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Abstract. The high molecular weight subunits of
neurofilaments, NF-H and NF-M, have distinctively
long carboxyl-terminal domains that become highly
phosphorylated after newly formed neurofilaments en-
ter the axon. We have investigated the functions of this
process in normal, unperturbed retinal ganglion cell
neurons of mature mice. Using in vivo pulse labeling
with [*3S]methionine or [**Plorthophosphate and im-
munocytochemistry with monoclonal antibodies to
phosphorylation-dependent neurofilament epitopes, we
showed that NF-H and NF-M subunits of transported
neurofilaments begin to attain a mature state of phos-
phorylation within a discrete, very proximal region
along optic axons starting 150 um from the eye. Ul-
trastructural morphometry of 1,700-2,500 optic axons
at each of seven levels proximal or distal to this tran-
sition zone demonstrated a threefold expansion of axon
caliber at the 150-um level, which then remained con-
stant distally. The numbers of neurofilaments nearly

doubled between the 100- and 150-um level and fur-
ther increased a total of threefold by the 1,200-um
level. Microtubule numbers rose only 30-35%. The
minimum spacing between neurofilaments also nearly
doubled and the average spacing increased from 30
nm to 55 nm. These results show that carboxyl-
terminal phosphorylation expands axon caliber by ini-
tiating the local accumulation of neurofilaments within
axons as well as by increasing the obligatory lateral
spacing between neurofilaments. Myelination, which
also began at the 150-um level, may be an important
influence on these events because no local neurofila-
ment accumulation or caliber expansion occurred
along unmyelinated optic axons. These findings pro-
vide evidence that carboxyl-terminal phosphorylation
triggers the radial extension of neurofilament sidearms
and is a key regulatory influence on neurofilament
transport and on the local formation of a stationary
but dynamic axonal cytoskeletal network.

requires highly specialized structural proteins and

unique mechanisms for regulating the sorting, assem-
bly, and transport of these proteins. Among the most striking
examples of structural specialization are neurofilaments. In
most non-neuronal cells, a single subunit composes the in-
termediate filament network that serves as an intracellular
framework and helps to regulate cell shape (Lazarides,
1982; Skalli and Goldman, 1991). In neurons, however, two
additional high molecular mass subunits, 140-165 kD (NF-
M)t and 200-210 kD (NE-H), assemble with the 70-kD
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core subunit (NF-L) to generate neurofilaments (Hoffman
and Lasek, 1975; Liem et al., 1978). Although all three
subunits share a central «-helical region and a short variable
domain at the amino-terminal end, the two large subunits are
distinguished from NF-L and subunits of other intermediate
filament classes by the exceptional length of their carboxyl-
terminal tail domains (Shaw, 1991; Geisler et al., 1983;
Franke, 1987; Steinert and Roop, 1988). These carboxyl-tail
domains are localized peripherally along the filament core
(Willard and Simon, 1981; Sharpe et al., 1982) and are be-
lieved to form radially projecting sidearms that maintain a
minimum space between individual neurofilaments (Pant et
al., 1978; Leterrier et al., 1982; Liem and Hutchinson,
1982; Sharpe et al., 1982; Julien and Mushynski, 1983;
Hirokawa et al., 1984).

