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ABSTRACT

A new technique utilizing the squid giant nerve fiber has been developed which
permits direct examination of the inner face of the axolemma by scanning electron
microscopy . The axoplasm was removed sequentially in a 15-mm long segment of
the fiber by intracellular perfusion with a solution of KF, KCl, Ca**-containing
seawater, or with pronase. The action potential of the fibers was monitored
during these treatments. After brief prefixation in 1% paraformaldehyde and 1%
glutaraldehyde, the perfused segment was opened by a longitudinal cut with a
razor blade. The overall view of the opened perfusion zone could be related to
information on the detailed morphology of the cytoplasmic face of the axolemma
and the ectoplasm. The results obtained by scanning electron microscopy were
further substantiated by transmission electron microscopy of thin sections. In
addition, living axons were studied with polarized light during axoplasm removal,
and the identification of actin by heavy meromyosin labeling and sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis was accomplished. These obser-
vations demonstrate that a three-dimensional network of interwoven filaments,
consisting partly of an actinlike protein, is firmly attached to the axolemma. The
axoplasmic face of fibers in which the filaments have been removed partially after
perfusion with pronase displays smooth membranous blebs and large profiles
which appose the axolemma. In fibers where the excitability has been suppressed
by pronase perfusion, approximately one-third of the inner face of the axolemma
in the perfusion zone is free of filaments. It is hypothesized that the attachment of
axoplasm filaments to the axolemma may have a role in the maintenance of the
normal morphology of the axolemma, and, thus, in some aspect of excitability.
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this paper a strategem for a direct and selective

Investigation of the relationships between the exploration of the cytoplasmic surface of the axo-
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lemma by combining scanning electron micros-
copy with intracellular perfusion and electrical
recording of the squid giant nerve fiber. With such
a technique, the inner surface components of the
axolemma are fully accessible and, furthermore,
adequate quantities of uncontaminated samples of
axoplasm are easily obtained for chemical analy-

sis.
Previously, a lattice structure has been observed

in the axoplasm of the squid giant nerve fiber
(27). Numerous ~70-A wide filaments of the
ectoplasm could be identified in association with
the axolemma (27, 26). Noteworthy in this con-
nection is the demonstration of transient changes
in the optical properties of the ectoplasm during
action potentials (60, 45).

In the past the plasma membrane was consid-
ered to be an autonomous lipid bilayer with few
interspersed proteins. It is becoming increasingly
apparent that the plasma membrane is in fact a
complex organelle, coupled to various cytoplasmic
structures, and under strict and coordinated cyto-
plasmic control (50, 34). We have examined the
effects of sequential removal of the ectoplasm
components on the structure and excitability of
the giant nerve fiber. On the basis of our results,
we hypothesize that the subaxolemmal filamen-
tous network, which is partly composed of actin-
like protein, may have a role in the maintenance
of the normal morphology of the axolemma and,
thus, probably in some aspect of excitability.!

MATERIALS AND METHODS

All the experiments and observations were made on the
giant nerve fiber of the squid (Loligo pealei L.) obtained
at the Marine Biological Laboratory (Woods Hole,
Mass.) during the summers of 1972-1976. The animals
used had spent no more than a few hours in laboratory
tanks containing running seawater. Dissection of the
dorsal giant nerve fiber was performed under running
seawater on a dissecting table illuminated from below
through a glass window.

Solutions

The salt solutions routinely used had the following
compositions. Artificial seawater (ASW) for external
use: 423 mM NaCl, 9 mM KCl, 23 mM MgCl,, 25 mM
MgSO,, 10 mM CaCl,, and 5 mM Tris (pH 7.9-8.1).
The ASW used for solubilization of the fixatives con-
tained 15 mM NaHCO; (pH adjusted to 7.2-7.4) in-

! The results of this work were presented at the First
International Congress on Cell Biology, Boston, 1976
(30) and at the Annual Meeting of the Marine Biological
Laboratory, Woods Hole, 1974 (29).
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stead of Tris. The standard salt solution (SSS) contained
0.05 M KCl, 0.005 M MgCl,, 0.006 M phosphate buffer
(pH 7.0). Pronase (Calbiochem, San Diego, Calif.) was
dissolved in KF-phosphate solution. The composition of
the KF-phosphate solution was 400 meg/liter K-ion, 350
meq/liter F-ion, phosphate (potassium salt) buffer ad-
justed at pH 7.2-7.4, and glycerol (4% vol/vol).

Intracellular Perfusion of the Axon

The technique for removal of axoplasm from the
squid giant nerve fiber and subsequent intracellular
perfusion of the axon has been described in detail
elsewhere (59). The major portion of small nerve fibers
and other adherent tissues surrounding the giant fiber
were removed under a dissecting microscope. An excised
nerve fiber, ~35 mm in length and ligated at each end
with a thread, was placed in a shallow pool of ASW in a
chamber made of transparent Lucite. Under a dissecting
microscope, a glass cannula was inserted into each end
of the giant nerve fiber. The micro-cannula introduced
into the proximal end of the fiber was 300 wm in outside
diameter. The tip of this cannula was beveled and
ground in the form of a chisel to enable it to cut the solid
portion of the axoplasm. As the micro-cannula was
advanced along the axis of the nerve fiber with the aid of
a micromanipulator, the endoplasm of the axon was
sucked into the cannula by applying negative pressure
through polyethylene tubing connected to the blunt end
of the micro-cannula. Afterwards, a 10-20-mm long
portion of the axon was intracellularly perfused with
various solutions for variable periods of time to remove
the axoplasm partially or completely. A flow rate of the
internal perfusion fluid was maintained at 20-30 ul/min.
During the entire period of the experiment, the excita-
bility of the nerve fiber was monitored by means of a
stimulator and a cathode-ray oscilloscope connected to
metal electrodes on the surface of the fiber and to an
intra-axonal electrode placed in the perfusion zone.
After the perfusion, an air bubble was introduced into
the perfusion zone, and the ends of fiber were sealed by
coagulating the axoplasm outside the perfusion zone
with a heated needle.

Scanning Electron Microscopy

For scanning electron microscopy, special stubs were
prepared from stainless steel. The top of the stubs was
buffed to a mirrorlike finish. A shallow groove was filed
around the stub near the top. A 3-cm long fiber, filled
with air in the perfusion zone, was stretched across the
buffed top of the stub under the dissecting microscope.
The overhanging ends of the fiber were tied to the stub
by a loop of 100-um enameled silver wire which was
tightened in the groove around the stub. After 15 min of
prefixation in 1% paraformaldehyde and 1% glutaral-
dehyde dissolved in ASW, the wall of the perfused
segment was cut longitudinally with the sharp tip of a
broken razor blade. Then the portion of the wall above
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the cut was removed, and the inner face of the giant
fiber in the perfusion zone was exposed. During cutting,
fixation fluid was repeatedly poured on the fiber with a
pipette. The stub with the fiber was always kept sub-
merged in the corresponding fluids.

After prefixation, the opened fibers were fixed for 1-
2 h in the same fixative, followed by rinsing in three
changes of ASW, 5 min each change. Finally, the
specimens were fixed in 1% osmium tetroxide dissolved
in 0.5 M sodium cacodylate buffer, pH 7.4, of the same
osmolality as the ASW (1,010 mosmol/liter). All stages
of fixation, rinsing, and dehydration were carried out at
room temperature.

