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Abstract. In the preceding paper (Kobayashi, T., S.
Tsukita, S. Tsukita, Y. Yamamoto, and G. Matsu-
moto, 1986, J. Cell Biol., 102:1710-1725), we demon-
strated biochemically that the subaxolemmal cytoskel-
eton of the squid giant axon was highly specialized
and mainly composed of tubulin, actin, axolinin, and
a 255-kD protein. In this paper, we analyzed morpho-
logically the molecular organization of the subaxolem-
mal cytoskeleton in situ. For thin section electron mi-
croscopy, the subaxolemmal cytoskeleton was chemi-
cally fixed by the intraaxonal perfusion of the fixative
containing tannic acid. With this fixation method, the
ultrastructural integrity was well preserved. For freeze-
etch replica electron microscopy, the intraaxonally
perfused axon was opened and rapidly frozen by
touching its inner surface against a cooled copper
block (4°K), thus permitting the direct stereoscopic
observation of the cytoplasmic surface of the axo-
lemma. Using these techniques, it became clear that

the major constituents of the subaxolemmal cytoskel-
eton were microfilaments and microtubules. The mi-
crofilaments were observed to be associated with the
axolemma through a specialized meshwork of thin
strands, forming spot-like clusters just beneath the ax-
olemma. These filaments were decorated with heavy
meromyosin showing a characteristic arrowhead ap-
pearance. The microtubules were seen to run parallel
to the axolemma and embedded in the fine three-
dimensional meshwork of thin strands. In vitro obser-
vations of the aggregates of axolinin and immunoelec-
tron microscopic analysis showed that this fine mesh-
work around microtubules mainly consisted of axoli-
nin. Some microtubules grazed along the axolemma
and associated laterally with it through slender
strands. Therefore, we were led to conclude that the
axolemma of the squid giant axon was specialized into
two domains (microtubule- and microfilament-associ-
ated domains) by its underlying cytoskeletons.

the close association between the excitable axolemma

and the underlying cytoskeletal structures has often
been pointed out (27), and the physiological role of this
association has been a subject of hot debate (4, 12). For
correlative biochemical and morphological studies of the in-
teraction between the excitable axolemma and the axonal
cytoskeleton, the squid giant axon serves as a model system.
In the preceding paper (15), we analyzed biochemically the
molecular organization of the subaxolemmal cytoskeleton of
squid giant axons and showed that the subaxolemmal axo-
plasm was highly specialized. The subaxolemmal cytoskeleton
was mainly composed of tubulin, actin, and their associated
unique high-molecular-weight proteins (axolinin and the 255-
kD protein). To understand how these proteins are organized
into the cytoskeletal network in situ, detailed morphological
analyses of the subaxolemmal cytoskeleton are required. Us-
ing scanning electron microscopy, Metuzals and Tasaki (22)

ST the node of Ranvier of mammalian myelinated axons,
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have successfully visualized the well-developed cytoskeletal
network underlying the axolemma of squid giant axon and
shown that this network may contain actin-like filaments. On
the other hand, Endo et al. (5) and Hodge and Adelman (10)
have observed that this subaxolemmal cytoskeleton is mainly
composed of longitudinally oriented microtubules under thin
section electron microscopy. This discrepancy may be due to
the difficulty of preserving the ultrastructural integrity of the
subaxolemmal cytoskeleton by the conventional chemical
fixation. Therefore, the detailed morphological analysis of the
molecular organization of the subaxolemmal cytoskeleton in
squid giant axon appears to require some new preparation
methods.

One of the advantages of using squid giant axons is that
various kinds of solutions can be intraaxonally perfused.
Thus, we tried to chemically fix the subaxolemmal cytoskel-
eton by the intraaxonal perfusion of the fixatives containing
tannic acid, and it became clear that with this fixation method
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the preservation of its fine structural integrity was very much
improved. Furthermore, we developed a new preparation
method for freeze-etch replica electron microscopy which
permitted the stereoscopic observation of the association of
the cytoskeletons with the cytoplasmic surface of the axo-
lemma of squid giant axons, In this paper, with these new
preparation methods combining the heavy meromyosin
(HMM)' decoration and antibody decoration technique, we
analyzed the molecular organization of the subaxolemmal
cytoskeleton in situ of the squid giant axons and obtained
evidence that the axolemma can be divided into two domains,
one microtubule associated and the other microfilament as-
sociated. We believe this study provides us with the first step
in analyzing how sodium and potassium channels interact
with subaxolemmal cytoskeletons in situ of squid giant axons.

Materials and Methods

All materials and methods used in this study are described in the preceding
paper (15). Procedures applied specifically for observations to be reported in
this paper are given below.

Intraaxonal Perfusion of Squid Giant Axon

The nerve of the squid, Dorytheuthis bleekeri, containing a giant axon was
carefully dissected out with both ends tightly ligated using fine threads. The
nerve was put on a transparent rubber, one end was cut off, and the axoplasm
of the giant axon was gently squeezed out using a rubber-coated roller. The
nerve was then transferred to a chamber filled with artificial sea water and
intraaxonally perfused with the standard internal solution (SIS) containing 380
mM KF, 20 mM K-Hepes buffer (pH 7.25) and 4% glycerol under measurement
of the excitability of the giant axon (1, 26).

