIGURE 3

	

Low magnification view of axonal neurofilaments decorated with anti-73-Kd and secondary antibody (IgG) . Antibodies
decorate the neurofilament core uniformly, but cross-bridges (arrows) are not decorated . Bar, 0 .1 lsm . x 125,000 .

Organization of Neurofilaments in Axons, Cell
Bodies, and Dendrites
We examined the filamentous cytoskeleton in neurons from

the anterior horn of the rabbit spinal cord, prepared by the
quick-freeze, deep-etch technique . Prior to freezing, the sam-
ples were either (a) untreated ; (b) made permeable with
saponin ; or (c) made permeable with saponin or demembra-
nated with Triton X-100, and then fixed and washed with
distilled water. In axons, neurofilaments 20-60 nm apart ran
parallel to the longitudinal axis of the axon cylinder. Neigh-
boring neurofrlaments were cross-linked to each other at
frequent intervals (25 per um ± 7.5 SD N = 109), and the
resulting lattice occupied much of the axoplasm (Fig . 8A and
reference 10). In contrast, intermediate filaments in the cell
body were randomly oriented, and the frequency of cross-
bridges (an average of 10.5 per lAm ± 14.5 SD N = 41) was
lower than in axons (Fig. 9) . Some of the filaments formed
small bundles, and within these bundles the frequency of
cross-bridges was the same as in axons (Fig . 9) . These organ-
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izational features were apparent whether the tissue was pre-
pared by method 1, 2, or 3 above .
The arrangement of the microtubuler-neurofilamentous

cytoskeleton in dendrites was also different than in axons .
The ratio of microtubules to neurofilaments was much higher
in dendrites and the neurofilaments coursed through the
parallel arrays of microtubules as single filaments, pairs, or as
small fascicles (Fig. 10) . Although the average frequency of
cross-bridges between neurofrlaments was lower in dendrites
(15 per im ± 13 SD N= 161), the frequency within a dendritic
fascicle was similar to the axonal frequency . However, the
filaments within a dendritic fascicle were often closer together,
and the cross-bridges appeared to be shorter than in axons, as
illustrated in Fig . 8 .

Antibody Decoration of Neurofilaments in the
Cell Body
The apparent scarcity of 195-Kd polypeptides relative to

145- or 73-Kd polypeptides in the cell body compared with



FIGURE 4 (A) Higher magnification view of axonal neurofilaments decorated with anti-73-Kd polypeptides and secondary
antibody (IgG) . The neurofilament cores are increased in diameter twofold by the antibodies, whereas the cross-bridges (arrows)
are not decorated . (8) Glial filaments in an astrocyte in the sample incubated with anti-73-Kd antibody . The glial filaments look
smooth and undecorated . Bar, 0.1 gm . x 257,000 .

HIROKAWA ET AL .

	

Organization of Neurofilament Polypeptides

	

1527



528

	

THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984



FIGURE 6

	

Axonal neurofilaments decorated with anti-145-Kd polypeptides and secondary IgG . Globular masses are attached
sporadically on the surface of neurofilaments (arrows), sometimes at the base of cross-bridges . Bar, 0 .1 jm . x 257,000 .

the axons indicated by immunofluorescence raised the ques-
tion of whether the 145- and 73-Kd proteins in the cell body
are in the form of filaments lacking 195-Kd proteins, or in a
nonfilamentous form . To determine whether the intermediate
filaments in the cell body are neurofilaments, we examined
cell bodies from preparations that had been incubated with
the antineurofilament antibodies (or nonimmune IgG) fol-
lowed by a secondary antibody (Fig . 11), as described in
Materials and Methods . After they were incubated with either
anti-145 Kd (Fig. 11 B) or anti-73-Kd (Fig. 1 I C), the cell
body filaments appeared knobby, indicating that the globular
antibody complexes had attached to the neurofilament core .

We did not observe antibody decoration of the cell body
filaments when the tissue was incubated with either anti- 195-
Kd polypeptides (Fig. 11 A) or nonimmune IgG (Fig . 11 D) .
These observations indicate that the cell body contains neu-
rofilaments, and suggests that these are composed primarily
of 145- and 73-Kd polypeptides, with less 195-Kd polypep-
tides than axonal neurofilaments .

