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Neurofilaments Move Apart Freely When
Released From the Circumferential
Constraint of the Axonal Plasma Membrane
Anthony Brown and Raymond J. Lasek

Bio-architectonics Center, Case Western Reserve University School of
Medicine, Cleveland, Ohio
Squid giant axons were used to obtain axonal cytoskeletons that had been separated from the confines of their plasma membranes. To remove the plasma membrane, axoplasm was extruded from the giant axon directly into an artificial
axoplasm solution (AAS). This procedure produces a smooth axoplasmic cylinder
in which neurofilaments (NFs) are the most prevalent cytological elements. The
NFs scatter light strongly and thus dark-field light microscopy can be used to
quantify the volume occupied by these polymers. Measurements of the widths of
the dark-field images of the axoplasmic cylinders showed that the cross-sectional
area of the NF population increased by 60-1 10% (n = 8) between 1-100 min
after plasma membrane removal, and then continued to increase more slowly for
many hours. After 1,000 min, the cross-sectional area was 75-160% (n = 8)
larger than at I min. These light microscopic measurements of axoplasrn suggest
that the NF population disperses to occupy a continuously increasing volume after
removal of the plasma membrane and immersion in AAS. This inference was
confirmed by quantitative ultrastructural studies of NFs in axoplasmic crosssections, which demonstrated that the spacing between the NFs increased between
1-1,000 min after plasma membrane removal. Comparison of the NF density
distribution after 1,000 min with a theoretical distribution calculated using the
Poisson theorem indicated that the NFs dispersed randomly. These studies on NFs
in isolated axoplasm suggest that ordinary thermal forces of Brownian motion are
sufficient to move axonal NFs apart independently and thereby to disperse them.
We propose that, in the intact axon, the dispersive movements of the NFs spread
the NF cytoskeleton radially and expansively to fill out the cylindrical space
contained by the axonal plasma membrane and its surrounding connective tissue
elements. 0 1993 Wiley-Liss, Inc.
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INTRODUCTION

Contemporary notions about the interactions between axonal cytoskeletal polymers have been derived
largely from ultrastructural studies of chemically fixed
axons. Such studies have found that axonal neurofilaments (NFs) have an extensive brushlike border of sidearms that project from the polymer backbone [Metuzals,
1969; Wuerker, 1970; Ellisman and Porter, 1980; Hodge
and Adelman, 1980; Hirokawa, 1982; Schnapp and
Reese, 1982; Tsukita et al., 1982; Hirokawa et al., 1984;
Hisanga and Hirokawa, 19881. Neighboring NFs contact
Q 1993 Wiley-Liss, Inc.

one another through these sidearms, and these contacts
are numerous in axons where NFs are packed densely.
Electron microscopic studies of NF organization have
Received September 14, 1992; accepted May 11, 1993.
Address reprint requests to Dr. Anthony Brown, Department of Biological Sciences, Irvine Hall, Ohio University, Athens, OH 45701.
Abbreviations: AAS, artificial axoplasm solution; EGTA, ethyleneglycol-his-[2-aminoethyl ether]-N,N,N’,N’-tetraacetic
acid; HEPES,
N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic
acid]; M,, relative
molecular mass; MT, microtubule; NF, neurofilament; PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl sulfate.
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often emphasized the extensive contacts between NF
sidearms and adjacent NFs, and this has encouraged the
proposal that NF sidearms operate as cross-linkers which
serve to tie NFs into a network or lattice [Metuzals,
1969; Lasek and Hoffman, 1976; Ellisman and Porter,
1980; Hodge and Adelman, 1980; Schnapp and Reese,
1982; Hirokawa, 1982; Tsukita et al., 1982; Metuzals et
al., 1983; Willard and Simon, 1983; Lasek et al., 1984;
Hirokawa et a]., 19841.
In contrast with the visual impression that axonal
cytoskeletons are highly cross-linked, quantitative studies on the distribution of NFs in cross-sections of axons
have suggested that the associations between NFs may
actually be relatively weak. Specifically, Price et al.
[1988] have analyzed the radial distribution of NFs in
chicken oculomotor axons, which contain between
5,000-13,000 NFs per axonal cross-section. In the internodal regions of these axons, the NF distributions
matched a random (Poisson) distribution. Price et al.
[1988] pointed out that a random distribution of NFs
could be produced by the stochastic forces of Brownian
motion if the NFs were relatively non-interactive and
only weakly associated with one another; such weak associations between the NFs would permit them to move
freely in response to the persistent thermal forces that
operate continually to move molecules in cells.
The independent mobility of NFs in the radial dimension of axons has also been emphasized by Monaco
et al. [1989], who studied the radial spacing of NFs in
axons treated with 2,5-hexanedione. This drug reduces
the density of NFs in axons by increasing their rate of
transport toward the axon terminals, while having little
or no effect on the supply of NFs from the nerve cell
body. In optic axons treated with 2,5-hexanedione, the
number of NFs in any cross-section is reduced to about
one-third of that in control axons. This decrease in the
number of NFs increases the space available in the axon
for the lateral movements of these polymers and other
intra-axonal components. Monaco et al. [ 19891 found
that the average distance between neighboring NFs was
3 1% greater in axons treated with 2,5-hexanedione than
in control axons. Thus, it appears that the weak associations between NFs leave them free to move apart independently so that they will tend to disperse expansively
to occupy the space available to them within the axon.
To further study the mechanisms that constrain the
lateral movements of NFs in axons, Price et al. [1990]
compared the distributions of NFs along single myelinated axons in regions with different amounts of external
compression from the surrounding histological components. They found that the NFs are packed together
densely in nodal and paranodal regions, where the circumferential constraints on the axon are high, and that
the NFs are packed more loosely in regions of simple