Thin Section Electron Microscopy

The subaxolemmal cytoskeleton was chemically prefixed by changing the
perfusion solution from SIS to the chemical fixative containing 2.5% glutaral-
dehyde, 2% formaldehyde, 0.5% tannic acid, | mM EGTA, and 0.1 M sodium
cacodylate buffer (pH 7.4). The fixative was further perfused for 5 min after
the excitability of the giant axon had completely disappeared. The nerve was
then ringsed in the same fixative at room temperature for 30 min, and cut into
small pieces. Fixation was continued for 3 h at 4°C, and then the samples were
washed with 0.1 M sodium cacodylate buffer (pH 7.4) and postfixed with 1%
0Os0, in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h at 4°C. After being
rinsed in distilled water, samples were stained en bloc with 0.5% aqueous uranyl
acetate for 2 h at room temperature, dehydrated in graded concentrations of
ethanol, and embedded in Epon 812. Thin sections were cut with a diamond
knife, stained doubly with uranyl acetate and lead citrate, and examined in a
Hitachi 11-DS electron microscope at an accelerating voltage of 75 kV.

Rapid-freeze, Deep-etch, Rotary-shadow Replica
Electron Microscopy

After perfusion with SIS as described above, the giant axon was further
intraaxonally perfused with a fixative composed of 2.5% glutaraldehyde, | mM
EGTA, and 0.1 M sodium cacodylate buffer (pH 7.4). The perfusion was
continued for 10 min and the nerve was then rinsed in the same fixative at
room temperature for 30-60 min. After fixation, to expose the inner face of
the giant axon in the perfusion zone, the giant axon was longitudinally cut into
two pieces with a sharp razor blade under the dissecting microscope. The
opened axon was then rinsed in the distilled water containing 10% methanol
for 10 min and mounted with its inner face up on a specimen holder for rapid
freezing. Some axons were opened in the SIS without chemical fixation and
immediately mounted on a specimen holder.

The rapid-freeze, deep-etch replica method (8, 9) used in this study has been
previously described in detail (36, 37, 39). The opened axon on a specimen
holder was rapidly frozen by touching its inner face against a pure copper block
cooled to 4°K by liquid helium using an Eiko freezing apparatus, RF-10 (Eiko
Engineering, Mito, Japan). The frozen samples were stored in liquid nitrogen.

! Abbreviations used in this paper: HMM, heavy meromyosin; SIS, standard
internal solution.
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For deep-etching and replication, the frozen samples on the holder were
transferred to a cryokit (FTC/LTS-2) fitted to a Sorval MT-2 ultramicrotome
and cut with glass knives at —120°C to remove the outermost metal-contact
surface of the sample. The preferable depth of removal was 10-20 um. After
cutting, the sample with a mirror-smooth face was transferred to liquid nitrogen
in a small cup and put into an Eiko freeze-etch device, FD-3 (Eiko Engineering)
together with the specimen holder using a carrier with a cooled cover. In the
device, the exposed surface was deeply etched in vacuo (1 X 1077 mmHg) at
~95°C for 8-10 min followed by rotary-shadowing with platinum (30°) and
carbon (90°). The sample was then removed from the freeze-etch device and
immersed in bleach (almost 100% sodium hypochloride). The replicas floating
off the sample were washed three times with distilled water and picked up on
formvar-filmed grids. The replicas were examined in a JEOL 1200EX electron
microscope equipped with a tilting stage at an accelerating voltage of 100 kV.
Stereo pair electron micrographs were taken by tilting the specimen stage at
+10°. Electron microscope negatives were routinely contact reversed and then
printed as negative images.

HMM Decoration (11)

After perfusion with SIS, some axons were intraaxonally perfused for 20 min
with the SIS containing 3 mg/ml HMM obtained from rabbit skeletal muscle.
The perfusion solution was then changed to SIS (20 min) and then to the
fixative containing 2.5% glutaraldehyde, 2.0% formaldehyde, | mM EGTA,
0.5% tannic acid, and 0.1 M cacodylate buffer (pH 7.0). The nerve was then
treated for thin section electron microscopy as described above.

Immunofluorescence Labeling

Antisera to the purified axolinin were elicited in rabbits as described in the
preceding paper (15). For indirect immunofluorescence microscopy, the squid
nerves containing a giant axon were rapidly removed and frozen in Freon 13
cooled with liquid nitrogen. The frozen sections (~10 um thick) were cut in a
cryostat, mounted on ovalbumin-treated glass slides, air dried, and fixed in
methanol at —20°C for 10 min. Afier being washed twice in phosphate-buffered
saline (PBS), the sections were pretreated with non-immune goat serum for 1
h. They were then washed in PBS and incubated with rabbit anti-axolinin
antibody for ! h at room temperature. After being washed three times in PBS,
the rabbit anti-axolinin antibody was labeled by incubation of the sections with
fluorescein isothiocyanate-conjugated goat anti-rabbit IgG. The sections were
then washed three times in PBS and examined with an Olympus fluorescence
microscope.