Organization of Filaments in Immature Axons

During early postnatal development of the rabbit optic
nerve, the ratio of 195- to 145- or 73-Kd polypeptides in

FIGURE 5

	

(A) Low magnification view of axonal neurofilaments decorated with anti-195-Kd polypeptide and secondary antibody
(IgG) . Antibodies form globular masses localized between the neurofilaments, but the neurofilament core is smooth . (8) Axonal
neurofilaments decorated with anti-195-Kd polypeptides and secondary antibody (IgG) . Globular masses of antibody complex
decorate cross-bridges (arrows) . The core of the neurofilaments tend to be smooth . (C) Axonal neurofilaments decorated with
anti-195-Kd polypeptides and secondary Fab fragments . The antibody complexes attached to the cross-bridges (arrows) are
smaller and more discrete . Bars, 0 .1 lAm . x 76,000 (a) ; x 257,000 (b) ; x 167,000 (c) .
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FIGURE 7

	

Immunofluorescent microscopy of the spinal cord using anti-1 95-, -145, and -73-Kd antibody and fluorescein-labeled
second antibody . (A-D) Cross-section of white matter of spinal cord . Anti-195- (A), anti-145- (B), and anti-73-Kd antibody (C)
stain axons intensely, but nonimmune IgG (D) did not . (E-G) Neurons in anterior horn region . (E) Anti-195-Kd antibody stains
axons intensely, but cell bodies much less intensely. (F) Anti-145-Kd antibody stains cell bodies and dendrites, although somewhat
less intensely than axons . (G) Anti-73-Kd antibody stains cell bodies and dendrites, although somewhat less intensely than axons .
Anti-195-Kd antibody (E) stained cell bodies less intensely relative to surrounding axons than did anti-145- (F) or 73-Kd antibody
(G) . x 900.

retinal ganglion cells is much smaller than in the adult (16,
39) . Fig . 12A shows a saponin-treated optic nerve from a 1-
d-old rabbit . Solitary neurofilaments run between the micro-
tubules, which are the major filamentous organelle at this
developmental stage . The intermediate filaments are con-
nected to the microtubules by infrequent cross-bridges . At
later stages of development, (Fig. 12B) when the 195-Kd
polypeptide becomes a major protein of the optic nerve, the
neurofilaments are extensively cross-linked to each other,
forming bundles .

Appearance of Neurofilaments That Have Been
Quick-Frozen, Deep-Etched on Mica
A technique for observing macromolecules adsorbed to

mica by quick-freezing and deep-etching has been developed
(8) . Isolated neurofilaments prepared in this way appeared to
be composed of two, and sometimes three parallel strands
that were often helically entwined; the sense of the helix was
right-handed, as judged from comparison with hemocyanin,
which contains a right-handed helix, and which was frozen in
the same sample . The strands had occasional spine-like pro-
jections from their surfaces (Fig . 13) .

DISCUSSION
The observations reported here show that the 195-Kd neuro-
filament polypeptide is a component of the cross-bridges
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between neurofilaments within the axonal cytoskeleton, and
that the 73- and 145-Kd polypeptides are components of the
central core of these filaments. The 195-Kd Polypeptide is
much more abundant in the axons than in the cell bodies and
dendrites, suggesting that filaments lacking 195-Kd polypep-
tides can be elaborated in vivo, and that the function of 195-
Kd polypeptides reflects special requirements of the axon .

Evidence that the 195-Kd Polypeptide Is a
Component of Cross-bridges
Between Neurofilaments

The most direct evidence for the arrangement of the neu-
rofilament polypeptides within the neurofilamentous cyto-
skeleton was that, in axons, antibodies specific for the 195-
Kd Polypeptide decorated cross-bridges between neurofila-
ments, whereas antibodies against the 145- and 73-Kd poly-
peptide decorated the central core of the filaments. Because
the tissue was fixed, and the cross-bridges were well preserved
by the quick-freeze, deep-etch technique, this observation
establishes the 195-Kd Polypeptide as a component of the
cross-bridge between neurofilaments in axons. Because we do
not know the disposition within each polypeptide of the
antigenic determinants recognized by our adsorbed antibodies
(38), nor the accessibility of these determinants within the
tissue preparation, the lack of core decoration by anti-195-
Kd polypeptides does not rule out the possibility that a portion



FIGURE 8

	