After fixation, samples were dehydrated through a
graded series of ethanol solutions (25, 50, 75, 80, 90,
and 96%) to 100%, 1-5 min each step. From here the
preparations were carried through a graded series of
amyl acetate in alcohol up to 100% amyl acetate. (In
about half of the preparations, the treatment with amyl
acetate was omitted.) Then the specimens were trans-
ferred into liquid CO, in a critical-point drying apparatus
(Samdri pvt-3, Tousimis Research Corp., Rockville,
Md.). The resulting dry specimens were coated with
gold-palladium. During all the preparative steps and the
actual observation in the scanning electron microscope,
the fiber remained attached to the same stub.

A JEOL JSM-35 U scanning electron microscope
with a eucentric goniometric meter, operated at 20 kV,
was used in all the studies.

Negative Staining, Heavy Meromyosin
Treatment and Thin Sectioning

In each series of experiments, axoplasm was extruded,
usually from two to four dissected fibers, onto parafilm
and washed into a homogenization tube with a few drops
of SSS. About 50-100 ul of axoplasm was diluted into
0.5 or 2 ml of the SSS and homogenized by 15 strokes
of a Teflon pestle.

The standard procedure for negative staining was as
follows: A drop of diluted axoplasm was placed on a
copper grid coated with Formvar and carbon, fixed for 1
min with 1% formalin dissolved in the SSS, washed
afterwards with the SSS, and rinsed with 0.1 M KCI.
Staining was carried out for 1-3 min with 1% uranyl
acetate at pH 4.4, and excess uranyl solution was
removed with small pieces of filter paper. Fixation with
formalin was ofen omitted.

Myosin from rabbit muscle was prepared according to
Mommaerts and Parrish (31) and was subsequently
treated with trypsin as described by Lowey and Cohen
(23) to obtain heavy meromyosin (HMM). HMM in
25% glycerol was always diluted to 400 ug/ml in the
SSS used to dilute the axoplasm.

HMM-labeling was carried out according to the fol-
lowing procedure: A drop of diluted axoplasm was
placed on a carbon-coated grid, and the excess was
rinsed off. A few drops of HMM were then placed on the

METUZALS AND Tasakl Subaxolemmal Filamentous Network in Squid Nerve Fiber

grid for 5 min, followed by fixation with 1% formalin,
rinsing with 0.1 M KCl, and negative staining. Fixation
in 1% formalin was often omitted. In control experi-
ments, HMM was omitted or the HMM-axoplasm sus-
pension was incubated in the presence of 10 mM ATP
for 5 min.

The treatment of glycerinated whole giant nerve fibers
with HMM was carried out as follows (19): Dissected
fibers were stored in 50% glycerol at —20°C for several
weeks. The concentration of glycerol was decreased
stepwise over a period of 24 h until the fibers were in
pure SSS. Subsequent treatment with HMM dissolved in
SSS was carried out for 12 h at 4°C. Fibers treated with
HMM were washed in two changes of 0.1 M KCl, and
then fixed, dehydrated, and embedded according to
standard procedures. In control experiments, HMM was
omitted or incubation was carried out with HMM in SSS
containing 10 mM ATP.

Transmission Electron Microscopy

Standard procedures were used for transmission elec-
tron microscopy of thin sections. The fixation was carried
out by direct immersion of the dissected fiber, still
surrounded by a connective tissue layer and blood
vessels, into the fixative. Therefore, the quality of fixa-
tion, especially of intact fibers, was lower than in verte-
brates fixed by perfusion. The intact and the perfused
fibers were first fixed for 1-2 h in 1% paraformaldehyde
and 1% glutaraldehyde dissolved in ASW, pH 7.2-7 4.
After washing in three changes of ASW for 5 min, the
fibers were postfixed for 15 min in 1% osmium tetroxide
dissolved in 0.51 M sodium cacodylate buffer (pH 7.4)
of the same osmolality as the ASW (1,010 mosmol/liter)
(26). Intact and perfused fibers were fixed also directly
in 1% osmium tetroxide for 1-2 h without prior prefixa-
tion in aldehydes. The fibers were then washed briefly in
distilled water, dehydrated (see section on Scanning
Electron Microscopy), and embedded in Vestopal W
(M. Jaeger, Geneva, Switzerland). All the stages of
fixation, rinsing, and dehydration were carried out at
room temperature. Ultrathin sections were cut on an
LKB Ultrotome (LKB Instruments, Inc., Rockville,
Md.) with glass knives. The sections were mounted on
copper grids coated with Formvar and carbon and
double stained with saturated uranyl acetate in ethanol
followed by Reynolds’ lead citrate (42).

All specimens on the grids were examined in an
Elmiskop 1 A, Elmiskop 101, or JEM-100 B electron
microscope equipped with a cold stage and operated at
80 kV with double condenser illumination and a 30-um,
thin foil objective aperture.

SDS-Polyacrylamide Gel Electrophoresis

Polyacrylamide gel electrophoresis of axoplasmic
polypeptides in the presence of SDS was carried out in
the discontinuous system of Laemmli (21), and the gels
were fixed and stained as described by Fairbanks et al.
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(12). The Shandon disc electrophoresis apparatus (Shan-
don Southern Instruments, Inc., Sewickley, Pa.) was
used. The diameter of the gels was 0.5 cm, the stacking
gel being 1 cm in length and the separating gel, 8 cm in
length. The gels were run at a constant voltage of 50 V
and the runs were terminated when the leading sample
buffer/gel buffer interface had travelied through 7 cm of
the separating gel. The relative electrophoretic mobility
of the fractionated polypeptides and their molecular
weights were determined as described by Weber and
Osborn (64). Polypeptide standards were run in parallel
with sample gels, and a standard curve was constructed
utilizing 14 polypeptides with mol wt ranging from
13,700 (ribonuclease A) to 215,000 (rabbit skeletal
muscle myosin). In most instances the running gel con-
sisted of 10% polyacrylamide, but 5% polyacrylamide
gels were used in some instances to improve characteri-
zation of high molecular weight components. Acetone
powder was prepared from rabbit skeletal muscle by the
procedure of Straub as described by Szent-Gyorgyi (57).
Actin was extracted and purified by the procedure of
Spudich and Watt (54).

For studies on freshly extruded axoplasm from squid
giant fibers, the axoplasm was placed directly into elec-
trophoresis sample buffer, which had the following com-
position: 2% SDS; 5% p-mercaptoethanol (3-MSH);
10% glycerol; 1 mM phenylmethyl sulfonylfluoride, a
protease inhibitor; and 62.5 mM Tris-HCI, pH 6.8. The
axoplasm was suspended by means of a Teflon-glass
homogenizer, incubated at 45°C for 1 h and then heated
at 100°C for 4 min. The solubilized material was then
dialyzed against sample buffer. In some experiments,
lipids were extracted to rule out the possibility that some
of the stained bands on the gels contained lipid. These
samples gave gel patterns identical to those obtained
with untreated axoplasm.