Immunoelectron Microscopic Labeling

After the central part of the axoplasm was extruded out, the giant axon was
intraaxonally perfused with SIS for 15 min and then with the fixative for 5
min. The fixative was composed of 0.5% glutaraldehyde, 2 mM EGTA, and
100 mM Hepes buffer (pH 7.0). The nerve was then rinsed in the same fixative
and the giant axon was longitudinally cut into two pieces to expose the
subaxolemmal cytoskeleton. The fixation was continued for 10 min in total at
room temperature and the opened axon was washed four times in solution-G
(95 mM potassium glutamate, 10% glycerol, 5 mM phosphate buffer, pH 7.2).
The following steps were all done at 20°C. The opened axon was then trans-
versely cut into small pieces ~1 mm in length, Each piece was treated with
sodium borohydride (1 mg/ml) in solution-G for 20 min; washed three times
in solution-G + 0.1% bovine serum albumin (BSA); incubated in normal goat
serum (diluted 1:20 in solution-G + 0.1% BSA) for 10 min; washed twice in
solution-G + 0.1% BSA. The sample was subsequently incubated with the anti-
axolinin antibody (diluted 1:10 in solution-G + 0.1% BSA) for 4 h. Control
preparations were incubated for the same time in preimmune serum (dituted
1:10 in solution-G + 0.1% BSA). After incubation with the primary antibodies,
the samples were washed four times in solution-G + 0.1% BSA for 15 min and
incubated with the secondary antibody (goat anti-rabbit IgG) coupled to 10-
nm gold (GAR-G10) (Janssen Life Science Products) for 12 h. GAR-G10 was
diluted 1:2 in solution-G + 0.1% BSA. The axons were washed in solution-G
+ 1% BSA three times for 20 min, followed by fixation with 2.5% glutaralde-
hyde, 0.2% tannic acid, and 0.1 M phosphate buffer (pH 7.0) for 2 h. The
samples were further processed for thin section electron microscopy as described
above.

Low-angle Rotary-shadowing Electron Microscopy

The following preparations were examined by low-angle rotary-shadowing
electron microscopy, mainly according to the method developed by Tyler and
Branton (38): (a) axolinin (25 xg/mi) in 0.6 M NaCl, 50% glycerol, MES buffer
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(pH 6.8) (solution-MY; (b) axolinin (25 ug/ml) in 0.1 M KCl, 50% glycerol, and
10 mM MES buffer (pH 6.8); (¢) axolinin (2.5 gg/ml) and tubulin (35 ug/ml)
in solution-M; (&) tubulin (35 xg/ml) in solution-M. These preparations were
sprayed onto freshly cleaved mica. The droplets on the mica were dried at
room temperature under vacuum (1 X 10~ Torr) in an Eiko freeze-etch device
FD-2 (Eiko Engineering, Mito, Japan) for 10 min. Platinum was then rotary-
shadowed at an angle of 5° followed by a coating from above with carbon. The
replica was floated off on distilled water and picked up on formvar-filmed grids.
The samples were examined in a Hitachi 11-DS electron microscope at an
accelerating voltage of 75 kV. Electron microscope negatives were contact-
reversed and printed as negative images.

Results

Overall Morphology of Subaxolemmal Cytoskeleton

When the axoplasm underlying the axolemma of the squid
giant axon was chemically fixed by intraaxonal perfusion with
the fixative containing 0.5% tannic acid and observed by thin
section electron microscopy, the morphological integrity of
the axoplasm was found to be well preserved. In transverse
section, it was clearly observed that the axoplasm, ~20 xm
thick, remained intact under the axolemma after intraaxonal
perfusion with the SIS (Fig. 1). The subaxolemmal cytoskel-
eton was characterized by parallel bundles of longitudinally

oriented microtubules which appeared to be interconnected
by slender strands (Figs. 1 and 2 a). Neurofilaments were also
observed to run parallel to the microtubules, but nearer to
the axolemma, the density of the microtubules seemed to
become greater. Occasionally, some microtubules grazed
along the cytoplasmic surface of the axolemma and attached
laterally to the axolemma through slender strands in a side-
to-membrane fashion (Fig. 2, a and ). Furthermore, careful
observations revealed that another type of filamentous struc-
ture ~4-5 nm in thickness was associated with the axolemma,
and that these structures tangled with each other, forming
spot-like clusters just beneath the axolemma (Figs. 1 and 2, a
and ¢). Judging from their morphological characteristics and
the biochemical data shown in the preceding paper (15), it
appeared reasonable to consider that these clusters were
mainly composed of actin filaments (microfilaments). There-
fore, we could tentatively divide the axolemma into two
domains: microtubule associated and microfilament associ-
ated.