Comparison between axonal neurofilaments (A) and dendritic neurofilaments (B) . (A) Neurofilaments fill the axoplasm .
They are more evenly spaced and the cross-bridges between neurofilaments tend to be longer and more numerous . (B)
Neurofilaments in fascicles in dendrites tend to be tightly packed . Although there are cross-bridges between neurofilaments, they
appear to be shorter and less frequent than those in the axons . Bar, 0 .1 um . x 190,000 .

of the anti-195-Kd polypeptide resides in the core . For the
same reason, these results do not preclude the possibility that
a portion ofthe 73- and 145-Kd polypeptides are components
of cross-bridges ; this possibility is particularly worth consid-
ering in the case of the 145-Kd polypeptide in view of our
observation that anti- 145-Kd polypeptides decorated the cen-
tral core non-uniformly, and sometimes over the bases of
cross-bridges .
An observation consistent with a cross-linking role for 195-

Kd polypeptides is that the optic axons of neonatal rabbits
that have reduced amounts of 195-Kd polypeptides relative
to 145- or 73-Kd polypeptides, have infrequent cross-bridges
between neurofilaments . Electrophoretic analysis ofboth total
proteins and radiolabeled axonally transported proteins ofthe
rabbit optic nerve has shown that the 195-Kd polypeptide

accumulates to detectable levels only after the first postnatal
week, whereas 145- and 73-Kd polypeptides can be detected
at birth (16, 39) . (A similar delayed appearance of the 195-
Kd polypeptide has been reported in rat cerebral cortex [31 ]
and rat optic nerve [ 18] .) When we examined the optic axons
of a 1-d-old rabbit by the quick-freeze, deep-etch technique,
the intermediate filaments were usually single, and lacked
cross-bridges to other neurofilaments ; on the other hand, these
filaments were cross-linked to microtubules, which were the
major filamentous organelle at this stage ofdevelopment .
The correlation between the relative abundance of 195-Kd

polypeptides and the frequency of cross-bridges appeared
incomplete when we compared the axons of nerve cells in
anterior horn regions with their cell bodies and dendrites .
Immunofluorescent staining ofthe spinal cord indicated that
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FIGURE 9

	

Organization of neurofilaments in a neuronal cell body that has been quick-frozen and deep-etched without chemical
fixation . Individual neurofilaments (11-nm diam) are randomly oriented (arrows) or contained in small fascicles . The frequency of
cross-bridges is lower than in the axon, and these cross-bridges tend to be shorter . Bar, 0 .1 Am . x 88,000 .

the ratio of 195- to 145- or 73-Kd polypeptides was much
greater in axons than in cell bodies or dendrites . A similar
segregation of neurofilament polypeptides has been reported
previously in other neurons (30) . Although a preliminary
estimate indicates that the average frequency of cross-bridges
is lower in both cell bodies and dendrites than in axons, it is
not clear whether the difference in frequency (about twofold)
would be sufficient to account for the differences in immu-
nofluorescent staining, or alternatively, whether this obser-
vation suggests that polypeptides other than 195-Kd can cross-
link neurofilaments .
The conclusion that 195-Kd polypeptides is a component

ofthe intemeurofilament cross-bridges is consistent with sev-
eral previous observations . When purified neurofilaments or
detergent-extracted cytoskeletons of cultured neurons were
decorated with antineurofilament antibodies, anti-195 Kd
reacted with a structure peripheral to the central core (29, 38).
This 195-Kd polypeptide structure often appeared helically
wrapped around the central core, and occasionally extended
from the core to cross-link adjacent filaments, suggesting a
cross-linking function in vivo. In view of the current results,
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the helical conformation of 195-Kd polypeptides may repre-
sent cross-bridges that collapsed onto the central core when
they were disrupted during the neurofilament preparation, as
considered previously (38). Such disengaged cross-bridges
might account for certain long strands visible in the partially
unraveled filament that has been adsorbed to mica and viewed
by the quick-freeze, deep-etch technique (Fig . 13) . The short
projections from these filaments might also be composed of
the 195 or 145-Kd polypeptides.