compact myelin, where the circumferential constraints
on the axon are low. Based on these observations and on
those discussed above, Price et al. [ 19901 proposed that
the NFs form a compressible axonal skeleton, which can
respond elastically to external radial forces, expanding
when these forces are relatively weak and being compressed when these forces are stronger.
These observations suggest that, even though axonal NFs appear to be interconnected by numerous sidearm projections, they actually behave as though they are
only weakly interactive and as though they are able to
move independently from side to side in response to the
thermal forces of solution. To further explore this possibility, we have studied axonal cytoskeletons isolated
from the constraints of their limiting plasma membrane.
To separate axoplasm from its plasma membrane, we
have taken advantage of the large size of the squid giant
axon, which allows axoplasm to be extruded from the
axon [Morris and Lasek, 1982, 19841. The extrusion
process separates a cylinder of axoplasm from its surrounding structures (the external connective tissue elements, the plasma membrane, and a thin cortical layer of
axoplasm that remains adherent to the plasma membrane). In the present study, we extruded the axoplasmic
cylinders directly into an excess volume of artificial axoplasm solution (AAS). Then, we used the light-scattering
properties of NFs to quantify the overall movements of
the NF population. Finally, to more directly determine
the organization of the NFs in the isolated axoplasm, we
studied the polymers in cross-sections using electron microscopy.

MATERIALS AND METHODS
Extrusion of Axoplasmic Cylinders
Squid (Loligo pealei) were killed by decapitation
and the two hindmost giant axons were dissected from
the body wall in flowing seawater. A 2-3 cm length of
each axon was fine-cleaned of associated smaller nerve
fibers in nominally calcium-free artificial seawater (440
mM NaC1, 9 mM KCI, 23 mM MgCl,, 26 mM MgSO,,
2 mM NaHCO,, pH 7.8). Lengths of fine-cleaned axon,
about 15 mm long, were tied at each end with cotton
thread and then excised. These fine-cleaned axon segments were then rinsed for about 5 min in 2 ml of artificial axoplasm solution (AAS, see below) in a small
transparent plastic chamber containing a 3 mm-deep
layer of SylgardQ (Dow Corning Corporation, Midland,
MI). The chambers measured 35 mm X 15 mm X 10
mm and were prepared from the sawn-off bases of Falcon 3012 plastic tissue culture flasks (Becton, Dickinson
and Co., Lincoln Park, NJ).
After rinsing, each fine-cleaned axon was transferred into 2 ml of fresh AAS and cut at one end. Axo-
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plasm was extruded directly into the AAS by applying
light pressure against the Sylgardm base using the
rounded edge of a pair of bent forceps and a single gentle
sweeping motion toward the cut end of the submerged
axon. By extruding directly into solution, disruption of
the axoplasm caused by surface tension forces at the
air-water interface was avoided, and fairly uniform cylinders of axoplasm were obtained. In these investigations, the length of the axon segments used for extrusion
varied from 6.9-13.5 mm and the diameters of the axons
segments varied from 370-540 Fm. To prevent movement during subsequent measurements, the segments of
extruded axoplasm were sometimes attached to the Sylgardm using small stainless steel insect pins.
Brown and Lasek [ 19901 have reviewed the extrusion process in detail. Briefly, when an axon is cut at one
end and then an extrusion pressure is applied to the other
end, the axoplasm resists the pressure initially and then
yields in a region about 10 p m beneath the plasma membrane. This extrusion pressure produces a cylinder of
axoplasm that slides through a sleeve of cortical axoplasm and emerges from the open end of the axon leaving behind a thin 10-20 p m layer of cortical axoplasm
attached to the axonal plasma membrane [Baker et al.,
1962; Tsukita et al., 19861.
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gels were stained with Coomassie Brilliant Blue R-250.
Protein standards for determination of M, were purchased from Sigma (MW-SDS-200 kit).
Measurement of Axoplasmic Cylinders
Axoplasm was observed under dark-field illumination using a binocular dissecting microscope and photographed using Kodak Technical Pan film (Kodak, Rochester, NY) at a magnification of X 8. Photographs
were taken within 3 min of plasma membrane removal,
and then at intervals for up to 24 h. The diameter of the
dark-field image was measured on the photographic negative at at least three points along the axoplasm cylinder
using a reticle and the average was calculated. For the
kinetic analyses, the change in diameter relative to the
first measurement was plotted against time. All the experiments were conducted at ambient temperature.
Electron Microscopy