Neurofilament behavior is regulated in 2 complex way by
phosphorylation (for reviews see Nixon and Sihag, 1991;
Nixon, 1993). Each subunit is phosphorylated, but NF-M
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and NF-H, containing up to 15 and 50 mol of phosphate,
respectively, are among the most extensively phosphorylated
proteins in the brain (Julien and Mushynski, 1983; Carden
etal., 1985). The amino-terminal head domains of NF-L and
NF-M contain multiple phosphorylation sites involving pro-
tein kinases distinct from those that phosphorylate the car-
boxyl-terminal domains (Sihag and Nixon, 1989, 1990,
1991). A role has been suggested for amino-terminal head
domain phosphorylation in subunit polymerization (Sihag
and Nixon, 1989; Gill et al., 1990; Hisanaga et al., 1990;
Nakamura et al., 1990). In keeping with their distinctive
structure (Geisler et al., 1983; Lees et al, 1988; Mack et al.,
1988), the carboxyl-terminal ends are regulated differently
and seem to have quite different functions. Many of the phos-
phate groups on NF-M and NF-H tail domains are added to
a series of repeated KSP motifs (Geisler et al., 1987; Lee et
al., 1988), which may not all be functionally equivalent
(Dahl et al., 1986; Goldstein et al., 1987; Geisler et al.,
1987; Lee et al., 1987, 1988; Landmesser and Swain, 1992).
Most phosphate groups are added to NF-M and NF-H tail
domains only after neurofilaments have entered the axon
(Sternberger and Sternberger, 1983; Lee et al., 1986; Glicks-
man et al., 1987; Oblinger et al., 1987; Nixon et al., 1987,
1990), and these phosphates are subsequently turned over
slowly relative to those at the amino-terminal end (Nixon
and Lewis, 1986; Sihag and Nixon, 1991). In mouse retinal
ganglion cells, continued phosphorylation of the tail do-
mains during neurofilament transport generates at least four
different phosphorylated variants each of NF-H and NF-M
(Nixon et al., 1982; Lewis and Nixon, 1988). The most
phosphorylated variants are associated with neurofilaments
that leave the transport carrier and reside in axons for
months, while neurofilaments containing less phosphory-
lated variants principally move at rates typical of slow axonal
transport and reside more briefly in axons (Lewis and Nixon,
1988). These findings suggested that carboxyl-terminal
phosphorylation regulates the relative strength of neurofila-
ment interactions with the transport carrier and with station-
ary axonal structures and thereby controls the rate of move-
ment and residence time of neurofilaments within axons
(Lewis and Nixon, 1988; Nixon and Sihag, 1991).
Neurofilaments are well suited for filling space, a particu-
larly valued function in long axons where axoplasmic vol-
ume may be orders of magnitude larger than perikaryal vol-
ume. The exponential increase in axoplasmic volume as axon
caliber expands during development enormously increases
the demand for structural elements. Neurons respond by up-
regulating neurofilament mRNA and protein synthesis (La-
sek etal., 1983; Julien et al., 1986; Lieberburg et al., 1989;
Schlaepfer and Bruce, 1990), and slowing the rate of
neurofilament transport (Willard and Simon, 1983; Hoffman
etal., 1984, 1985a). Changing filament number alone, how-
ever, may not be sufficient to regulate axon caliber com-
pletely. For example, overexpressing the NF-L gene in trans-
genic mice markedly increases NF-L-containing filaments
but minimally alters axon caliber (Monteiro et al., 1990).
The high molecular weight subunits and especially NF-H
seem critically important. The burst of radial axon growth
during development and a slower rate of axonal transport
(Willard and Simon, 1983; Hoffman et al., 1984, 1985a)
coincide with the increased expression of NF-H (Shaw and
Weber, 1982; Willard and Simon, 1983). Phosphorylation of

The Journal of Cell Biology, Volume 126, 1994

NF-H and NF-M occurs even later in development (Carden
et al., 1985; Dahl and Bignami, 1986; Dahl et al., 1986;
Foster et al., 1987) and has been proposed as an additional
determinant of axon caliber (Sternberger and Sternberger,
1983; Hoffman et al., 1985a; Carden et al., 1985, 1987,
deWaegh et al., 1992).

To investigate the function of carboxyl-terminal domain
phosphorylation, we took advantage of the anatomy of the
visual system, where a homogeneous population of axons
from a single class of neurons, the retinal ganglion cells,
converge to form the optic nerve. Although the most prox-
imal part of the ganglion cell axon is intraretinal, we found
that carboxyl-terminal phosphorylation is sufficiently de-
layed that the region of the axon where these events occur
for most ganglion cells is located in the proximal optic nerve.
A relatively sharp transition from immature to mature states
of NF-H phosphorylation in this region isolated carboxyl-
terminal phosphorylation events from phosphorylation
events affecting other regions of neurofilament subunits
(Nixon and Sihag, 1991). This enabled us to determine how
carboxyl-terminal phosphorylation may regulate neurofila-
ment structure and function in mammalian central neurons
under normal, unperturbed conditions in vivo. Portions of
this study have appeared earlier in abstract form (Nixon,
R. A., P. Paskevich, R. K. Sihag, and T. Wheelock. 1991.
Morphologic correlates of neurofilament carboxyl terminal
phosphorylation. J. Cell Biol. 115:356a).