Studies on the in vitro reconstitution of neurofilaments
from the isolated polypeptides have also suggested that the
195-Kd polypeptide composes a structure that can extend
from the filament core, and that this structure is not required
for filament formation (4, 19, 24, 42) . Filaments have been
assembled from the purified 73-Kd polypeptide alone, but
not from the 195-Kd polypeptide alone . A mixture of 73- and
195-Kd polypeptides produced filaments with thin projections
from the surface . The experiments reported here show that
this peripheral 195-Kd containing structure indeed composes
a cross-bridge in situ .
The intimate relationship of 195, 145, and 73-Kd polypep-



FIGURE 10

	

Architecture of a dendrite that has been quick-frozen and deep-etched without chemical fixation . Neurofilaments
(arrows) run singly or in small fascicles (small fat arrows) between microtubules, which are the major filamentous organelle in the
dendrite . The microtubules are extensively cross-linked to other microtubules, to membrane organelles, and to neurofilaments .
The cross-bridges between neurofilaments are less frequent, and usually shorter than those in axons . Bar, 0 .1 um . x 113,000 .

tides within the neurofilaments is not known. By analogy to
models for the structure of other intermediate filaments (5,
33), it has been considered that the core of neurofilaments
could be constructed from units composed of a common
length (-50 Kd) of each of the three neurofilament polypep-
tides (37) . If so, the remainder would be available to project
from the filament core and participate in cross-bridges at
intervals (-500 f1) corresponding to the length ofthe unit . A
shorter segment of the 145-Kd polypeptide would also be
available for such projections, and could conceivably produce
shorter cross-bridges, such as those between neurofilaments
in cell bodies and dendrites . Ifthe portion of each polypeptide
that contributed to the central core were sufficiently similar
among the three polypeptides, several different combinations
of subunits might be able to form filaments (37) .

Unequal Distribution of 195-, 145-, and 73-Kd
Polypeptides in Dendrites, Cell Bodies,
and Axons

If the relative intensities of immunofluorescence staining
with anti-195-, anti-145-, and anti-73-Kd polypeptides in

axons and cell bodies reflect the relative concentrations of
these polypeptides, then the ratio of 195- to 73- or 145-Kd
polypeptides is much greater in the axon than in the cell body
or the dendrites of neurons of the anterior horn . A similar
relative paucity of anti-195-Kd polypeptide immunofluores-
cence in cell bodies has been noted previously in pyramidal
cells of the rat cerebral cortex and hippocampus, as well as in
large cells of the brain stem (30) . These observations suggest
that, at least in these neurons, the 195-Kd polypeptide per-
forms a cross-linking function specialized for axons. This
axonal specialization might be reflected in the greater spacing
between filaments within bundles in the axon, compared with
filaments within some fascicles in the cell bodies and den-
drites. In addition, the reduced levels of 195-Kd polypeptides
relative to 145- or 73-Kd polypeptides in the cell body raises
the possibility that neurofilaments in the cell body are com-
posed primarily of 145- and 73-Kd polypeptides . (An alter-
native would be that somal and dendritic neurofilaments
contain the same ratio ofthe three polypeptides as do axonal
filaments, but that there are additional pools of 145- and 73-
Kd polypeptides in a nonfilamentous form.) We observed
that intermediate filaments in the cell body could be decorated
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with anti-145- and anti-73-Kd polypeptides, but decoration
of these filaments with anti-195-Kd polypeptides was too
infrequent to be observed. Although this negative evidence
does not conclusively demonstrate that neurofilaments lack-
ing 195-Kd polypeptides can be elaborated in vivo, it supports
this possibility and is consistent with the observation that
filaments lacking 195-Kd polypeptides can be reconstituted
from purified subunits in vitro (4, 19, 24, 42) .

Relationship Between the 195-Kd Polypeptide
and Other Cross-bridges

In a previous quick-freeze, deep-etch analysis of axons of
the frog sciatic nerve, three classes of cross-bridges were
recognized (10) . One class (4-6-nm diam and 20-60 nm long)
served to link neurofilaments to other neurofilaments, to
microtubules, and to membrane-bounded organelles. The
experiments reported here show that the 195-Kd polypeptide
is a component of this class, but does not rule out the
possibility that other polypeptides may participate; for ex-
ample, we do not know whether 195-Kd polypeptides can
link neurofilaments to microtubules and membrane-bounded
organelles, because these structures were not preserved under
the conditions (detergent treatment without taxol) of our
antibody decoration experiments. A second class of cross-
bridges served to link microtubules to other microtubules, to
membrane-bounded organelles, and to mitochondria. Be-
cause these organelles were not preserved in the current
experiments, we do not know whether the anti-195-Kd poly-
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FIGURE 11 Antibody decoration of
neurofilaments in cell bodies .
(125,000x) Bar: 0 .1 lAm . (A) neurofila-
ments are not decorated with anti- 195-
Kd and secondary antibody (IgG) . (B)
Globular masses are attached on the
neurofilaments incubated with anti-
145-Kd and a secondary antibody (IgG) .
(C) Neurofilament cores are decorated
with anti-73-Kd and secondary IgG . (D)
Neurofilaments incubated with nonim-
mune IgG and secondary antibody
(IgG) . No decoration is apparent . Poly-
somes (arrows) are frequently associ-
ated with neurofilaments .