To fix the axoplasm for electron microscopy, excess AAS was removed and the dish was flooded quickly
with many changes of an iso-osmotic fixative solution
containing 0.1 M potassium phosphate, 0.6 M sucrose, 5
mM potassium EGTA, 10 mM MgCl,, 4% (v/v) glutaraldehyde, pH 7.1 [Miller and Lasek, 19851. The axoplasm was then post-fixed with osmium tetroxide,
Artificial Axoplasm Solution
stained en bloc with uranyl acetate, dehydrated through a
The artificial axoplasm soIution (AAS) used in graded series of ethanol solutions into propylene oxide,
these investigations was designed by Brady et al. [1984] and embedded in Poly/Bed 812 resin (Polysciences, Inc.,
to simulate the small-molecule composition of the squid Warrington, PA). Thin sections were stained with lead
axon, and it contained 350 mM potassium aspartate, 130 citrate and uranyl acetate and examined with a Jeol
mM taunne, 70 mM betaine, 50 mM glycine, 13 mM lOOCX electron microscope.
MgCl,, 20 mM HEPES, 10 mM EGTA, 3 mM CaCl,,
and 1 mM glucose. The pH was adjusted to 7.2 with Morphometry
Analysis of the density, distribution, and nearestpotassium hydroxide. This solution is iso-osmotic with
squid axoplasm (about 980 m o s d l ) and has been shown neighbor distances of the cytoskeletal polymers was perto support physiologic processes such as organelle trans- formed on electron micrographs of transverse sections of
location for many hours in the presence of ATP. ATP extruded axoplasm. A series of photographs was taken at
was not added to the AAS in these investigations because a magnification of 22,500 at regular intervals across each
it was found to have no measurable effect of the expan- section, from the periphery of the axoplasm to its center.
sion of the axoplasm (10 mM MgATP, our unpublished Negatives were printed at a three-fold enlargement to
observations).
give a final magnification of 67,500 on the print. NFs
and microtubules (MTs) were counted by the hexagon
Electrophoresis
template method of Price et al. [1988, 19901. A template
Sodium dodecyl sulfate polyacrylamide gel electro- of contiguous hexagons (photocopied onto transparent
phoresis (SDS-PAGE) was performed using a Hoefer acetate sheets) was laid over each print and the position
“Mighty Small” slab gel apparatus (SE200, Hoefer Sci- of each NF was marked. The area of the hexagons was
entific Instruments, San Francisco, CA). Axoplasm was 7.75 cm2 on the print, which corresponded to an area of
dissolved in sample buffer (2%SDS, 1% 2-mercaptoeth- 0.17 pm2 of axoplasm. Hexagons in which membranous
anol, 5 % glycerol, 0.1 M Tris/HCl, pH 6.8) by heating organelles occupied more than 10% of the area were not
in a water bath at 90°C for 3 min, and then analyzed on included in the analysis. Fewer than 10% of the hexa4-15% gradient gels (0.75 mm thick) using a 3.5% gons were excluded by this criterion, and all other hexastacking gel and a discontinuous Tridglycine buffer sys- gons were counted. An average of 42 hexagons were
tem, essentially as described by Laemmli [1970]. The counted per micrograph (minimum = 36, maximum =
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48). In expanded cytoskeletons, some of the NFs were
oriented perpendicular or oblique to the plane of crosssection. In these cases, the mid-point along the length of
the polymer was taken to be the position of that polymer.
To calculate the NF density, the total number of
NFs counted in a single cross-section of axoplasm was
divided by the total area occupied by the hexagons.
Thus, the densities obtained represent the densities of
NFs in non-vesicular axoplasm. For the nearest-neighbor
analyses, the distance between each NF and its nearestneighbor was measured on the acetate templates. To analyze the distribution of the NFs, we plotted histograms
NF number per hexagon vs. the number of such hexagons and compared this distribution to an idealized random distribution (the Poisson distribution), as described
by Price et al. [1988].
RESULTS
Light Microscopic Observations of Isolated
Axoplasmic Cylinders