To analyze the association of the subaxolemmal cytoskel-
etons with the cytoplasmic surface of the axolemma by the
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Figure 1. Transverse section of the subaxolemmal axoplasm of a squid giant axon. After mtraaxonal perfusion with the SIS, the giant axon was
fixed intraaxonally using the fixative containing 0.5% tannic acid. The giant axon is surrounded by a few layers of Schwann cells (SC). The
subaxolemmal axoplasm (4.X) is mainly composed of longitudinally oriented microtubules (A7) and neurofilaments which are interconnected
by slender strands. Thin filaments ~4-5 nm in thickness are associated with the axolemma (4L) and tangle with each other, forming spot-like

clusters (large arrows).
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Figure 2. Longitudinal sections of the subaxolemmal cytoskeleton
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of a squid giant axon. (a) The axolemma (4L) of a giant axon is divided

into two domains: microtubule associated (R4) and microfilament associated (RB). Microtubules (M) are oriented longitudinally, and some
are associated laterally with axolemma. Microfilaments ~4-5 nm in thickness form spot-like clusters (+) just beneath the axolemma. SC,
Schwann cell. (b) Microtubule-associated domain. One microtubule is seen to graze along the cytoplasmic surface of the axolemma (4L) and
to attach laterally to the axolemma through slender strands (arrows) in a side-to-membrane fashion. (¢) Microfilament-associated domain.
Microfilaments (arrows) are seen to be associated with the axolemma (4L), forming spot-like clusters. AX, subaxolemmal axoplasm.

use of freeze-etch replica technique, some improvements in
the preparation of the giant axon were required. Since the
diameter of the giant axon was far larger than the depth of
the samples frozen without ice-crystal formation, the cyto-
plasmic surface of the axolemma was not observable when
the axon was rapidly frozen by touching its outer surface
against a cooled copper block. Therefore, we have tried to
develop a new preparation method to freeze the “opened”
axon by touching its inner surface against the copper block,

Tsukita et al. Subaxolemmal Cytoskeleton in Squid Giant Axon

thus permitting direct observation of the cytoplasmic surface
of the axolemma in deep-etch replica images (see Materials
and Methods for details). With this preparation method, when
the subaxolemmal cytoskeleton was fractured tangentially just
beneath the axolemma, the cytoplasmic surface of both mi-
crotubule-associated and microfilament-associated domains
of the axolemma was clearly observed (Fig. 3). The replicas
also provided three-dimensional views of the well-developed
cytoskeletal network underlying the axolemma, in which the
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Figure 3. Freeze-etch replicas of the subaxolemmal cytoskeleton which is tangentially fractured just beneath the axolemma. The giant axon
was intraaxonally fixed using chemical fixatives before rapid freezing. The subaxolemmal cytoskeleton was rapidly frozen by touching its inner
surface against the copper block, thus permitting direct observation of the cytoplasmic surface of the axolemma (AL) in replica images. The
replicas provide three-dimensional views of the well-developed cytoskeletal network underlying the axolemma, in which the microtubules

(arrows) grazing along the axolemma and the clusters of microfilaments (=) are easily identified. The regions 1, 2, and 3 in b correspond to
Figs. 6a, 7, and 8, respectively.




0.5pm e AL .
c - Gl

Figure 4. Subaxolemmal cytoskeleton of a giant axon after intraaxonal perfusion of HMM. (@) Longitudinal section. Electron-dense structures
(arrowheads) are aligned just beneath the axolemma (AL). The axolemma is detached from the Schwann cells. (b) Transverse section. Note
that the electron-dense structures (=) contain large number of actin filaments decorated with arrowheads of HMM (arrows). SC, Schwann cell.

(¢) Tangential section. Spot-like clusters (large arrows) of actin filaments decorated with arrowheads of HMM (smalil arrows) are clearly
identified just beneath the axolemma (4L).
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microtubules grazing along the axolemma and the clusters of
microfilaments were easily identified. In the following sec-
tions, we describe the detailed morphology of the subaxolem-
mal cytoskeleton underlying the microfilament-associated
and microtubule-associated domains of the axolemma.

Subaxolemmal Cytoskeleton Underlying the
Microfilament-associated Domain of the Axolemma

To clarify the nature of the microfilament-like structures
associated with the axolemma, HMM obtained from rabbit

skeletal muscle was intraaxonally perfused before chemical
fixation. As a result, large electron-dense structures were
observed to be aligned just beneath the axolemma, often in a
periodic manner (Fig. 4). The axolemma tended to be de-
tached from the plasmalemma of the surrounding Schwann
cells. At higher magnification, these electron-dense structures
were seen to contain a large number of microfilaments deco-
rated with arrowheads of HMM, indicating that the clusters
of microfilament-like structures seen in nontreated axoplasm
mainly consisted of actin. These microfilaments were seen to

Opm 100pm
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| 1 ] | | 11 nn 1 1 BT T B
1 Hi1R1L 3 1A 1ani Mg A im W WmE

[l TN SN Y NS A Bl 1% L n 1

Lug ki mp 1 RL__am —lm1 - u __mmw_ Figure 5. Distribution of the microfila-
ment clusters along the axolemma half

L s . " . 0 ™~ N " m . round the axon. The microfilament-as-

sociated domains are marked. Approxi-
mately 15% of the axolemma is associated
with the microfilament clusters.

.

Figure 6. Freeze-etch replicas of microfilament clusters just beneath the axolemma. a corresponds to the region !/ in Fig. 3 5. Some microfilaments

show ~5 nm a period on their surface (arrowheads), which may correspond to the pitch of the genetic helix of actin filament. Microfilaments
are intertangled, forming a complicated three-dimensional network together with thin cross-linking strands. Globular structures ~30-35 nm in
diameter showing a horseshoe-like appearance are encircled. Some microtubules (M) are observed to run into the microfilament clusters and
to be associated with microfilaments through short slender strands (arrow).
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be associated with the axolemma (see Fig. 2 ¢), but after HMM
treatment, most of the microfilaments were detached from
the axolemma. Therefore, it was not possible to determine
the polarity of microfilaments with respect to the axolemma.