peptide reacts with these cross-bridges ; however, because of
the difference in their morphology, it is likely that they are
composed of a different polypeptide . A third class of cross-
bridges (50-150 nm long) in the frog sciatic nerve linked the
axolemma and actin-like filaments with neurofilaments and
microtubules . Fodrin, a protein related to erythrocyte spec-
trin, is a candidate for a component of these cross-bridges,
because Fdrin is concentrated beneath the axolemma. Fur-
thermore, in the brush border of the intestinal epithelium,
anti-fodrín antibodies can decorate 50-150 nm cross-bridges
that appear to mediate actin-actin interaction, and in addition
may mediate actin-membrane, actin-intermediate filament,
and membrane-vesicle interactions (12).
The composition of cross-bridges between neurofilaments

in the cell body pose the following alternatives . On the one
hand, they could be mediated by 195-Kd polypeptides ; their
relative scarcity in the cell body compared with the axon is
consistent with the paucity of 195-Kd polypeptides and our
failure to observe decoration with anti-195-Kd polypeptides
in the cell body . However, it seems more likely that many of
these cell body and dendritic cross-bridges between neurofil-
aments are composed ofa different protein, because they are
generally shorter than theaxonal cross-bridges . One possibility
would be that they involve the 145-Kd neurofilament poly-
peptide, as discussed above . The high molecular weight mi-
crotubule-associated proteins (HMW MAPs) are prime can-
didates for cross-bridges between microtubules and neurofil-
aments as well as other organelles in the cell body and
dendrites (1, 10) . These proteins appear to have a distribution
in certain neurons that is complementary to that of the 195-



FIGURE 12

	

Cytoskeleton of 1-d (A) and 29-d (B) postnatal rabbit optic nerve . The axons were made permeable with saponin .
Most 11-nm neurofilaments in 1-d optic nerve (arrows) are solitary. There are some cross-bridges between neurofilaments and
microtubules (arrowheads), but cross-bridges between neurofilaments are few . At this stage 145- and 73- but not 195-Kd protein
are detectable biochemically . In 29-d optic nerve there are numerous neurofilaments extensively cross-linked to each other and
at this stage all three neurofilament proteins can be detected biochemically (16, 39) . Bar, 0 .1 pm . x 223,000 (A) ; x 126,000 (B) .

Kd cross-linking polypeptide ; they are more concentrated in
the cell bodies and dendrites than in the axons (21) . In
addition, HMW MAPs have been observed to participate in
interactions between microtubules and actin and neurofila-
ments in vitro (1, 15) .
Among intermediate filaments, the axonal neurofilaments

are unusual in their high content of high molecular weight
polypeptides (195 Kd and 145 Kd) and their extensive cross-
linking. Other intermediate filaments are composed primarily
of lower molecular weight polypeptides (50 Kd to 70 Kd) and
are less extensively cross-linked (e .g ., see the glial filaments in
Fig . 4 b) . However, synemin, a 230-Kd polypeptide that is a
minor component ofvimentin intermediate filaments appears
to cross-link these filaments, suggesting that they may share
with neurofilaments the relationship of a high molecular

weight polypeptide cross-linking a core composed of a 50-70-
Kd polypeptide (6) .
The experiments reported here illustrate that antibody dec-

oration combined with the quick-freeze, deep-etch technique
should be a useful approach toward defining the molecular
identity of additional cross-bridges and other cytoskeletal
elements of both neurons and non-neuronal cells .
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FIGURE 13

	

Neurofilaments adsorbed onto mica . Two protofilaments are arranged as a right-handed helix . Tiny spines project
on the surface of protofilaments (arrows) . (235,000X) Bar, 0 .1 gym . x 235,000.
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