We extruded axoplasmic cylinders from squid giant
axons directly into artificial axoplasm solution (AAS)
and observed the overall behavior of the cytoskeleton
using light microscopy under dark-field illumination.
Axoplasm is almost transparent under bright-field illumination but it can be visualized under dark-field illumination because of the strong light-scattering properties
of the cytoskeletal polymers, which pervade the axoplasm. Figure 1 shows a segment of axoplasm in AAS
immediately after extrusion. The axoplasm appears as a
bright image in sharp contrast against the dark background of the surrounding homogeneous solution. The
axoplasm retains its overall cylindrical shape during the
process of extrusion, and its surface is relatively smooth.
Measurements of the length and width of the axoplasm within 3 min after extrusion showed that the axoplasm was always shorter and thicker than the axon from
which it was extruded. On average, the axoplasm was
about 40% shorter and the cross-sectional area was about
40% greater than the axon from which it came [Brown
and Lasek, 19901.This decrease in length and increase in
width indicate that the axoplasm is subject to some longitudinal compression during extrusion, and that it does
not fully recoil to its original shape [Morris and Lasek,
1982; Brown and Lasek, 19901.
We analyzed 26 cylinders of extruded axoplasm in
AAS for periods ranging from 1-1,400 min. In all cases,
the axoplasm retained its cylindrical form and continued
to produce a strong light-scattering image throughout the
period of observation. This confirms the observations of
Morris and
and '9841, which showed that
isolated aXoplaSmiC cylinders retain their Overall shape
and integrity in AAS for more than 24 h. Visual inspec-

Fig. 1. DXk-field image of a segment of axoplasm in AAS, The
photograph was taken within 1 min of plasma membrane removal,
Scale bar = 0.5 mm.
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Fig. 2. Dark-field images of a segment of axoplasm in AAS. The photographs were taken (A) 1 min, (B)
40 min, and (C) 740 rnin after plasma membrane removal. Scale bar = 0.5 mm.

tion of the overall dimensions of the axoplasmic cylinders suggested that the volume increased slowly and continuously after immersion in AAS (Fig. 2). Figure 2
shows a segment of axoplasm at 1,40, and 740 rnin after
extrusion. The width of the axoplasm increased between
1-40 min, and between 40-740 min. We measured the
width and length of this axoplasmic cylinder, and found
that the cross-sectional area and the length of the axoplasm increased as follows. At 1, 40, and 740 min the
cross-sectional area of the axoplasm was 0.22,0.41,and
0.53 mm2, respectively, and the length was 6.49, 7.36,
and 7.55 mm, respectively. These results show that the
cross-sectional area increased by 86% between 1-40
min, and the length increased by 13%. Between 40-740
min, the cross-sectional area increased by 29% and the
length by 3%. The overall volume of the axoplasm increased by 175% between 1-740 min. In summary, the
dimensions of the axoplasm increased relatively rapidly
during the first 40 min after extrusion and then continued
to increase more slowly.
To further document the increase in the volume of
the axoplasm in AAS, we measured eight axoplasmic
cylinders at 1 rnin after extrusion into AAS and then after
740 rnin in AAS. For these eight cylinders, the average
increase in cross-sectional area was 118% after 740 min
in AAS (minimum = 76%, maximum = 154%), and
the average increase in length was 13% (minimum =

7%, maximum = 23%). Based on these averages, we
estimate that 87% of the increase in the volume of the
axoplasmic cylinders was due to an increase in crosssectional area and only 13% was due to an increase in
length. These observations indicate that the increase in
volume of the axoplasmic cylinders in AAS was due
largely to expansion in the radial dimension. For this
reason, the following analyses focus exclusively on
changes in the width of the axoptasm.
Kinetic Analyses of the Radial Expansion of
Isolated Axoplasm

To further investigate the kinetics of the volume
increase for axoplasm in AAS, we measured eight axoplasmic cylinders at 1 min after extrusion and then at
intervals for up to 1,000 min. Figure 3 is a plot of the
kinetics of radial expansion for eight different cylinders
of axoplasm. The cross-sectional area increased rapidly
initially and then continued to increase at a progressively
slower rate for the entire duration of the experiment.
During the first 100 min, the cross-sectional areas increased by 60-110%. After 1,000 min, the cross-sectional areas were 75-16096 larger than at 1 min.
These observations on the expansion of axoplasm
in AAS demonstrate that the volume occupied by the
light-scattering polymers increases when axoplasm is
isolated from its plasma membrane and immersed in
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Fig. 3. Analysis of the kinetics of radial expansion of axoplasm in AAS. The percentage change in
cross-sectional area is plotted time for eight segments of axoplasm. For each plot, zero time i s taken to
be the time of the first measurement. The time between plasma membrane removal and the first measurement varied from 1-2.5 min. The initial diameters of the eight segments of axoplasm vaned from
0.51-0.64 mm. Each symbol-set represents the measurements for a separate piece of axoplasm.