Materials and Methods

Intravitreal Isotope Injection/Pulse Radiolabeling

Radiolabeled amino acids were injected intravitreally into anesthetized
male and female C57B1/6J mice, aged 10-14 wk, with a glass micropipette
apparatus (Nixon, 1980). Mice received 0.25 ul of phosphate-buffered nor-
mal saline (pH 7.4) which contained 50-100 uCi of L-[*S]methionine
(specific activity 400 Ci/mmol), or 50 uCi of [*2Plorthophosphate
(specific activity 1,000 Ci/mmol) purchased from New England Nuclear
(Boston, MA).

Tissue Preparation

Mouse breeding, maintenance, and dissections of retina and optic axons
have been previously described (Nixon, 1980; Nixon and Logvinenko,
1986). Cytoskeletal proteins and Triton-soluble protein fractions were pre-
pared from retinas and optic axons by the method of Chiu and Norton
(1982). To minimize proteolysis, buffers in all experiments contained 50
pg/ml leupeptin, 0.5 mM PMSF and 2.5 pg/ml aprotinin.

Polyacrylamide Gel Electrophoresis and
Radioactivity Measurements

One-dimensional SDS-PAGE was performed by the procedure of Laemmli
(1970) using 320-mm slab gels containing 5-15% or 3-7% polyacrylamide
gradients as previously described (Nixon et al., 1982). Proteins labeled
with [*3S]methionine were detected by autoradiography. In some experi-
ments, relative radioactivity of proteins was calculated from autoradio-
grams by densitometry as previously described (Nixon et al., 1990).

Immunoprecipitation and Immunoblot Analysis

Neurofilament proteins were immunoprecipitated as previously described
(Nixon et al., 1990) using an antiserum raised against chicken antigen
which recognized all three NFP subunits (Dahl et al., 1984), and an antise-
rum raised against bovine NF-H, which primarily recognized NF-H (Dahl,
1981). Immunoblot analyses were performed as described by Takeuchi et
al. (1992).
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Immunocytochemistry

Mice were anesthetized with halothane gas, the thoracic cavity was ex-
posed, and intracardially injected with 0.5 ml of 2% sodium nitrate (vasodi-
lator) with 50 U of heparin (Upjohn). Mice were perfused intracardially
with 60 ml of 10% formalin at room temperature. The retina and optic nerve
were dissected out to the level of the optic chiasm and the resultant segment
was cryoprotected in 30% sucrose in 10% formalin for several days. Sagittal
8-um sections were cut on an IEC Minotome cryostat and picked up on
glass slides. Immunocytochemical studies were performed using monoclo-
nal antibodies directed against phosphorylation-dependent epitopes on the
carboxyl terminus of NF-H and NF-M (SMI-31, SMI-32, RT 97) or a poly-
clonal antisera directed against NF-H. Immunoreactivity was demonstrated
using a modification of the avidin-biotin technique of Hsu et al. (1981) and
Vectastain kits (Vector Laboratories, Inc., Burlingame, CA) with diamino-
benzidine as the chromogen. Negative controls consisted of tissue sections
incubated in the absence of primary antisera.

Electron Microscopy

Mice were anesthetized with halothane gas, injected with sodium ni-
trite/heparin (protocol as above), and perfused intracardially with 4%
paraformaldehyde, 5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4
at room temperature. The ocular region was then grossly dissected to ex-
pose the eye and optic pathway which were then immersed in the same fixa-
tive for an additional 5 h. The retina, optic nerve, and optic tract were then
dissected out as a unit structure, rinsed through several buffer changes, and
fixed after one hour with 1% OsQq4 in 0.1 M cacodylate buffer, pH 7.4, at
room temperature. The unit structure was segmented as described above,
and the samples were processed through an ascending ethanol dehydration
series, cleared with propylene oxide and embedded in Medcast resin (Ted
Pella, Inc., Tustin, CA). Sections were cut on a Reichert-Jung Ultracut-E
ultra-microtome. Semi-thin sections (0.5 um) were stained with 1% tolu-
idine blue. Ultra-thin sections (60 nm) were contrasted with lead citrate and
uranyl acetate and examined in a JEOL JEM1200EX electron microscope.