The question naturally arose of what percentage of the
axolemma was covered with the clusters of microfilaments.
To answer this question, in transverse sections, we have traced
the axolemma half round the axon, The details on the distri-
bution of the microfilament clusters along the axolemma are
shown in Fig. 5. Five different axons were analyzed, and it
became clear that 15 + 5% (£ SD) of the axolemma was
associated with the microfilament clusters.

Next, using rapid-freeze, deep-etch replica electron micros-
copy, we analyzed the ultrastructure of the cytoplasmic sur-

Tsukita et al. Subaxolemmal Cytoskeleton in Squid Giant Axon

face of the microfilament-associated domains of the axo-
lemma and the underlying microfilament clusters (Fig. 6).
For this purpose, the giant axon was intraaxonally perfused
with the SIS to wash out the soluble proteins before chemical
fixation. Furthermore, the samples were washed with distilled
water just before rapid freezing, thus excluding the possibility
that soluble proteins and salts might produce artifactual struc-
tures during freezing and etching. In such replica images, the
microfilament cluster seen in thin section electron microscopy
was easily identified as a complicated three-dimensional net-
wark in which microfilaments were intertangled. Some mi-
croftlaments showed ~5 nm a period on their surface, which
might correspond to the pitch of the genetic helix of actin
filaments (7). Within the network of microfilaments, thin

Figure 7. Freeze-etch replica of the spe-
cialized layer of the meshwork of thin
strands identified between the microfila-
ment clusters and the axolemma. This
image is a high-power electron micro-
graph from the region 2 in Fig. 3b. Note
a large number of globular extrusions ~5~
10 nm in diameter (small arrrows) on the
cytoplasmic surface of the axolemma
(AL), some of which are associated with
the meshwork of thin strands (large ar-
rows). Microfilaments {+) are seen to run
parallel to this meshwork and to be asso-
ciated with thin strands. C, clusters of
microfilaments.
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cross-linking strands and globular structures were distributed.
Some globular structures ~30-35 nm in diameter showed a
characteristic horseshoe-like appearance which resembled the
molecular shape of the 255-kD protein described in the pre-
ceding paper (15). Occasionally, some microtubules were
observed to run into the microfilament clusters and to be
intermingled with microfilaments in a complicated manner.

A specialized layer of the characteristic meshwork of thin
strands was identified between the microfilament clusters and
the axolemma (Fig. 7). This meshwork of thin strands was
directly applied to the cytoplasmic surface of the axolemma.
Careful observations revealed that many globular extrusions
~5-10 nm in diameter occurred on the cytoplasmic surface
of the axolemma, and some of them were associated with the
meshwork of thin strands. Microfilaments ran parallel to this
meshwork and associated laterally with it, thus being incor-
porated into the meshwork itself. These observations revealed
that microfilaments in the clusters did not bind to the cyto-
plasmic surface of the axolemma directly, but through a two-
dimensional meshwork of thin strands just beneath the axo-
lemma.

Subaxolemmal Cytoskeleton Underlying the
Microtubule-associated Domains of the Axolemma

In both thin section and freeze-etch replica electron micros-
copy, it was clear that among the clusters of microfilaments
the longitudinally oriented microtubules grazed along and
associated with the cytoplasmic surface of the axolemma (Figs.
2 and 3). When this association was carefully observed in the
stereo pair micrographs of replicas, the microtubules were
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seen to be connected laterally on the cytoplasmic surface by
slender strands (Fig. 8). Some microfilaments extended out
from the neighboring clusters and ran closely with the micro-
tubules associated with axolemma, forming a complicated
coarse network around microtubules held together with slen-
der strands.

The bundles of microtubules associated with the axolemma
were seen to be pushed away from the axolemma at the
microfilament-associated domains (see Fig. 2). Therefore,
when the axoplasm of the chemically fixed giant axon was
fractured tangentially at some distance from the axolemma,
the replicas obtained were characterized only by the longitu-
dinally oriented microtubules (Fig. 94). Interestingly, these
microtubules were embedded in a well-developed, three-di-
mensional fine meshwork. When compared to the chemically
fixed axons, this meshwork appeared to be denser in the
replicas obtained from the unfixed axons which were intraax-
onally perfused with the SIS before freezing (Fig. 954). This
difference may be partly because the morphological integrity
of the fine meshwork was not completely preserved by chem-
ical fixation and partly because the saits in the SIS were
deposited on the original meshwork during etching of the
unfixed axons. In both cases, this fine meshwork was com-
posed of rod structures ~5 nm in thickness and granular
structures ~5-10 nm in diameter. The outer surfaces of the
microtubules were rather smooth, showing the arrangements
of tubulin subunits. Some of the rod structures from the
meshwork attached to the surface of the microtubules at
various angles without any definite periodicity.