AAS. To occupy a larger volume, the axoplasmic polymers must be relatively free to move into the available
space provided by the excess volume of AAS in which
the axoplasm is immersed.
Protein Analyses of Axoplasm in AAS

We used SDS-PAGE to compare the protein composition of axoplasmic cylinders before and after prolonged immersion in AAS (Fig. 4). The most abundant
proteins in freshly extruded axoplasm are the NF proteins, tubulin, and actin (Fig. 4A). After immersion in
AAS for 215 min, many of the minor proteins that were
present in freshly extruded axoplasm were no longer detectable (Fig. 4B). Morris and Lasek [I9821 showed that
these proteins are diffusible and move rapidly from the
axoplasm and into the surrounding solution after immersion in AAS.
Comparison of the tubulin and actin bands in Figure 4A and B shows that these proteins were present in
axoplasm after immersion in AAS, but that the amount
of these proteins was less than in freshly extruded axoplasm. This is consistent with the quantitative studies of
Morris and Lasek [1982, 19841, which showed that a

proportion of the actin and tubulin is lost from axoplasm
after immersion in AAS. Specifically, 26% of the actin
and 16% of the tubulin in axoplasm is monomeric. These
monomeric subunits diffuse rapidly into the surrounding
solution and are lost completely from the axoplasm
within about 10 min after immersion in AAS. In addition, 30% of the actin and 59% of the tubulin in axoplasm is present as metastable polymer. This polymer
depolymerizes completely within about 120 min after
immersion in AAS, and the liberated subunits rapidly
disperse into the surrounding medium. After these monomeric and metastable polymer proteins diffuse out of
the axoplasm, about 44% of the total actin and 25% of
the total tubulin remain with the cytoskeleton as stable
polymers.
By contrast with tubulin and actin and many of the
other axoplasmic proteins that decreased in amount after
immersion in AAS, the amounts of the three principal
NF subunit proteins (NF-60, NF-200, and NF-I) were
about the same in axoplasm with and without immersion
in AAS. This is consistent with the quantitative studies
of Morris and Lasek [ 19821 which showed that more than
95% of the NF proteins in squid axoplasm remain within
the axoplasmic cytoskeleton after immersion in AAS for

Radial Mobility of Axonal Neurofilaments

A

B

319

levels (< 1pMj. Comparison of lanes (A) and (B) in
FIgure 4 shows that the M, 100,000 degradation product
was not present in axoplasm before or after immersion in
AAS. The absence of this NF degradation product indicates that the Ca:EGTA buffer effectively maintained the
protease in its inactive form in our experiments.
Electron Microscopy of Axoplasmic
Cytoskeletons in AAS

0
min.

215
min.

Fig. 4. SDS-PAGE of axoplasm (A) extruded without immersion in
AAS and dissolved in sample buffer immediately, and (B) extruded
into AAS and then dissolved in sample buffer after 215 min. The
stacking gel and separating gel are shown for both samples (see Materials and Methods). The positions of the three NF proteins (NF-I,
NF-200, and NF-60) and of tubulin (T) and actin (A) are indicated on
the right, and the positions of the M, standards (205, 116, 97, 66,45,
and 29 kD;see Materials and Methods) are indicated on the left. The
starting amount of axoplasm was the same for both samples in order to
allow direct comparison of the electrophoretic profiles.

as long as 24 h. This indicates that essentially all of the
NFs in axoplasm remain stably polymerized in AAS.
Inspection of Figure 4 also indicates that there was
no detectable proteolysis of the NF proteins. The high
molecular weight NF proteins, which are largely responsible for the brushlike border of sidearms that project
from the NF backbone in axons, are very sensitive to
endogenous calcium-activated proteolysis [Schlaepfer
and Zimmerman, 19851. In squid axoplasm, proteolytic
cleavage of the high molecular weight proteins produces
a prominent and stable degradation product of M,
100,000 that remains tightly associated with the core of
the NF [Brown and Eagles, 1986; Gallant et al., 19861,
but this protease is not active at calcium concentrations
below 0.5 mM [Gilbert et al., 1975; Pant et al., 1979;
Pant and Gainer. 19801. In our experiments, we used a
Ca:EGTA buffer (see Materials and Methods) to maintain the calcium concentration in the AAS at physiologic