Semi-thin and ultra-thin sections from retinal/optic nerve samples pro-
cessed for electron microscopy as described above were collected at 25-um
intervals beginning 1.2 mm distal to the retina using an ultramicrotome
equipped with a digitally displayed advance totalizer. For purposes of stan-
dardization, the retinal excavation was chosen as the structural landmark
from which all other levels were measured. The excavation level was defined
as that first cross-sectional profile of the optic nerve showing this structure
surrounded completely by retinal tissue.

Axon Caliber Measurements

To determine axon caliber distribution, 1,700-2,500 axon profiles were
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quantified for cross-sectional area at each axon level. Axonal fields were
selected evenly from all regions of the cross-section, using the mesh grid-
bars as super-imposed divisional landmarks. Populations of more than 500
randomly selected axons have been shown to accurately represent the total
optic axon population (Nixon and Logvinenko, 1986). Ten non-overlapping
microscopic fields from each level were photographed at low power and
printed at a final magnification of 18000X. All myelinated and unmyeli-
nated axons from the field were measured unless the angle of transection
was clearly oblique (less than 5% of the population). In some experiments
myelinated and unmyelinated fibers were analyzed separately. Axonal areas
were measured using an IBM-compatible computer with Bioquant (R and
M Biometrics) software and a Summagraphics supergrid digitizing tablet
peripheral. Histograms were constructed from the resultant data. The per-
centage of axons in each of a series of equally spaced size categories was
determined at the seven levels of each optic pathway. Histograms were con-
structed by plotting these percentages as a function of axonal caliber.

Neurofilament and Microtubule Quantification

At each axonal level, between 345 and 539 retinal ganglion cell axon profiles
were selected for analysis from the larger population of profiles solely on
the basis that neurofilaments and microtubules appeared unequivocally in
cross-section throughout the axoplasm or if vesicular organelles occupied
more than 50% of the area (<5% excluded on this basis). All regions of
the optic nerve section were used in obtaining sample profiles and all axons
meeting the minimal inclusion criterion were analyzed in each micrograph.
Additional axons of a particular caliber were analyzed, in some cases, to
generate a sample of axons with the same distribution of calibers as that in
the whole fiber population in the optic nerve. Histograms of caliber distri-
bution for these samples similar to the ones constructed above verified this
fact for each axonal level. Microtubules and neurofilaments were counted
from randomly assorted photomicrographs at 80,000% by a single investi-
gator. Repetitions were accurate to +2.5%. A total of 57,973 neurofila-
ments and 57,849 microtubules were counted in 2,439 axon profiles at 6
levels. Additional analyses were carried out on the unmyelinated fiber sub-
population at the 200 ym and 1,200 um levels.

Nearest Neighbor Analysis

Twenty-five consecutive axon profiles were selected at the six different ax-
onal levels to include sizes representative of the entire caliber range at that
level. Additional groups of 25-40 unmyelinated and myelinated fibers were
similarly selected for quantification to obtain the results in Table I. In each
axon, the distance from every neurofilament to its nearest neurofilament
“neighbor” was measured with a Summagraphics Supergrid digitizing tablet
using a software program developed for this purpose (Paskevich, P. A., un-
published observations). For each axon, these distance values were sorted

Figure 1. Schematic of the retino-optic junction
depicting the relative distribution of ganglion cells
and important landmarks. The percentages of retinal
ganglion cell bodies at particular distances from the
retinal excavation are based on the data of Driger and
Olsen (1981) (modified by permission).
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into 5-nm bins, and the percentage of total neurofilaments exhibiting dis-
tances falling within each bin was then calculated. In separate calculations,
nearest neighbor distances for all neurofilaments in all axons at each level
were pooled and the distribution of distances within 5-nm bins was deter-
mined. Data are expressed as mean values + SD.

Results

Anatomic Relationships of Ganglion Cell Fibers at the
Retino-Optic Junction

The perikarya of retinal ganglion cells are situated in a con-
centric gradient of increasing cell density from the periphery
of the retina to its center, the optic disk (Dréger and Olsen,
1981) (Fig. 1). The intraretinal portions of ganglion cell
axons vary in length from 0.1 to 2.6 mm but more than 55%
are less than 0.9 mm (Fig. 1). These axons, converging at the
retinal excavation, emerge from the eye to form the optic
nerve and optic tract (optic pathway) that extends ~13 mm
from the eye to the lateral geniculate nucleus in the adult
mouse (Fig. 2). The ganglion cell axons are unmyelinated
within the retina and remain so for a distance of ~150-200
pm after they emerge from the eye as the proximal optic
nerve (Fig. 2). Between 50 um and 150 um, a syncytium of
astroglia called the lamina cribrosa ensheathes the axons
(Radius, 1981). The appearance of myelin beginning 150 um
from the retinal excavation coincides with an apparent ex-
pansion of optic nerve diameter (Fig. 2).
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Carboxyl-Terminal Domains of NF-H and NFFM
Begin to be Extensively Phosphorylated at a Discrete,
Very Proximal Region of Optic Axons