Considering that the axolinin was the major microtubule-

Figure 8. Stereo pair micrographs
of freeze-etch replica of the micro-
tubule-associated domain of the
axolemma. This image corre-
sponds to the region 3 in Fig. 35.
Two microtubules (M) are seen to
graze along the cytoplasmic sur-
face of the axolemma (A4) and to
be connected laterally to the axo-
lemma by slender strands (arrow-
heads). Some microfilaments (ar-
rows) extend out from the neigh-
boring clusters and run closely
with the microtubules.
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Figure 9. Freeze-etch replicas of the subaxolemmal axoplasm which is fractured tangentially at some distance from the axolemma. (a)
Chemically fixed subaxolemmal axoplasm. The fixative was washed out by distilled water containing 10% methanol before rapid freezing. The
replica is characterized by the longitudinally oriented microtubules (arrows), which are embedded in a well-developed, three-dimensional fine
meshwork (M). (b) Unfixed subaxolemmal axoplasm. Note that the fine meshwork (M) among microtubules (arrows) is denser when compared
to that in chemically fixed axoplasm.
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Figure 10. Morphology of the aggregates of the axolinin molecules in 0.1 M NaCl solution in rotary-shadowed preparations. In 0.1 M NaCl
solution, the axolinin molecules form various sizes of aggregates (a). Two (c—e), three (b and f), or four (g and /) molecules form small

aggregates by a head-to-tail association between two molecules.

associated protein highly enriched in the subaxolemmal cy-
toskeleton and that the axolinin molecule looked like a
straight rod ~105 nm in length with a globular head at one
end (15), we were led to speculate that the fine meshwork
surrounding the microtubules might be mainly composed of
axolinin. To verify this speculation, we have analyzed the
ultrastructure of the aggregates formed in vitro by axolinin
alone. When the axolinin in 0.6 M NaCl solution was dialyzed
against 0.1 M NaCl solution, the axolinin precipitated as large
aggregates. Then, at first, the aggregation pattern of the axo-
linin molecule in 0.1 M NaCl solution was analyzed using the
low-angle rotary-shadowing method. Even if the 0.6 M NaCl
solution containing axolinin was diluted into 0.1 M NaCl
solution as quickly as possible before being sprayed onto mica,
almost all axolinin was incorporated into large aggregates
(Fig. 10). Small aggregates which consisted of 2-4 molecules
of axolinin were used to analyze how the axolinin molecules
formed aggregates. As shown in Fig. 10, the axolinin mole-
cules were seen to be successively incorporated into aggregates
by a head-to-tail association between two molecules, and each
molecule in the aggregates tended to form a ring structure.
Furthermore, the large aggregates of axolinin dialyzed against
distilled water were observed by the rapid-freeze, deep-etch
replica electron microscopy (Fig. 11). Most interestingly, the
aggregates of the purified axolinin bore a morphological re-
semblance to the in vivo fine meshwork surrounding micro-
tubules (see Fig. 9); it looked like a complicated three-dimen-
sional meshwork mainly consisting of rod structures and
granular structures.

Next, using the low-angle rotary-shadowing method, the
mode of association of the axolinin molecule to tubulin was
examined in vitro (Fig. 12). When the purified tubulin was
mixed with 0.6 M NaCl and 50% glycerol for low-angle rotary-
shadowing electron microscopy, small round aggregates of
tubulin were observed. On the other hand, the electron mi-
croscopic image obtained from a mixture of the axolinin and
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Figure 11. Freeze-etch replica of the aggregates of the axolinin mol-
ecules in distilled water containing 0.1 mM EDTA (pH 7.0). The
replica is characterized by three-dimensional fine meshwork, which
resembles the in vivo meshwork seen in Fig. 9a.

purified tubulin under the same conditions was characterized
by spider-like structures consisting of the aggregates of tubulin
and several axolinin molecules. In these complexes, each
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Figure 12. Rotary-shadowing electron micrographs of axolinin—-tub-
ulin complexes. (@) Purified tubulin forms small aggregates in a 0.6
M NaCl solution containing 50% glycerol. (b-¢) The mixture of
axolinin and purified tubulin in the same condition. Each axolinin
molecule is associated with a tubulin aggregate (arrowheads) at its tail
end, forming spider-like structures.

axolinin molecule was associated with a tubulin aggregate at
its tail end, indicating that a tubulin-binding site was located
at the tail end of the axolinin molecule. These observations
in vitro appeared to favor the idea that in the subaxolemmal
cytoskeleton, the microtubules were embedded in the fine
meshwork mainly consisting of axolinin molecules and asso-
ciated with this meshwork at the free tail ends of the axolinin
molecules.

To further confirm this idea, using the anti-axolinin anti-
body described in the preceding paper (15), we analyzed the
localization of the axolinin in squid giant axon at both light
and electron microscopic levels. Indirect immunofluorescence
microscopy revealed that, in both transverse and longitudinal
frozen sections of squid nerves containing a giant axon,
intense fluorescence appeared at the periphery of the axo-
plasm of a giant axon (Fig. 13). Weaker staining was also
detected in the central region of the axoplasm in the giant
axon. A similar distribution pattern of the axolinin was ob-
served in the intermediate-sized axons surrounding the giant
axon. In small axons, however, the axoplasm was homoge-
neously stained. Then, the localization of the axolinin mole-
cule in the subaxolemmal cytoskeleton of a giant axon was
analyzed at the electron microscopic level using the immu-
nogold method. During this analysis, we faced a technical
problem: the microtubule in the subaxolemmal cytoskeleton
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Figure 13. Immunofluorescence microscopic localization of the axo-
linin in frozen sections of the squid nerve containing a giant axon.
(@) Phase-contrast micrograph of a transverse frozen section. A giant
axon (GA) is surrounded by Schwann cells (») and bundies of inter-
mediate-sized and small axons (arrows). (/nser) Higher magnification
of intermediate-sized and small axons. Each axon is also surrounded
by Schwann cells (#). (b) Indirect immunofluorescence micrograph
of the same transverse frozen section. Intense fluorescence appears at
the periphery of a giant axon (GA) and intermediate-sized axons
(inset). In small axons (inset), the axoplasm is homogeneously stained.
Note that Schwann cells (*) are not stained. (¢) Indirect immunoflu-
orescence micrograph of a longitudinal frozen section. Intense stain-
ing is detected at the periphery of the axoplasm of a giant axon (GA).