To observe more directly the behavior of axoplasmic NFs after they were released from the constraints of
the plasma membrane, we stabilized axoplasmic cytoskeletons with chemical fixative and studied them in
cross-sections with the electron microscope (Fig. 5 ) .
Figure 5A shows a representative cross-section of
axoplasm that was fixed 1 min after extrusion into AAS.
The structure of the extruded axoplasm is similar to axoplasm in the intact axon [Metuzals et al., 19831. NFs are
the most abundant cytological elements, but MTs and
membranous elements are also visible throughout the axoplasm. The NFs and MTs are sectioned more or less
transversely and both have extensive contacts with their
neighbors through wispy sidearms [Metuzals, 1969;
Hodge and Adelman, 1980; Metuzals et al., 1982, 1983;
~~~i~ and Lasek, 19821. F~~ if any of the N F or
~ MT~
are isolated entirely from their neighbors,
We studied the ultrastructure of the axoplasm at 1,
10, 100, and 1,000 min after extrusion to establish how
the overall organization of the NFs changed with time in
AAS. F~~~ 1-10 min in AAS, the N F ~became more
widely spaced and the spacing between them increased
further after 100 and 1,000 min. Figure 5B shows a
cross-section of axoplasm after 1,000 min. The NFs
were spaced much further apart than after 1 min in AAS
(Fig. 5Aj. Furthermore, individual NFs were often orientated obliquely to the plane of the cross-section after
1,000 min, and many of the NFs were clearly isolated
from their neighbors. Only very few or the NFs were
aligned side by side in parallel arrays or bundles as they
are in the intact axon and in freshly extruded axoplasm.
Neurofilament Densities
To quantify the NF density, a series of photographs
was taken with the electron microscope at regular intervals across an entire cross-section of the axoplasm, from
center to periphery (see Materials and Methods). After 1
rnin in AAS, the average density was 46 NF/km2, with
a range of 33-62 NF/pm2 for the 15 photographs in the
series (total number of NFs counted = 4,750). After
1,000 rnin in AAS, the NF density was lower throughout
the axoplasm, from center to periphery, and the average
density was 16 NF/p,mZ, with a range of 13-23 NF/pm2
for the 21 photographs in the series (total number of NFs

320

Brown and Lasek

Fig. 5 . Electron micrographs of axoplasm in transverse section (A) 1 rnin and (B) 1,000 min after plasma
membrane removal in AAS. NF = neurofilament. Scale bar = 0.5 bm.

Radial Mobility of Axonal Neurofilaments

counted = 2,351). Thus, the average NF density after
1,000 min was 34% of the density at 1 min.
To further examine the change in density, we measured the distance between each NF and its nearest
neighbor in cross-sections of axoplasm (see Materials
and Methods). After 1 rnin in AAS, the average and
median distances were 81 and 78 nm, respectively (854
NFs measured in a total area of 18 pm’). The minimum
nearest neighbor distance was 15 nm and the maximum
was 232 nm. After 1,000 rnin in AAS, the average and
median distances were 126 and 1 1 1 nm, respectively
(525 NFs measured in a total area of 34 pm2). The
minimum nearest neighbor distance was 23 nm and the
maximum was 464 nm. These results indicate that the
average distance between neighboring NFs increased by
56% between 1-1,000 min after extrusion into AAS.
These ultrastructural changes in the organization of
individual NFs are consistent with the changes in the
overall distribution of the NF populations observed using
light-scattering. Together these results indicate that removal of the axonal plasma membrane permits the NFs
to move freely from side to side in response to thermal
stochastic forces, and that these movements increase the
distance between neighboring NFs, thereby dispersing
the NF population radially to occupy a larger volume.
Microtubule Densities

We also quantified the density of the MTs at 1 and
1,000 min after immersion in AAS, as described above.
After 1 rnin in AAS, the average density was 4.7 MT/
pm2, with a range of 3.0-6.4 MT/km2 for the 15 photographs in the series (total number of MTs counted =
494). After 1,000 min in AAS, the average density was
0.6 MT/pm2, with a range of 0.1-1.3 MT/pm2 for the
21 photographs in the series (total number of MTs
counted = 83). Thus, the average MT density after
1,000 min was 13% of the density at 1 min.
Comparison of the MT densities with the NF densities above indicates that the relative number of MTs to
NFs was 1:lO after 1 min and 1:27 after 1,000 min.
These measurements confirm that NFs greatly outnumber MTs in squid axoplasm. In addition, these measurements indicate that density of the MTs decreased more
than that of the NFs during expansion of the axoplasm.
Consequently, NFs represented a greater proportion of
the cytoskeletal polymers after 1,000 rnin in AAS than
after only 1 min in AAS.
This disproportionate decrease in MT density relative to NF density is due to the depolymerization of
metastable MTs, which represent about 70% of the MTs
in axoplasm. In addition to these metastable MTs, about