RESULTS

Observations of the Axoplasm during
Insertion of a Micro-Cannula into
Living Nerve Fibers

The properties of the axon have been studied in
living nerve fibers by the technique of axoplasm
removal by a micro-cannula as described in Mate-
rials and Methods. A major portion of the axo-
plasm, predominantly the endoplasm, can be re-
moved from the giant nerve fiber without sup-
pressing its excitability. The glass micro-cannula
used for this purpose has a sharp cutting edge, as
illustrated in Fig. 1. The sharp, beveled tip of the
cannula is designed to pierce the axoplasm by
disrupting the intra-axonal network of fibrous
proteins. Except in the case of large fibers with
nearly fluid axoplasm, introduction of a micro-
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Ficure 1 (A) Schematic representation of the ar-
rangement of filaments (shown by the broken lines) in a
fanlike pattern revealed by rotating both the polarizer
and analyzer relative to the long axis of the nerve fiber.
The arrow indicates the direction of displacement of the
axon surface caused by suction. (B and C) Photographs
of squid giant nerve fibers into which a glass micro-
cannula is inserted. During the process of insertion of
the cannula, a fanlike structure is seen near the rear
portion of the orifice of the cannula (cf. Fig. 14). (B)
The giant fiber is placed between a polarizer and an
analyzer which are approximately perpendicular to each
other. The polarizing axis of the polarizer is roughly
parallel to the long axis of the cannula. Under transillu-
mination, the fanlike structure appears as a dark zone
(indicated by the arrow) followed by a very bright zone.
(C) Similar to Fig. 1B, except that the polarizing axes
of the polarizer and analyzer are rotated slightly to show
the orientation of the fibrous material giving rise to the
birefringence. The fanlike structure (arrow) is lighter
than the dark axoplasm. Bar, 0.5 mm. X 25.

cannula with a blunt tip into the fiber interior is
practically impossible.

As the axoplasm is drawn into the micro-can-
nula by suction, a characteristic fanlike pattern of
fibrous material can be observed at the rear
portion of the orifice of the micro-cannula. De-
pending on the conditions of illumination with
unpolarized light, this pattern may appear bright
or dark. By varying illumination, it is found that
the fibrous material which forms this fanlike pat-
tern extends from the surface of the axon into the
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lumen of the micro-cannula.

In some nerve fibers, strong suction produces a
displacement of the axon surface towards the
orifice of the micro-cannula at the site or behind
the attachment of the fanlike structure (Fig. 1).
Such a displacement of the axon surface fre-
quently brings about local injury of the fiber,
resulting in a loss of its ability to conduct action
potentials. In large nerve fibers (400-700 um in
diameter), it is relatively easy to advance the
micro-cannula in the axoplasm without injuring
the nerve fiber. In fibers kept at ~6°C for 2-3 h,
the fanlike pattern is not so conspicuous as in
freshly excised, relatively small fibers.

The fanlike pattern in the axoplasm has been
examined by inserting two polarizing filters in the
light path, a polarizer between the light source
and the nerve fiber, and an analyzer between the
fiber and the objective of the dissecting micro-
scope. Under the cross-polar conditions, it is
found that the fanlike structure is highly birefrin-
gent. Through rotation of the polarizing filters, it
can be shown that the birefringent material within
the fanlike structure extends obliquely from the
surface of the fiber into the lumen of the micro-
cannula (Fig. 1B and C). From these observa-
tions, it is concluded that the fanlike pattern is
formed by the filamentous material in the ecto-
plasm. The reason why the fanlike pattern appears
predominantly near the axon surface around the
trailing edge of the orifice of the micro-cannula is
likely to be that the filaments at the leading edge
of the orifice are readily displaced or cut by the
sharp edge.

Scanning Electron Microscopy and
Electrophysiology of Intracellularly
Perfused Fibers

In this series of investigations, it was essential
to develop a new, reliable technique of exposing
the inner (i.e. axoplasmic) surface of the axo-
lemma to electron beam. The technique devel-
oped for this purpose was to fasten a 15-mm long
segment of an internally perfused fiber securely to
a stub. After a brief prefixation, the upper half of
the nerve fiber was resected (see Materials and
Methods). This technique prevented an inadvert-
ent interchange of the exposed inner surface of
the perfusion zone with the outer connective tissue
surface of the nerve fiber (Fig. 2).

PERFUSION WITH KXF-PHOSPHATE: The
inner surface of the ectoplasm of fibers perfused
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intracellularly with KF-phosphate solution for 50
min (see Materials and Methods) shows threadlike
elements interwoven in a regular cross-lattice pat-
tern (Fig. 3A). The thicker threads of the cross-
lattice measure 0.3 um and the finer ones are 0.1
pm in diameter. The cross-lattice pattern is ori-
ented symmetrically about the long axis of the
axon, and the angle between the two main com-
ponents of the lattice is ~45°. In other portions of
the same preparation, instead of a cross-lattice
pattern, a matlike network assembly of 0.1-um
wide threads predominates. The components of
this network appear wavy and curved. Points
where thicker threads branch into finer compo-
nents can be seen (arrow, Fig. 3 B). The electro-
physiological properties (the amplitude and the
duration of the action potential, the conduction
velocity, the threshold, etc.) remain perfectly nor-
mal during the entire period of perfusion with an
isotonic KF-phosphate solution (59).

A cross-lattice pattern cannot be seen in fibers
from which the endoplasm has been removed by
suction only. Instead, the inner cytoplasmic face
of such preparations displays predominantly
smooth surfaces and irregular elevations.

PRONASE PERFUSION WITH RETAINED
EXCITABILITY: Fibers perfused with pronase
(0.1 mg/ml) in KF-phosphate for 10 min do not
show any changes in their electrophysiological
properties (see Fig. 9 A). (Pronase digests almost
any protein virtually to free amino acids.) A con-
tinuous three-dimensional network consisting of
threadlike elements extends on the inner side of
the axolemma (Fig. 4). The threads are defined
much more distinctly than in fibers perfused with
KF-phosphate without pronase. The diameter of
the threads varies over a wide range: from ~300
A up to 0.3 um. The threads appear curved and
wavy and are interwoven in a network covering
the inner face of the axolemma as a dense matrix.
In micrographs taken at higher resolution, the
beaded and the coiled appearance of the threads
and their assembly into thicker threads can be
seen clearly (asterisk, Fig. 4 B). Furthermore, the
continuous network character of this structure is
evident (arrows, Fig. 4 B). The three-dimensional
character of the ectoplasmic network adjoining
the axolemma is better appreciated in stereo-pair
micrographs (Fig. 4C). In these micrographs,
small areas can be identified as smooth inner face
of the axolemma free of filaments.

Compared with the appearance of the ecto-
plasm of fibers internally perfused with KF-phos-
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FIGUREs 2-8 Scanning electron micrographs of the perfusion zone of intracellularly perfused squid giant
nerve fibers. Procedures used for perfusion and microscopy are described in Materials and Methods.

FIGURE 2 Surveys: the inner face (/) of ther perfused portion; the outer face (O) and the sectioned part
(C) of the fiber wall. The end of the opened portion of the perfused zone is shown at higher magnification
in Fig. 2 B: flaps (F) of the resected upper half of the perfused fiber are folded backwards, exposing the
axoplasmic face of the flaps. (A) Bar, 1 mm. X 20. (B) Bar, 0.1 mm. x 180.

phate solution without pronase, the ectoplasm of
fibers briefly perfused with pronase appears as a
distinct, three-dimensional network. It therefore
appears that pronase is digesting, during the first
several minutes of perfusion, primarily interfila-
mentous proteins.