Newly synthesized neurofilament proteins, radiolabeled in
vivo by injecting mice intravitreally with [**S)methionine,
appeared in the optic nerve in small numbers within 2-6 h
(Fig. 3 B), presumably from the 15% of ganglion cells situ-
ated close to the retinal excavation (Fig. 1). As these radiola-
beled subunits moved within the first 1-2 mm of the optic
nerve between 1-2 d (Fig. 3 A), modifications occurred that
resulted in the appearance of mature isoforms of NF-M and
NF-H (Fig. 3 B). The first newly synthesized NF-M entering
optic nerve displayed the same apparent molecular mass (139
kD) as unmodified or dephosphorylated NF-M (Nixon et al.,
1990). Major NF-M phosphovariants, identified by their
slower electrophoretic mobility, appeared by 8 h after iso-
tope administration and approximated the proportions pres-
ent in isolated neurofilaments by 12 h (Nixon et al., 1990).
The major mature phosphovariants of 35S-labeled NF-H
(Lewis and Nixon, 1988) were first detected only after 18-
24 h (Fig. 3 B).

Neurofilament protein phosphorylation was also moni-
tored in vivo by *P-labeling after injecting mice intra-
vitreally with [**Plorthophosphate. Neurofilament proteins
in the optic nerve were rapidly labeled due to the fact that
ATP-containing intermediates are transported at a faster rate
than neurofilament proteins and phosphorylate preexisting

-

Figure 2. Anatomy of the retino-optic junction in a plastic-embedded 1-pm sagittal section through the eye and optic nerve stained by
toluidine blue. Five of the levels analyzed morphometrically in later experiments are shown. Ensheathment of axons by myelin, indicated

by dense axonal staining, begins at 150 um.
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Figure 3. Progressive post-
translational modification of
[*S]methionine-labeled neuro-
filament proteins in optic axons
at different time intervals after
synthesis. A shows the propor-
tion of radioactive neurofila-
ment proteins (sum of NF-L,
NF-M, and NF-H) in consec-
utive 1.1-mm segments of the
optic nerve 1 or 2 d after intra-
vitreous injection of isotope.
After SDS-PAGE and auto-
radiography, radioactivity in
neurofilament proteins was
quantitated by densitometry
(see Materials and Methods).
In B, Triton-insoluble frac-
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tions of optic nerve were obtained from mice injected intravitreously with [**S]methionine and sacrificed after the indicated time interval.
Fractions were immunoprecipitated with a mixture of polyclonal anti-neurofilament antibodies R37 and R96. Labeled proteins were sub-
jected to SDS-PAGE (3-7% polyacrylamide) and autoradiography. Because the efficiency of immunoprecipitation may vary with the phos-
phorylation state of the proteins, absolute radioactivity of proteins cannot be accurately compared at different time points. The 12-h time
point reflects a longer film exposure time than the other time points to facilitate comparison of NF-H mobilities.

axonal neurofilaments (Nixon et al., 1987). At six postinjec-
tion time points between 1 and 9 d (two are shown in Fig.
4), the total 2PQ, label associated with NF-H subunits, and
the ratio of radio-label in NF-H to that in NF-M and NF-L
were consistently lower in the most proximal 1-mm optic
nerve segment than in more distal segments, particularly be-
yond 1 day after injection. Lower incorporation into NF-H
was not explained by a smaller proportion of NF-H subunits
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Figure 4. Relative 3P incorporation into neurofilament subunits
after injecting mice intravitreously with [32PJorthophosphate. At
1 and 2 d indicated intervals after injection, consecutive 1.1-mm
segments of optic nerve were subjected to SDS-PAGE (3-7% poly-
acrylamide) and autoradiography. Lower molecular weight (hypo-
phosphorylated) isoforms of NF-H and NF-M are more abundant
in the first two segments compared to more distal segments, as indi-
cated by brackets on the figure. In the first segment, 3P incorpora-
tion is Jow in NF-H relative to NF-M and NF-L.