was highly unstable even if the axoplasm was intraaxonally
perfused with 0.5% glutaraldehyde for 10 min. To solve this
problem, we used a solution containing 95 mM potassium
glutamate for almost all steps (see Materials and Methods for
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Figure 14. Immunogold labeling pattern of axolinin in the subaxolemmal cytoskeleton of a squid giant axon. The sample was first treated with
anti-axolinin antibody followed by secondary antibody coupled with 10-nm gold. The fine meshwork surrounding the microtubules (arrows)
are specifically labeled. Note that axolinin immunolabeling is absent or very low in the neurofilament-rich region. The slender strands
(arrowheads) connecting the microtubules to the axolemma (A4L) are also immunolabeled, but only on rare occasions. S, Schwann cell,

details). This solution had the remarkable effect of preserving
the microtubules during antibody labeling. As a result, the
slender strands surrounding the microtubules in the subaxo-
lemmal cytoskeleton were specifically labeled (Fig. 14). Axo-
linin immunolabeling was absent or very low in the neurofi-
lament-rich region. The slender strands connecting the micro-
tubules to the axolemma were also immunolabeled, but only
on rare occasions. The shorter the prefixation time, the larger
was the amount of labeled gold, although prefixation with
0.5% glutaraldehyde for more than 10 min was required for
the preservation of microtubuies. When the sample was in-
cubated with non-immune IgG instead of the anti-axolinin
antibody, no structures in the subaxolemmal cytoskeleton
were immunolabeled.

Taking these findings together, we concluded that the
subaxolemmal cytoskeleton underlying the microtubule-as-
sociated domains of axolemma, which was pushed away from
the axolemma at the microfilament-associated domains, was
mainly composed of the longitudinally oriented microtubules
embedded in the fine meshwork mainly consisting of the
axolinin.

Discussion

In the preceding paper, we have demonstrated biochemically
that the subaxolemmal cytoskeleton of the squid giant axon
is highly specialized, and that it is mainly composed of tubu-
lin, actin, and two unique high-molecular-weight proteins
(axolinin and the 255-kD protein) (15; see also 25, 29, 30).
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Therefore, in this paper, we have attempted to morphologi-
cally analyze how these proteins are organized into the subax-
olemmal cytoskeletons in situ. The results indicated that the
major constituents of the subaxolemmal cytoskeleton of the
squid giant axon were microtubules and microfilaments (actin
filaments). The microfilaments appeared to be associated with
the axolemma through a specialized meshwork of thin strands,
forming spot-like clusters just beneath the axolemma. The
microtubules ran parallel to the axolemma and embedded in
the fine meshwork mainly consisting of the axolinin. Some
microtubules grazed along the axolemma among the clusters
of microfilaments and associated laterally with the axolemma
through slender structures. Therefore, the axolemma could be
divided into microfilament-associated and microtubule-asso-
ciated domains (Fig. 15).

Recently the biochemical and morphological aspects of the
axonal cytoskeleton of the squid giant axon were intensively
studied by Lasek and his colleagues (21, 23, 24). Their studies
were mainly focused on the axonal cytoskeleton of the ex-
truded axoplasm (central part of the axoplasm). According to
their morphological studies, the cytoskeleton of the extruded
axoplasm was characterized by the longitudinally oriented
microtubules and the neurofilament lattice, which were inter-
connected by slender strands. Our freeze-etch replica images
of the chemically fixed extruded axoplasm also confirm their
observations (Fig. 16). A comparison of Fig. 16 and Fig. 9
renders strong support to the idea that the cytoskeleton of a
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Figure 15. Schematic drawing of the architecture of the subaxolemmal cytoskeleton of a squid giant axon. The plasmalemma (PL) of a giant
axon can be divided into two domains, microtubule associated (R4) and microfilament associated (RB), and the subaxolemmal cytoskeleton
is mainly composed of spot-like clusters of microfilaments (4F) and longitudinally oriented microtubules (MT), which are embedded in the
fine meshwork mainly consisting of axolinin (4L). The horseshoe-shaped structures (small arrows) on the microfilaments may be the
morphological counterparts of the 255-kD protein. Note three different types of cross-linkers between (@) MT and AF, (§) MT and PL, (¢) AF

and PL. See details in the text.
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Figure 16. Freeze-etch replica of the extruded axoplasm of a squid
giant axon. The axoplasm was chemically fixed and washed with
distilled water before freezing. Note that the longitudinally oriented
neurofilaments (small arrows) are merely connected with each other
by thin strands, showing a ladder-like appearance. The fine meshwork
surrounding microtubules (large arrow) are not well developed when
compared to that in Fig. 9a.