PRONASE PERFUSION RESULTING IN
SUPPRESSION OF EXCITABILITY: Intracellular
perfusion with 0.3 mg/ml pronase brought about
repetitive firing (see Fig. 9 B), interrupted by an
intermittent conduction block (not included in the
record of Fig. 9B). The empty inner space and
the even inner aspect of the preparation is clearly
demonstrated in survey micrographs of fibers after
such a perfusion (Fig. 5 A). At higher magnifica-
tion, the inner aspect of the preparation appears
to be covered with blebs distributed evenly over
the entire area in the perfused zone (Fig. 5B).
Further increase of magnification discloses a de-
tailed and highly revealing morphology of the
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inner aspect of the axolemma and of the adjoining
ectoplasm (Fig. 6). Numerous smooth-surfaced
profiles can be seen on the inner face of the
perfused axon as well as individual and aggregated
blebs. A densely interwoven meshwork of ecto-
plasm filaments still covers a considerable part of
the axolemma. However, areas of axolemma with
only individual filaments and granules attached or
completely free of any attachments do occur.
Occasionally, individual ectoplasm filaments ex-
tend from the dense meshwork and associate with
the smooth profiles (arrow, Fig. 6). The smooth
profiles have bulbous, fingerlike, and tubular
shapes. Occasionally they appear to be continuous
with the smooth area of the supposed axolemma.

In fibers in which the excitability was sup-
pressed completely after pronase perfusion (see
Fig. 9F), approximately one-third of the inner
face of the axolemma is free of filaments and
appears smooth (Fig. 7A). Blebs and smooth

THE JournaL ofF CeLL BloLoGy - VoLUME 78, 1978



FiGure 3 Inner face of the ectoplasm in a fiber perfused with KF-phosphate for 50 min. The
longitudinal axis of the fiber is parallel to the vertical margin of the figures. (A) Predominantly straight
threadlike elements, ~0.3 um in diameter, are associated in a cross-lattice pattern. Bar, 1 um. X 5,000.
(B) Matlike assembly of wavy and curved threads (asterisk), ~0.1 um in diameter, which are interwoven
in a network. The predominant orientations of the network elements are the same as of those in the cross-
lattice in Fig. 3A. Arrow indicates branching point of a 0.3-um wide thread into three finer
components. Bar, 1 um. x 10,000.

profiles can be seen in such smooth areas only
occasionally. The remaining two-thirds of the in-
ner face of the axolemma is still covered with
remnants of a finely meshed network (Fig. 7B).

PERFUSION WITH Ca**-CONTAINING
SEAWATER: Intracellular perfusion with Ca**-
containing artificial seawater suppresses excitabil-
ity within several seconds after the onset of perfu-
sion. After 24 min of perfusion, the inner aspect
of the perfusion zone displays rugged, grape clus-
terlike structure without any discernible filamen-
tous structures (Fig. 8).

ELECTRICAL RECORDING: During the
course of digestion of the axoplasm with proteo-
lytic enzymes, electrophysiological properties of
the axon are known to change gradually with time
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(59). The ability of the axon membrane to develop
strong inward current is impaired and the duration
of the action potential is increased. Eventually,
the ability of the axon to carry a nerve impulse is
completely eliminated. The excitability of a fiber
is completely suppressed after about 36 min of
perfusion with 0.1 mg/ml pronase in KF-phos-
phate. The action potential changes of the fiber
during such a perfusion period are illustrated in
Fig. 9.

Transmission Electron Microscopy
of Thin Sections

All the observations made by scanning electron
microscopy can be correlated with the observa-
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FIGURE 4 A space-network on the inner face of the axolemma. The network is composed of distinct
threads interwoven in a continuous three-dimensional structure. The fiber was perfused with pronase (0.1
mg/ml) for 10 min and showed no changes of excitability. (A) The inner face of the perfused axon
displays alternate ridges and furrows arranged parallel to the long axis of the axon, which is oriented 45°
relative to the horizontal line of the figure. Bar, 1 wm. x 5,400. (B) Arrows indicate association of
threads in a continuous network: beaded threads (asterisks); smooth membrane surface (M). Bar, 0.5 um.
X 20,000. (C) Stereo-pair micrographs with a 7° difference in tilt; X 6,000. The three-dimensional
character of the network can be appreciated by viewing both micrographs with a stereoscope (Hubbard
Scientific Co., Northbrook, Illinois) magnifying x 2.2; with a X 2.2 stereoscope X 13,200.
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Figure 5 Perfusion with pronase (0.18 mg/ml) for 6 min brought repetitive firing. (A) The empty
perfusion space and the even inner aspect (/) of the preparation; layer (C) consisting of longitudinally
sectioned Schwann sheath, small fibers and connective tissue. Bar, 0.5 mm. X 30. (B) Evenly distributed
blebs on the inner face of the axolemma. Circular ridgelike elevation (R) of ectoplasm remnants extends
into a taillike prolongation. Note the striations oriented at ~30° relative to the long axis of the fiber in the
right-hand corner of the figure. Bar, 0.1 mm. x 150.

tions of thin sections by transmission electron
microscopy. At the resolution used in the present
investigation, no significant differences in struc-
ture of filamentous and membranous components
of the axon could be observed between the fibers
fixed either in osmium tetroxide or in paraformal-
dehyde-glutaraldehyde solutions. This has been
observed in intact as well as in perfused fibers. In
intact fibers, a network consisting of densely inter-
woven filaments extends in the ectoplasm. The
diameter of the filaments measures ~70 A and
many finer filaments can also be identified. The
filaments of this ectoplasmic network appear to be
attached to the axolemma (arrows, Fig. 104 and
B); see also Fig. 20 in reference 27. From fila-
ments oriented parallel to the surface of the axon,
comblike projections associate with the axolemma
(arrowhead, Fig. 10 A). Short filament fragments
of the subaxolemmal network, attached to the
axolemma, appear at higher contrast in pronase-
perfused fibers (arrow, Fig. 14 C). Mitochondria
occur in close apposition to the axolemma (Fig.
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10B); see also Fig. 6 in reference 26, where a
mitochondrion has been illustrated in a fiber fixed
in osmium tetroxide solution. Besides mitochon-
dria, membrane-bounded profiles of agranular
endoplasmic reticulum occur in the ectoplasm.
Such profiles may be densely packed in large
bodies and are observed in fibers fixed in osmium
tetroxide as well as in fibers fixed in aldehyde
mixture. These structures have been described
and illustrated in detail previously: Fig. 7 in
reference 26 should be consulted.