40% of the microfilaments in axoplasm are also metastable and also depolymerize when axoplasni is im-
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mersed in an excess volume of AAS. By contrast with
these polymers, essentially all of the NFs are stable under these conditions [Morris and Lasek, 1982, 1984; see
above].
The decrease in the number of MTs and microfilaments in axoplasm immersed in AAS reduces the total
number of light-scattering polymers in the axoplasm.
Nonetheless, we found that axoplasm continued to scatter light strongly for more than 1,000 min in AAS, with
no obvious decrease in the intensity of the scattered light.
These observations support our inference that the strong
light scattering effect of the numerous axoplasmic NFs is
an effective means of studying the overall behavior of the
NF population.
Neurofilament Density Distributions

To quantify the NF density distributions in axoplasm, a template of hexagons was laid over photographic prints of axonal cross-sections and the number of
NFs within each hexagon was counted (see Materials and
Methods). For these measurements, we used the same
series of photographic prints that were used for the density measurements presented above. The NF density distributions at 1 rnin and at 1,000 rnin after immersion in
AAS are plotted in Figure 6. After 1 rnin in AAS, the
distribution ranged from zero to 18 NFs per hexagon,
with a peak at seven NFs per hexagon and a shoulder
between eight and 12 NFs per hexagon. Greater than
90% of the hexagons were distributed between three and
13 NFs per hexagon. After 1,000 min the distribution
was narrower than after 1 rnin and ranged from zero to 12
NFs per hexagon, with a peak at two NFs per hexagon
and no apparent shoulder. Greater than 90% of the hexagons were distributed between zero and five NFs per
hexagon. The average density of the NF population
shifted from 7.75 NF/hexagon (46 NF/pm2) at 1 rnin to
2.73 NF/hexagon (16 NF/pm2) at 1,000 min, which is in
agreement with the density measurements presented
above.
Using the average number of NFs per hexagon, we
calculated theoretical random distributions (Poisson distributions) using the Poisson theorem. These Poisson distributions are shown by the line graphs that are superimposed on the histograms in Figure 6. After 1,000 min in
AAS, the NF distribution matched the theoretical Poisson distribution with a statistical significance of greater
than 99.9% using the one-sided Kolmogorov-Smirnov
test [Pollard, 1977; Sokal and Rohlf, 19811. This indicates that the NFs occupied a random distribution in the
cross-sectional plane of the axoplasm after 1,000 min in
AAS. Such a random distribution could be produced if
the NFs were free to disperse in response to the stochastic forces of Brownian motion.
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occupied by the light-scattering polymers demonstrated
that the NF population began to disperse within minutes
after extrusion into AAS and continued to disperse for
many hours, Ultrastructural studies of the dispersing
polymers showed that the spacing between neighboring
NFs increased with time and that the orientation of the
NFs changed from an overall alignment in parallel with
the long axis of the axoplasm to a mixture of alignments
in which the NFs were oriented in many different directions.
Price et al. [ 19901 found that the radial distribution
of NFs varies along the length of single axons according
to the amount of local external compression from surrounding histological components. NFs are packed together densely in nodal and paranodal regions of myelinated axons, where the circumferential constraints on the
axon are high, and are packed more loosely in regions of
simple compact myelin, where the circumferential constraints on the axon are low. In regions of the axon where
the NFs are packed loosely, these polymers tend toward
a random distribution. Price et al. [1988, 19901 proposed
that axonal NFs form a compressible skeleton, which can
respond elastically to radial forces, expanding by the
dispersive effects of Brownian motion when these external forces are relatively weak and compressing when
these external forces are stronger.
In the present study on extruded axoplasm in AAS,
we eliminated the external circumferential forces that
normally operate through the plasma membrane to constrain the radial mobility of axonal NFs. As the proposal
of Price et al. [I9901 would predict, the NFs in the isolated axoplasm moved apart into the surrounding homogeneous solution. Analysis of the organization of the
NFs after 1,000 min showed that these polymers were
distributed randomly. Such a distribution of the dispersed NFs could occur if these polymers were moved
apart by the randomizing thermal forces of Brownian
motion that operate continually to move molecules in
fluids.
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Fig. 6. Comparison of the observed distribution of NF densities in
axoplasm (bar graph) with the corresponding theoretical random distribution calculated using the Poisson theorem (line graph). Panel A
shows the data for axoplasm that was fixed 1 min after extrusion into