Nixon et al. Roles of Neurofilament Phosphorylation

relative to NF-M and NF-L at proximal axonal levels based
on previous data (Nixon and Logvinenko, 1986). The most
proximal 2 mm of the optic nerve also contained a greater
proportion of hypophosphorylated variants of NF-H and
NF-M, identified by their more rapid electrophoretic mobil-
ity (Kaufman et al., 1984), compared to distal axonal levels
(Fig. 4). The ratio of *?P incorporation into the more phos-
phorylated NF-M variants to the less phosphorylated vari-
ants (bracketed in Fig. 4) was between 1 and 2.0 in the first
two segments but increased to 3 or more in the subsequent
segments at 1 or 2 d after injection. A similar but less pro-
nounced effect on NF-H was seen at day 1.

To define the region of active phosphorylation more pre-
cisely, cryostat sections were cut sagittally from retinas of
perfused mice and immunostained using monoclonal anti-
bodies specifically against phosphorylation-dependent epi-
topes on the carboxyl-terminal domains of NF-H and NF-M
(Fig. 5). SMI32 recognizes an NF-H epitope that becomes
masked (i.e., immunostaining disappears) when the tail do-
main is phosphorylated (Sternberger and Sternberger, 1983;
Sternberger et al., 1985). In earlier analyses of retinal
whole-mounts (Nixon et al., 1990), this antibody decorated
ganglion cell perikarya and intraretinal portions of ganglion
cell axons. The results in Fig. 5 A confirmed these findings
and also showed that SMI-32 immunoreactivity in the optic
nerve diminished sharply starting ~200 um downstream
from the retinal excavation. A second antibody (RT97)
directed against a NF-H epitope that is recognized only when
the carboxyl terminal tail is phosphorylated (Anderton et
al., 1982; Harris et al., 1991) yielded an immunostaining
pattern completely to that of SMI-32 (Fig. 5 B). RT97 did
not recognize ganglion cell bodies or intraretinal portions of
ganglion cell axons and only began to decorate these axons
within the optic nerve beginning ~200 um from the retinal
excavation. By comparison, polyclonal antibodies recogniz-
ing phosphorylation-dependent and -independent epitopes
on NF-M and NF-H (MN 200) and NF-L (not shown)
stained the entire length of ganglion cell axons in the retina
and optic nerve (Fig. 5 C). These data demonstrated a rather
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distinct transition zone at the 150-200 gm level proximal to
which relatively hypophosphorylated NF-H (and NF-M)
isoforms predominated and distal to which neurofilaments
were composed of highly phosphorylated variants of these
subunits.

Axon Caliber Expands Abruptly and Markedly as
NF-H and NF-M Carboxyl-Terminal Domains Achieve
Mature States of Phosphorylation

We then compared the organization of the neurofilament net-
work at levels of the optic nerve proximal and distal to this

RT 97

1 RrGC layer

Figure 5. Immunohistochemistry with
neurofilament antibodies recognizing
different phosphorylation states of
NF-H and NF-M. Sagittal 5-um cryostat
sections of the eye and optic nerve were
immunostained (see Materials and
Methods) by SMI32 (4) which recog-
nizes an epitope on the carboxyl-
terminal domain that becomes masked
by phosphate addition. Immunostaining
of retinal ganglion cells and intraretinal
portions of their axons is strong (inser)
but becomes undetectable in the optic
nerve beyond a level 150 um from the
retinal excavation. Immunostaining with
the monoclonal antibody RT97, which
recognizes phosphorylated carboxyl-
terminal domains, shows the reverse
pattern (B). A polyclonal antiserum
(MN 200) recognizing NF-H indepen-
dently of its phosphorylation state
strongly stains both ganglion cell bodies
and axons in their entirety (C). Bar, 1
mm = 13.3 um.

transition zone to investigate the morphological correlates of
carboxyl-terminal domain phosphorylation. Six levels along
a 1,200-pm length of proximal optic nerve and a more prox-
imal level within the retina were analyzed morphometrically.
To determine the distribution of axon caliber sizes, the cross-
sectional areas of ~ 2,500 axons at each of the seven axonal
levels were measured. Because the axonal populations stud-
ied at every level were very large and representative of the
total fiber population in the optic nerve, the comparisons
made between the levels accurately reflected the changes tak-
ing place along an individual axon.