Intracellular perfusion with 400 mM KCl blocks
the action potential in ~24 min. In the perfused
zone of such fibers, the major portion of the inner
face of the axolemma is predominantly covered by
a well-defined layer of axoplasm. This layer can
be up to 0.6 pum thick and is bordered on the side
of the structureless perfusion lumen by a rim of
condensed axoplasm (Fig. 11 A4). The filamentous
network, with filaments attached to the axolemma
(arrow, Fig. 114), can be identified in the axo-
plasm layer, among numerous membranous pro-
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Ficure 6 Bulbous (U), fingerlike (F), and tubular (T) smooth profiles; aggregates of blebs (B)
surrounded by the network of ectoplasm filaments. The fingerlike and tubular profiles are continuous with
the even portion of the inner face of the preparation, probably the axolemma. Inner face of the supposed
axolemma free of attachments (asterisk); filaments extending from the meshwork to smooth profiles
(arrow). Perfusion with pronase (0.3 mg/ml) for 6 min resulting in repetitive firing. Bar, 1 um. x 10,800.
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FiGure 7 Perfusion with pronase (0.1 mg/ml) for 35 min resulting in a complete suppression of
excitability. (A) Survey of an extensive area of a smooth inner cytoplasmic face of the axolemma without
any filaments and granules attached (SO). Patches consisting of remnants of subaxolemmal filamentous
network (N) can be found still associated with the axolemma. A small number of blebs and smooth
profiles can be identified. In other areas of the preparation, numerous smooth profiles can be seen. The
width of the figure corresponds to 0.4 mm. x 2,200. (B) Higher magnification of remnants of the
ectoplasmic filamentous network extending on the inner face of the axolemma. The association of the
filaments in a network structure is still evident. Bar, 0.5 um. x 17,500.

FIGURE 8 A rugged, grape clusterlike structure of the inner aspect of a fiber perfused intracellularly for
24 min with Ca** containing artificial seawater. The excitability was blocked ~20 s after the onset of
perfusion. Bar, 1 um. X 10,000.
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Figure 9 Oscilloscope records showing the changes of
the action potential during intracellular perfusion with
0.1 mg/ml pronase for 36 min. Start {4 ) and termination
(F) of perfusion. There is a time interval of 6 min
between each figure. The time markers are 1 ms apart.

files and profiles of microtubules. Most interest-
ingly, extensive areas do exist where the inner
face of the axolemma is completely free of at-
tached filaments and, thus, is facing directly the
structureless perfusion zone or debris of the axo-
plasm (Fig. 11 B). In such areas, often the exact
nature of the membranous material cannot be
identified with certainty anymore. For example,
in Fig. 11 C the identification of the membranous
profiles is only tentative. A comparison with Fig.
11B is helpful in this respect. Accordingly, Fig.
11 C may represent membranous material (M) of
the axoplasm apposing the smooth inner face of
the axolemma (L}). Such areas cannot be seen in
intact fibers. Any interruption in the continuity of
the axolemma could not be detected in the fiber
perfused with KCI.

Subsequent perfusion of fibers for 5 min with
Ca**-containing artificial seawater, followed by
~10 min of perfusion with KCl, removes most of
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the axoplasm from the perfusion zone. The axo-
lemma is often folded and associated with irregu-
lar membranous material. No axolemma can be
identified over a wide range, and debris of the
Schwann cell cytoplasm faces the lumen of perfu-
sion (Fig. 12). Occasionally, a continuous profile
of the axolemma can be traced in a narrow range
where axoplasmic filaments appear to be still
attached to the intact axolemma. Furthermore,
filamentous material (arrowhead, Fig. 13) extends
across the extracellular space between the axo-
lemma and the adjoining membrane of the
Schwann cell (SL, Fig. 13). Such material be-
tween the axolemma and the plasma membrane
of the Schwann cell can be seen in thin sections of
all perfused fibers as well as in controls. However,
these structures appear most distinctly in fibers
perfused with KCl and Ca**-containing seawater.

The perfusion zone of fibers which were treated
with pronase until the excitability was completely
suppressed has been investigated by thin-section
electron microscopy. The intra-axonal perfusion
lumen (PL, Fig. 14) is surrounded by the axo-
lemma and the adjoining Schwann cell layer.
Elevations of the Schwann cell layer into the
perfusion lumen are due to the presence of the
Schwann cell nuclei and localized thickenings of
the Schwann cell cytoplasm, which contains many
large vacuoles (Fig. 14). Besides the elevations,
numerous bleblike protrusions into the perfusion
space characterize the perfusion zone. Such pro-
trusions represent local expansions of the axo-
lemma which have separated over a limited range
from the opposing Schwann cell plasma mem-
brane (Fig. 14A). Inside the perfusion lumen,
smooth membranous material of varying size and
shape can be seen (Fig. 14 B). Indications of
possible continuity between the material of the
large membranous bodies and the axolemma
could be observed on several occasions (Fig.
14C). In thin sections of the perfusion zone,
portions of the axolemma can be identified which
appear smooth and free of axoplasmic filaments.
However, in other portions of the perfusion zone,
short filament fragments of the subaxolemmal
network are still attached to the axoplasmic face
of the axolemma (Fig. 14 C).

In intact fibers, vacuolized Schwann cell cyto-
plasm, local bleblike protrusions, and membra-
nous structures as illustrated in Fig. 148 and C,
as well as extensive areas of axolemma free of
filaments could never be seen. An extensive vac-
uolization of the Schwann cells can be discerned
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during pronase perfusion even in the dissecting
microscope:2 before the perfusion, such a vacuoli-
zation cannot be seen (63).

Localization of Actinlike Filaments by
HMM-Binding Experiments

Actinlike filaments can be identified regularly
in freshly extruded axoplasm homogenates and in
thin sections of glycerinated squid giant nerve
fibers following treatment with HMM. Filaments
250-300 A in width and of variable lengths,
displaying characteristic arrowhead pattern, can
be observed frequently in axoplasm homogenized
in SSS, treated on the grid with HMM, and
stained negatively with 1% uranyl acetate (Fig.
15A and B). Parallel actinlike filaments with ar-
rowheads oriented in opposite directions can be
observed in close proximity to each other (Fig.
15 B, inset). Furthermore, in such preparations,
actinlike filaments can be observed along which
the direction of arrowheads is reversed, indicating
a change in polarity of the assembly of G-actin
(Fig. 15C); see also reference 66. Actinlike fila-
ments displaying arrowhead pattern appear to be
continuous with 70-A filaments of smooth outline
(Fig. 15C). In control experiments the grid was

*1. Tasaki and J. Metuzals, unpublished observations.

Figures 10-14 Transmission electron micrographs of
transverse thin sections of fibers fixed in 1% glutaralde-
hyde and 1% paraformaldehyde dissolved in seawater,
postfixed in 1% osmium tetroxide, and treated as de-
scribed in Materials and Methods. The fiber illustrated
in Fig. 10 A was fixed directly in 1% osmium tetroxide
at room temperature.

Ficure 10 Ectoplasmic portion of the axoplasm (A)
adjoining the axolemma (L); cytoplasm (§) and plasma
membrane (SL) of Schwann cells. (A) Filaments of
variable diameter but predominantly ~70 A wide are
associated directly with the axolemma at numerous sites
(arrows); filament, oriented parallel to the axolemma, is
associated with the axolemma by comblike projections
(arrowhead); network (N) of interwoven filaments in
the ectoplasm. Bar, 0.1 um. x 52,000. (B) Axoplasm
filament (arrows) associated with the axolemma. A
mitochondrion in juxtaposition to the axolemma; the
outer membrane (MI) of the mitochondrion. An area
(asterisk) where the Schwann cell plasma membrane, the
axolemma, and the outer mitochondrial membrane ap-
pear indistinct because of changed orientation towards
the plane of the section. Another area (arrowhead)
where the Schwann cell plasma membrane and the axo-
lemma appear indistinct for the same reasons. Bar, 0.1
mm. X 75,000.
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rinsed with 10 mM ATP after the treatment with
HMM (Fig. 15D), or HMM was omitted (Fig.
15E). Filaments resembling decorated F-actin
were never observed in the controls.