squid giant axon is specialized into the peripheral and central

portions.
The morphology of the subaxolemmal cytoskeleton of the
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squid giant axon was first analyzed in detail by Metuzals and
Tasaki using scanning electron microscopy (22). They suc-
cessfully visualized the three-dimensional cytoskeletal net-
work underlying the axolemma. However, probably because
pronase was used in the perfusion solution and because the
giant axon was prefixed from the outside, the microtubules
were not identified in large amounts in their micrographs. As
shown in the present study, use of the roller method, instead
of the pronase method, and intraaxonal perfusion with fixa-
tive that contained tannic acid were very effective in preserv-
ing the morphology of the subaxolemmal cytoskeleton, espe-
cially microtubules and microfilaments.

Our in vitro observations on the aggregates of axolinin and
in situ immunoelectron microscopic analysis have led us to
conclude that in the subaxolemmal cytoskeleton the parallel
bundles of microtubules are embedded in the fine meshwork
mainly consisting of the axolinin molecules. As shown in the
preceding paper (15), axolinin accounted for almost 9% of
the total protein in the subaxolemmal cytoskeleton, and tub-
ulin for only 8%. Therefore, it may be reasonable to consider
that the majority of the thin strands seen in Fig. 9a are
composed of axolinin molecules. The axolinin molecule was
shown to form large aggregates by a head-to-tail association
and to bind to a microtubule at its tail end in vitro. Therefore,
the axolinin molecule appeared not to work as a simple cross-
linker between two microtubules, but to entangle the micro-
tubules in the aggregates of axolinin. This microtubule-axo-
linin meshwork underlying the axolemma was reported to
play a crucial role in the excitation of the axolemma (19, 20),
but the detailed mechanism remains to be elucidated in
molecular terms. However, it is interesting to point out the
morphological resemblance of this meshwork to the axoplasm
of the nodal part of the mammalian myelinated axons, in
which microtubules were enriched and appeared to be em-
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bedded in the three-dimensional fine meshwork (32).

Biochemical and immunological analyses argue strongly for
the existence of a large amount of actin inside mammalian
axons (2, 13, 16, 31, 40) as well as inside squid giant axon
(22, 24, 29). Our preceding paper also clearly demonstrated
that actin was one of the major constituents of the subaxolem-
mal cytoskeleton of squid giant axons (15). However, the
electron microscopic studies in which actin filaments were
clearly visualized inside axons were the exception. Such dis-
crepancy may be partly due to the difficulty of the fixation of
actin filaments in axoplasm and partly due to existence of
nonfilamentous actin inside the axoplasm (24). In the squid
giant axon, Metuzals and Tasaki (22) have shown that some
of the filamentous structures in the subaxolemmal cytoskel-
eton were decorated with HMM using the “glycerinated”
axons. Our present observations revealed that a large number
of HMM-decorated filaments appeared when HMM was “in-
traaxonally” perfused. Furthermore, without HMM treat-
ment, in both thin section and replica images, the microfila-
ments were directly observed to form clusters just beneath the
axolemma. Within these clusters, horseshoe-shaped granular
structures appeared to be distributed, leading us to speculate
that these were the morphological counterparts of the actin-
binding 255-kD protein purified in the preceding study (15).
It is still premature to discuss the physiological roles of these
microfilament clusters, but, interestingly, such an arrange-
ment of microfilaments is in excellent agreement with the
model for the movement of the cytoskeleton in slow axonal
transport proposed by Lasek and Hoffman (17). If myosin-
like ATPase is, as postulated, associated with the cytoskeletal
network inside axons, it is easy to explain the force generation
for the slow axonal transport.

Together with the preceding paper, this study has given an
outline of the molecular organization of the subaxolemmal
cytoskeleton in squid giant axons. Furthermore, in these
studies, we have developed several techniques to analyze the
subaxolemmal cytoskeleton biochemically and morphologi-
cally. In the next step, using these techniques, we must identify
the proteins which connect microtubules and microfilaments
to the axolemma. In the microtubule-associated domains, the
microtubules were associated laterally with the axolemma
through slender strands, which were not axolinin judging from
the results of immunoelectron microscopy. In the microfila-
ment-associated domains, a specialized meshwork of slender
strands connected the microfilament clusters to axolemma.
This meshwork strongly resembled the spectrin-actin network
underlying the human erythrocyte membrane (3, 33, 35).
Considering that spectrin-like proteins (fodrin or calspectin)
are reported to localize just beneath the axolemma in mam-
malian axons (6, 14, 18, 28, 34), it may well be that the
meshwork in the microfilament-associated domains is mainly
composed of spectrin-like proteins and actin. Purification and
characterization of the spectrin-like protein from squid giant
axon will evaluate this speculation. Another problem to be
settled is whether the sodium channels are located in the
microtubule-associated or microfilament-associated domains
of the axolemma. We believe that further studies on these
problems will lead to better understanding of the physiological
roles of the subaxolemmal cytoskeleton in membrane excita-
tion.
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