25 EXCAVATION

50 um

25 700 um

PERCENT AXONS IN RANGE

0.3 1.2 21 a0 e 4.8 5.7 »8.0 03 1.2 21 30

AXON CALIBER (um 2 x 10- 2)
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1200 um

Figure 6. Distribution of axon calibers at four
proximal levels along the optic nerve. The number
of axons in each size class, expressed as a percent-
age of total axon population analyzed, is plotted as
a function of axon cross-sectional area. From
2,500 to 3,000 axons were analyzed at each level
in two animals.

49 S7 >80
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Caliber distributions at different levels of optic nerve were
clearly distinguishable (Fig. 6). At each of the three most
proximal levels (0, 50, 100 um), 55% of the axons displayed
cross-sectional areas of £0.012 um?, while at the three lev-
els between 150 and 1,200 um only 3% were this small. The
mean axon caliber (0.398 pm?) was 2.7-fold larger at the
1,200 um level than at 50 um (0.148 um?). The caliber dis-
tribution of fibers at an intraretinal level (—100 pwm) resem-
bled that of the proximal optic nerve levels although mean
axonal caliber was slightly higher (0.252 ym?). The higher
mean caliber may partly reflect an increased abundance of
vesicular organelles that were present in axon profiles, many
of which were at levels very close to the perikarya. To ana-
lyze further how caliber size changed along axons, the data
from individual axons were pooled at each level and com-
pared (Fig. 7). These compiled data indicate that axon cali-
ber abruptly expanded ~2.5-fold at 150 um and remained
constant thereafter, even at distal levels within the optic tract
(e.g., 7mm from the eye), which were analyzed in a previous
study (Nixon and Logvinenko, 1986).

Marked Neurofilament Accumulation Accompanies
Carboxyl-Terminal NF-H Phosphorylation

We counted neurofilaments and microtubules in 308-539
axons at each of the six levels of the proximal optic nerve.
The number of neurofilaments rose sharply at the same ax-
onal level (150 um) where carboxyl-terminal phosphoryla-
tion became extensive and axon caliber expanded (Fig. 8).
After this sharp increase, neurofilament number rose gradu-
ally to a total of threefold by the 1,200 um level. By con-
trast, microtubules increased only 30-35% within the same
region.

Neurofilaments or microtubules correlated significantly
with cross-sectional area at all axon levels (Fig. 9). The
correlation was as strong as or stronger for the sum of these
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Figure 7. Changes in the calibers of axons at different levels of the
proximal optic nerve. To facilitate comparisons across levels, the
data for individual axons are pooled and the axonal cross-sectional
area is expressed as total area per 1,000 axons. Each data point
(closed circles) reflects caliber determinations of 2,500-3,000
axons. A separate population of 300-370 axons at each level used
in the morphometric analyses of neurofilament and microtubule
number (see Fig. 8) are shown (open circles) to demonstrate that
the axons selected are an accurate representation of the actual cali-
ber distribution at that level of the optic nerve.
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two organelles as for either organelle by itself; however, the
slopes of correlation curves at levels before axon expansion
were different from those after expansion (Fig. 9). When cal-
iber expanded, a disproportionately small total number of
microtubules and neurofilaments were needed to maintain
the larger cross-sectional area at the 1,200-um level (170 MT
and NF/um?) than at the (293 MT + NF/um?) 50-um level
(Fig. 9). This observation raised the possibility that factors
other than the absolute number of organelles contributed to
the caliber expansion.

Carboxyl-Terminal Phosphorylation Is
Associated with Increased Obligatory and Average
Distance between Neurofilaments