In thin sections of glycerinated, HMM-treated
giant nerve fibers, numerous 150-250-A wide
filaments, displaying arrowhead structures char-
acteristic of decorated F-actin filaments, can be
identified (Fig. 16). Such actinlike filaments, dec-
orated with HMM, can be identified close to or
even in direct contact with the axolemma (Fig.
16 B-E). The diameter and appearance of these
actinlike filaments in thin sections of the axoplasm
are identical to those of HMM-decorated muscle
F-actin which has been embedded and sectioned
under the same experimental conditions; see also
reference 28. Control experiments consisted of
addition of 10 mM ATP at the beginning of the
treatment with HMM. In sections from these
controls, filaments resembling decorated F-actin
were never observed (Fig. 17).

The decorated actinlike filaments represent
only a portion from the total amount of filaments
visible in axoplasm homogenates and in glyceri-
nated fibers after treatment with HMM. Numer-
ous filaments, which are not decorated and corre-
spond to the so called neurofilaments, do exist in
these preparations.

SDS-Polyacrylamide Gel Electrophoresis

The molecular weight distribution of polypep-
tides from freshly extruded axoplasm of the squid
giant nerve fiber provides a standard of compari-
son necessary for protein identification and isola-
tion. The gel pattern for total axoplasm is shown
in Fig. 18. A comparison of this polyacrylamide
gel pattern with that obtained from rabbit skeletal
muscle actin indicates that a protein present in
axoplasm has a molecular weight identical to that
of muscle actin (band 8, Fig. 18). Bands 7 and 6
(Fig. 18) have a mobility corresponding to a pep-
tide of mol wt ~56,000. Bands 4, 3, and 2 in
Fig. 18 correspond to mol wt of 70,000, 72,000,
and 89,000, respectively.

DISCUSSION

Questions relating to the association of cytoplas-
mic filaments with the plasma membrane are of
primary significance not only in neurobiology but
also in the biology and pathology of the cell
generally. The squid giant nerve fiber provides
unique advantages to investigate these problems
from structural, chemical, and functional view-
points. It is generally accepted that the submem-
branous network of filamentous proteins provides
support to the plasma membrane (55) and a

Figures 11A, B, and C, and 12 and 13 Segments from the wall of perfused fibers. Layer of the
axoplasm (R); axolemma (L); axoplasmic debris (D)j; structureless perfusion space (PL); cytoplasm ()
of Schwann cells with vacuoles (V); basal lamina (BL); layer of collagenous fibers (CO).

Ficure 11 A, B, and C Perfusion with 400 mM KClI for 9 min resulting in suppression of excitability.
(A) An even rim of condensed axoplasm (RI) borders the axoplasm layer against the perfusion space. In
the axoplasmic layer, membranous material, filaments, and microtubules can be identified. Individual
filaments (arrow) attached to the axolemma can be identified. Bar, 0.5 um. X 30,000. (B) Transition
area between disintegrating axoplasmic layer and a region where a smooth inner face of the axolemma,
free of attached cytoplasmic filaments, is exposed against the perfusion space. Bar, 0.1 um. X 62,500.
(C) Membranous material (M) of the axoplasm in apposition to a2 smooth membrane (L ). Dense material
(arrow) between the membranous material of the axoplasm and the smooth membrane. Bar, 0.1 pum. X

62,500.

Ficures 12 and 13 Perfusion with 400 mM KCI for 9 min followed by Ca**-containing seawater for 5
min. About 20 s after the onset of seawater perfusion, the action potential was blocked. Bar, 0.1 um. X

75,000.

FIGURE 12 Schwann cell debris facing the perfusion space because most of the axon and portions of
Schwann cells have been removed over a wide range of the perfusion zone.

FiGUrRe 13

Intact axolemma and Schwann cell plasma membrane can be identified for short distances.

Fine filaments (arrow) extend through the extracellular space between the axolemma and the adjoining
plasma membrane of the Schwann cell. Short filaments are attached to the cytoplasmic face of the

axolemma.

MEeruzals AND Tasaki  Subaxolemmal Filamentous Network in Squid Nerve Fiber 611



612

linkage with cytoskeletal components (2, 34, 28).
Furthermore, it controls the mobility of protein
complexes in the lipid bilayer (46, 37, 52, 51).
Thus, a redistribution of intramembrane proteins
and other components of the membrane may have
a profound consequence on certain membrane-
associated functions of the cell and may affect the
specific transport of ions as well (5). It has been
suggested by Inoué et al. (18) that submembrane
structures may be involved in the maintenance of
the excitability in the squid axon.

The direct and extensive attachment of subaxo-
lemmal filaments to the axolemma is clearly dem-
onstrated in experiments involving axoplasm re-
moval by suction of a micro-cannula inserted into
living fibers. The indentation of the axolemma is
always behind and not opposite the orifice of the
cannula and corresponds with the site of attach-
ment of a birefringent fanlike structure to the
axolemma. Further evidence for the existence of
an extensive attachment of ectoplasmic filaments
to the axolemma is provided by electron micros-
copy of thin sections of intact and intracellularly
perfused fibers, fixed either in paraformaldehyde-
glutaraldehyde or directly in osmium tetroxide
solutions. In fibers fixed after perfusion with pro-
nase, areas of axolemma can be identified where
fragments of filaments are still attached to it. An
en face view of a filamentous network is revealed
on the inner surface of the axolemma by scanning
electron microscopy of fibers after extensive diges-

Fiure 14 The wall of the perfusion zone of a fiber
perfused with pronase (0.1 mg/ml) for 36 min, resulting
in suppression of excitability, see Fig. 9. (4) Numerous
blebs (arrows) of the axolemma protrude into the perfu-
sion space ( PL) of the axon; nucleus of the Schwann cell
(SN); vacuole (V) in the Schwann cell cytoplasm; basal
lamina (BLY); collagenous fiber layer (CO); connective
tissue cell (CC). Bar, 1 um. x 10,000. (B) Smooth
membranous profile protruding into the perfusion space
(PL). The membrane of the profile forms a necklike (E)
connection with the main part of the axolemma (L).
Bar, 0.5 um. X 25,000. (C) Higher magnification of the
necklike connection in Fig. 14 B, illustrating a possible
continuity (arrowhead) between the membrane of the
profile and the axolemma. The membrane of the profile
is free of.attached filaments; portions of the axolemma
free of filaments (L*); portions of the axolemma (L)
with attached short cytoplasmic filaments; short filament
fragments (arrow) of the subaxolemmal network at-
tached to the axolemma; Schwann cell cytoplasm (S)
and perfusion space (PL). Bar, 0.1 um. x 75,000.
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tion by internal application of pronase; see also
references 8, 4, and 61.

Intracellular perfusion with a KF-phosphate so-
lution does not bring about any changes in the
cross-lattice structure of the ectoplasm adjoining
the axolemma; no excitability changes can be
detected in such fibers. This conclusion is sup-
ported by comparing the results of observations
made by scanning electron microscopy of KF-
perfused fibers (described under section entitled
Perfusion with KF-Phosphate), with the finding
obtained previously by differential interference
microscopy (27). The appearance, dimensions,
and angular spread of the threadlike elements are
comparable in both types of preparations, in spite
of the fact that the specimens for scanning electron
microscopy have been fixed, dehydrated, and
coated. This comparison demonstrates the relia-
bility of our procedures for scanning electron
microscopy and excludes the possibility that the
observed configurations may be artifacts.