AAS, and panel B shows the data for axoplasm that was fixed 1,000
min after extrusion into AAS. The total number of hexagons counted
was 613 in (A) and 861 in (B). The total number of NFs counted was
4,750 in (A) and 2,351 in (B). The mean number of NFs per hexagon
was 7.75 in (A) and 2.73 in (B). The one-sided Kolmogorov-Smirnov
statistics were 5.49 X lo-’ in (A) and 1.16 X
in (B) [Pollard,
19771. The bar graph in panel (B) matches the line graph with a
statistical significance of greater than 94,.9%.

DISCUSSION
NFs Are Mobile in the Radial Dimension
of the Axon

We extruded cylinders of axoplasm from squid giant axons directly into an excess volume of artificial
axoplasm solution (AAS) and studied the behavior of the
NFs. The numerous NFs within the axoplasmic cylinders
produce a strong light-scattering effect, and this, together with their inherent stability, enabled quantitative
analyses of the overall distribution of the NF population
using the light microscope. Measurement of the volume

Neighboring NFs Are Only Weakly Interactive
Our observations support the inference that NFs are
inherently only weakly interactive and that the sidearms
that project from these polymers do not significantly constrain their lateral movement [Price et al., 19881. This
proposal is consistent with the behavior of purified and
reassembled NFs prepared from the axoplasm of invertebrate giant axons and from the brains and spinal cords
of mammals. Specifically, electron microscopic observations on negatively stained preparations of isolated
NFs have consistently found that the NFs are loosely
organized and trace independent paths even though they
frequently cross each other [Schlaepfer, 1978; Wais-Steider et al., 1983; Brown and Eagles, 19861.

Radial Mobility of Axonal Neurofilarnents

Shaw and Hou [1990] have come to a different
conclusion regarding the strength of the interactions between axonal NFs. Their observations indicate that NFs
can remain bundled under certain experimental conditions. In their study, axonal cytoskeletons were prepared
from whole brain by a procedure that involved homogenization, repeated sequences of extraction and centrifugation in Tris-buffered saline, and exposure to nonionic detergent. This procedure selects for certain groups
of polymers (for instance those masses of large size) and
differs from physiologic conditions, and it remains to be
determined how the bundled axonal cytoskeletons prepared under these selective conditions are related to those
that exist within live axons.
NFs Are Inherently Mobile But Can Be Bundled
Within Axons
The present study shows that when NFs are allowed to express their inherent potentials, they behave
like non-interactive molecules in solution, responding
freely to the stochastic forces of Brownian motion that
operate continually to tumble molecules and to disperse
them heterogeneously throughout the available space.
However, in spite of the inherent independence of these
polymers and their tendency to distribute randomly in the
radial dimension of axons, NFs can assume very orderly
patterns in the cross-sections of axons. Price et al. [1990]
showed that this occurs in regions of axons, such as the
node of Ranvier, that are subject to external compressive
forces which pack the NFs close together and thereby
constrain their lateral mobility.
In addition to the orderly arrangement of NFs in the
radial dimension of axons in regions where they are
packed densely, the organization of NFs in the longitudinal dimension of axons is also highly ordered and
clearly not random. Specifically, all NFs within axons
are aligned longitudinally and in parallel along the axis
of the axon. This longitudinal alignment of the NFs is
apparcntly produccd by the active forces of slow axonal
transport that act unidirectionally to move the NFs, microtubules, and microfilaments longitudinally down the
axon [Lasek et al., 1984, 1992; Baas and Ahmad, 19931.
As with other transported elements, NFs apparently
move along axons via chemomechanical cross-bridges
on longitudinal substrate elements [Vallee, 19911. A
small number of these dynamic cross-bridges are sufficient for the transport of structures much thicker than a
single NF. For example, a large organelle with a crosssectional area > 100 times that of a single NF can be
moved by only a few cross-bridges translocating along a
single substrate MT [Miller and Lasek, 19851. Like
membranous organelles, NFs may also be moved along a
transport substrate that is parallel to the long axis of the
axon. In this way, through the transient interaction of a
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small number of cross-bridges, the slow axonal transport
mechanisms may continually align the NFs longitudinally in the axon without constraining their mobility in
the radial dimension. Thus, while the thermal forces of
Brownian motion jiggle the NF polymers and spread
them out radially, active longitudinal forces operate simultaneously on these polymers to align them in parallel
and transport them down the axon.
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