A direct visualization of the three-dimensional
assembly of the filamentous network in the ecto-
plasm has been achieved by scanning electron
microscopy of fibers perfused intracellularly with
pronase. The stereo-pair micrographs in particular
provide unequivocal evidence for a three-dimen-
sional assembly. This type of configuration of the
ectoplasmic network was also deduced from ob-
servations made with differential interference mi-
croscopy and thin-section electron microscopy
(27, 67, 28). Obviously, a three-dimensional vis-
ualization of this type of structure was not possible
with the latter techniques. Studies on the identifi-
cation, localization, and reassembly of the protein
components of the axoplasmic network are in
progress (48).

Buckley (5) investigated critical-point dried cul-
tured whole rat embryo cells by transmission
electron microscopy, using stereoscopic tech-
niques. In such preparations, interconnected fila-
ments form a widespread three-dimensional fine-
mesh network. The network is attached to the
plasma membrane and surrounds all organelles.
More than 50 years ago, Koltzoff (20) postulated
the existence of a cytoskeleton which could deter-
mine cell form and changes in form; see also
reference 33.

Interfilamentous protein material is removed
during the early phase of pronase perfusion, re-
sulting in a distinct delineation and detailed reso-
lution of the threadlike elements in scanning elec-
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tron micrographs. The beaded appearance and
association into wider threads are clearly visible in
such preparations, confirming the observations
made with negatively stained samples of freshly
extruded axoplasm; see also reference 26. In
fibers from which the endoplasm has been re-
moved by suction only, the ectoplasm displays
bubblelike elevations and smooth surfaces with
barely discernible threadlike elements.

Repetitive firing of action potentials during
pronase perfusion appears to coincide with the
appearance of smooth-surfaced blebs, many vesi-
cles, and large profiles on the inner face of the
axolemma. Significantly, the vesicles and the large
profiles, as well as many of the blebs, are mostly
free of filaments. However, a dense meshwork of
subaxolemmal filaments can still be seen over
wide areas of the inner face of the axolemma. The
possibility can be excluded that the smooth-sur-
faced blebs, vesicles, and the large profiles ob-
served in our material are fixation artifacts; see
reference 47. Such structures cannot be observed
in thin sections of intact fibers which have been
used as controls. The axolemma in these control
fibers may display a slightly wavy course; yet,
attached filaments can be identified all over the
cytoplasmic face of the axolemma in fibers fixed
either in aldehyde mixtures (Fig. 10 B) or directly
in osmium tetroxide (Fig. 10A4). In thin sections
of fibers perfused with KCl, the axolemma ap-
pears straight in areas covered by a layer of
axoplasm containing filaments attached to the
axolemma (Fig. 11A4). In areas where the fila-
mentous axoplasm components have been re-
moved, a blebbed appearance of the axoplasm is
evident (Fig. 11 B and C). Furthermore, indica-
tions of close morphological contacts, or even
possible continuities between the axolemma and
the membranous bodies protruding into the per-
fusion space (Fig. 14 C), can be seen. Besides the
intact fibers, other controls of the perfusion exper-
iments are the areas in the perfusion zone of
perfused fibers, where filaments are still attached
to the axolemma. Thus, the possibility can be
excluded with certainty that the morphology of
the axolemma in filament-free areas of the perfu-
sion zone might be caused through mechanical
damage during the initial suction of the endoplasm
or during the fixation, dehydration, and final
preparation of the perfused fiber for electron
microscopy. From these observations, it can be
hypothesized that removal of the subaxolemmal
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filaments from restricted areas on the inner face
of the axolemma may cause structural destabiliza-
tion of the axolemmal components with conse-
quent blebbing and fusion with membranous ma-
terial of the perfusion space. Selective elution of
the major component of the submembrane micro-
filament network, spectrin, is accompanied by the
breakdown of the erythrocyte ghosts by endocytic
vesiculation (24, 25, 56, 43, 35, 10).

The membranous material in the perfusion
space probably originates from disrupted mito-
chondria and smooth endoplasmic reticulum. It is
a well-known fact that, in intact axons of the giant
nerve fibers of the squid, mitochondria and pro-
files of the smooth endoplasmic reticulum appear
often in close proximity to the axolemma. Mito-
chondria apposing the axolemma or even “con-
nected with the Schwann cell cytoplasm” were
first observed in intact fibers by Geren and
Schmitt (15). In fibers from which the axoplasm
has been extruded mechanically and subsequently
replaced by a K-salt solution, numerous vesicles
have been noted in proximity of the axolemma
(3). Baker et al. (3) suggested that these vesicles
may originate from damaged mitochondria and
other membrane-bounded structures of the axon.
In fibers perfused with pronase, endocytic protru-
sions of the axolemma have been interpreted by
Takenaka et al. (58) as fixation artifacts. Proc-
esses of Schwann cell layer projecting into the
axon have been seen by several authors (15, 3,
58). However, according to our results, the for-
mation by the axolemma of endocytic protrusions
into the perfusion space during perfusion with
pronase has to be considered, too.

The blebs, microvilli, and other small projec-

tions, observed by scanning electron microscopy
on the surface of dividing Chinese hamster ovary
cells (41), resemble the structures observed on the
inner face of the axolemma during pronase perfu-
sion. Multiple lateral blebs have been observed by
Costero and Pomerat (9) along the dendrites of
nerve cells grown in tissue culture. They appear
repetitively and in large numbers in very long
segments of the neuronal processes, disappearing
as rapidly as they are formed. The authors have
referred to this phenomenon as zeiosis. It is
reasonable to speculate that the formation of
exocytic blebs and excrescences is the conse-
quence of localized destabilization of the plasma
membrane, caused by disassembly of submem-
branous filaments.

In the neuromuscular junction, specialization in
the cortex of the juxtaneuronal portions of the
junctional folds has been revealed as a branching
ladderlike filamentous network (11). These fila-
ments have been considered to be involved in
restricting the mobility of receptor proteins to the
perineuronal aspects of the postsynaptic mem-
brane. It is conceivable that the distribution and
relative immobility of certain protein and lipid
components in the axolemma of the squid giant
nerve fiber are critical factors in the maintenance
of excitability. The maintenance of a specific
topography of these membrane components in the
axolemma may occur through their attachment to
the subaxolemmal network. In perfused fibers
which have lost the capacity to generate action
potential, the subaxolemmal network has been
removed in one-third of the perfusion zone.

A transmission electron microscope study of
thin sections of squid axons perfused with pronase

Ficure 15 Actinlike filaments displaying arrowhead pattern (arrows) after labeling with HMM, and
controls. Axoplasm from three fibers extruded into 0.5 ml of SSS, homogenized, and the suspension
placed on a grid for 2 min, treated with HMM (400 ug/ml in SSS) for 5 min on the grid, rinsed with 0.1 M
KCl, and stained negatively with 1% uranyl acetate, pH 4.4, for 1 min. Control specimens (D) were
prepared in the same way, except that the rinsing solution contained 10 mM ATP. Another series of
control specimens (E) were prepared in the same way, except that treatment with HMM and ATP was
omitted. (A, C, D, and E) x 75,000. (B) Fundamental differences between an actinlike filament (arrow)
and filaments not labeled with HMM; ~70-A wide filament (1) and a filament measuring 100-250 A in
diameter (2). Helical substructure (H) and lateral projections (AR) in filament 2. X 150,000. Inset: Two
parallel actinlike filaments with arrowheads oriented in opposite directions (arrowhead, inverted arrow-
head). x 75,000. (C) Actinlike filaments, displaying arrowhead pattern, continuous with ~70-A wide
filaments (AC). Reversal (asterisk) of the direction of arrowheads (arrowhead, inverted arrowhead) in
the same filament; reversal also shown in the inset. X 75,000. (D) Control. After rinsing with 10 mM ATP
in SSS, filaments resembling actinlike filaments with arrowhead pattern cannot be seen. Bar, 0.1 gm.
x 75,000. (E) Control. In negatively stained preparations of axoplasm extruded in SSS and not treated
with HMM, filaments displaying arrowhead pattern cannot be seen. Bar, 0.1 um. X 75,000.
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Ficure 16 Actinlike filaments displaying arrowhead pattern (arrows) after labeling with HMM. Thin
sections of the axoplasm from a glycerinated squid giant fiber, fixed and embedded as described in
Materials and Methods. Bar, 0.1 um. X 75,000. (B-E) Close proximity and direct contact between the
actinlike filaments, labeled with HMM (arrows), and the axolemma (L). Extracellular space (asterisk).



was made by Takenaka et al. (58). In disagree-
ment with our observations, these authors claim
that normal action potentials can be obtained after
complete removal of the axoplasm. This discrep-
ancy cannot be settled by the results of transmis-
sion electron microscopy alone, due to the limited
sampling obtainable by thin sectioning of a 15-mm
long and 0.5-mm wide perfused zone of the axon.
The scanning electron microscopy technique de-
veloped in the present investigation provides an
overall view of the perfused zone combined with
detailed information on the morphology of the
inner surface. The technique may be of value in
future investigations of the excitable layer in the
squid giant nerve fiber (see, for example, refer-
ence 1).

The dramatic effect of intracellular perfusion
with Ca**-containing seawater is interesting in
view of the fact that the same solution has no
harmful effect on the outer surface of the fiber.
Several factors may be causally involved (see
references 16-18 and 36). However, further con-
trol experiments are needed to correlate our ob-
servations with the data available in the literature.
Nevertheless, fibers perfused intracellularly with
Cat*-containing seawater provide examples of
scanning electron micrographs of disrupted sam-
ples. In other experiments, the disruption could
be caused by poor fixation and preservation tech-
nique.

We have established the presence of actinlike
protein in the axoplasm of squid giant nerve fiber
using the techniques of HMM-labeling and SDS
gel electrophoresis (40, 38). Freshly extruded
axoplasm treated with HMM displays actinlike

Ficure 17 Control. Thin sections of the axoplasm of
squid giant nerve fiber treated as the fiber in Fig. 16,
except that the fiber in Fig. 17 was incubated with HMM
in the presence of 10 mM ATP in SSS. Filaments dis-
playing arrowhead pattern, as illustrated in Fig. 16 A-E,
cannot be seen. Bar, 0.1 um. X 75,000.

Ficure 18 Comparison of polypeptide profile of
whole axoplasm (T) with that of actin isolated from
rabbit skeletal muscle (A). Both samples were run in
10% polyacrylamide gels under the same conditions. A
polypeptide is present in the axoplasm which has a
mobility identical to that of the muscle actin (band 8).
The molecular weights of the numbered bands on the T
gel are: 1 (122,000), 2 (89,000), 3 (72,000), 4
(70,000), 5 (62,000), 6 (56,000), 7 (55,000), &
(46,000), and 9 (40,000). The molecular weight of the
major band in gel A (band 8) is 46,000 and corresponds
to that of muscle actin.
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filaments decorated in the characteristic arrow-
head pattern. In axoplasm homogenates, actinlike
filaments can be found arranged side by side. In
such a two-filament complex, the orientation of
the arrowheads in one filament is opposite to their
orientation in the other. Such an arrangement
supports the sliding filament model (53), but an
artificial origin of such structures in homogenized
samples is always possible. Filaments decorated
with HMM can be identified in which the orienta-
tion of the arrowheads is reversed. It cannot be
decided presently whether the images of polarity
reversal are produced by two superimposed fila-
ments or else represent intrinsic properties of the
filament.

Numerous filaments decorated with HMM can
also be identified in thin sections of fixed fibers
which have been glycerinated and treated with
HMM according to the method of Ishikawa et al.
(19). Evidently, the arrowhead pattern of actin-
like filaments is never displayed in such prepara-
tions so conspicuously and regularly as in nega-
tively stained samples. Stretches of fuzzy attach-
ments can be seen in addition to definite arrow-
head structures, a fact noted by all investigators
familiar with these techniques (28, 22). In such
preparations, actinlike filaments decorated with
HMM can be identified either in close proximity
to or in a direct contact with the axolemma.
However, the number of filaments associated with
the axolemma in glycerinated fibers is conspicu-
ously lower than in fibers fixed and treated accord-
ing to standard procedures. Obviously, glycerol
treatment removes material from the axoplasm
and distorts the axolemma. In glycerinated control
fibers which have not been treated with HMM or
in which HMM treatment has been carried out in
the presence of ATP, decorated filaments could
never be identified.

In both types of preparations treated with
HMM —the negatively stained homogenates of
axoplasm and the glycerinated fibers —the bulk of
filaments are not decorated by HMM and repre-
sent the so-called neurofilaments.

By use of the technique of HMM-decoration,
actinlike protein has been localized in the axo-
plasm of glycerinated neuroblastoma cells (6, 7),
in central neurons of rat brain (22), and in syn-
apses of rabbit brain (28); see also reference 13.
The relatively indistinct appearance of the deco-
rated filaments in glycerinated squid giant fibers
may be partly due to the thick connective tissue
layer surrounding the axon. However, the appear-
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ance of the actinlike filaments as illustrated in the
present report is comparable to the appearance of
decorated actinlike filaments in other papers (see,
for example, references 6, 44, and 28).

The HMM-decoration experiments are sup-
ported by the results of SDS-polyacrylamide gel
electrophoresis of freshly extruded axoplasm. In
gels of the whole axoplasm, a major band can be
identified which has a mobility similar to that of
rabbit muscle actin. A similar band is also present
in gels of intracellular axonal perfusate obtainable
from excitable fibers.> The results of SDS gel
electrophoresis of intracellular perfusates preclude
the possibility of an extra-axonal source of actin-
like protein. A band with an apparent mol wt of
46,000 has also been identified in extruded axo-
plasm of squid giant fibers by other workers (14).

Submembrane filaments attached to the plasma
membrane have been observed in many types of
cells, and in many instances these filaments have
been identified as actinlike protein (39, 53, 44,
65, 32, 22, 8, 62). Actin filaments bind to purified
lipids under physiological conditions (49). The
detailed localization of the actin filaments in the
ectoplasm network, their precise relationships
with other filamentous components of the axo-
plasm and with the axolemma, as well as the role

*which actin may play in excitability and other
functions of the axon, remain to be determined in
future investigations of the squid giant nerve fiber.
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