Because carboxyl-terminal domains of NF-H and NF-M may
serve as neurofilament side-arms, we investigated whether or
not the additional contribution to caliber expansion might be
a phosphorylation-induced increase in the minimum, or
“obligatory”, distance between neurofilaments. This possibil-
ity was clearly suggested by visual inspection of axons at lev-
els proximal and distal to the caliber expansion (Fig. 10).
The less phosphorylated neurofilaments at the 50-um level
appeared to cluster and be closer to their neighbors than the
heavily phosphorylated neurofilaments present at 1,200
microns. These observations were confirmed by morpho-
metric analyses on populations of 25 axons of comparable
caliber distribution at each of the six axonal levels. For each
neurofilament in these axons, the distance to its nearest
neighbor was measured. The data on neurofilament dis-
tances for all axons were pooled at each level to reveal the
percentage of neurofilaments exhibiting any particular spac-
ing (Fig. 11). At the three most proximal axonal levels (0-100
um), neurofilaments were spaced an average of 32.1 + 11.1
nm from their nearest neighbor within a minimum spacing
of 10-15 nm. The average interneurofilament distance was
1.7-fold higher (54.7 + 17.9 nm) and the obligatory spacing
increased to 20-25 nm at the 700- and 1,200-um levels. It
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Figure 8. Changes in neurofilament and microtubule numbers at
different levels along optic axons. Neurofilaments (closed circles)
and microtubules (open circles) were counted manually in electron
micrographs (80,000 X) of transversely sectioned optic axons.
From 300 to 370 axons were analyzed at each of the six levels. To
facilitate comparisons across levels, data are expressed as number
of neurofilaments or microtubules contained in 1,000 axons of sizes
representative of the caliber distribution at that level.
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is noteworthy that the majority of neurofilaments still dis-
played a characteristic spacing of 42 + 10 nm. Neurofila-
ments at the 150-um level exhibited obligatory and average
spacing that were intermediate between the values at more
proximal or distal levels. When the data for individual axons
at each level were analyzed, the interneurofilament distances
calculated for the pooled groups in Fig. 11 were evident,
regardless of the caliber or neurofilament content of the axon

CROSS SECTIONAL AREA (um?2)

(data not shown).

Myelination Influences Neurofilament

Phosphorylation and Axon Caliber

The observation that myelin begins to appear at the same
level of the optic nerve where caliber begins to expand (see
Fig. 2) was further investigated in quantitative ultrastruc-
tural analyses of myelinated and unmyelinated fibers. These
results confirmed that no axon profiles were myelinated
proximal to the 150-um level. Beginning at this level, how-
ever, the percentage of myelinated profiles in the total fiber
population increased to more than 60% by 250 um and
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CROSS SECTIONAL AREA (um 2

Figure 9. Relationship of
neurofilaments and microtu-
bules to axonal cross-sec-
tional area at a representative
level (50 pm) proximal to the
site of extensive carboxyl-
terminal  phosphorylation,
and a level (1,200 um) distal
to this site. The number of
neurofilaments (4 and B) or
microtubules (C and D) or the
sum of these structures (E and
F) in each of 300-370 axons
of representative size is plotted
against the cross-sectional axo-
plasmic area in square mi-
crons. Correlation coefficients
are 067, 0.70, 0.83, 0.80, 0.87,
and 0.80 for A-E, respectively.
After phosphorylation (at lev-
els beyond 150 um), a larger
caliber size is maintained with
proportionately fewer neuro-
filaments plus microtubules
than at levels proximal to
150 pm.

90-95% by the 1,200-um level, beyond which the percent-
age was relatively constant (Fig. 12). Comparisons of my-
elinated and unmyelinated fiber populations at the 700-um
level demonstrated that only myelinated fibers displayed
neurofilament accumulations and caliber expansion (Fig. 13,
Table I). Similar results were seen at the 1,200-um level
(data not shown). Profiles that remained unmyelinated at the
700- and 1,200-um levels had caliber distributions similar

to those at proximal levels (0-100 um from the eye) (Fig.
13). Moreover, the numbers of neurofilaments and microtu-
bules that were in unmyelinated axons at the 700~ and 1,200-
um levels were not increased relative to the numbers at more

1038

proximal axonal levels. In fact, neurofilaments were substan-
tially less numerous in the unmyelinated fiber population at
700-pm and 1,200-pm than in the total population at the
0-100-um levels (Table I), reflecting intrinsic differences in
neurofilament content between axons that remain unmyeli-
nated and axons that become myelinated more distally. Aver-
age nearest neighbor neurofilament distances and the distri-
bution of these distances in unmyelinated axons containing
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Figure 11. Nearest neighbor analysis of
interneurofilament spacing. In popula-
tions of 25 axons at the indicated axonal
level, the percentage of neurofilaments
in the total population exhibiting nearest
neighbor distances is given. For each
neurofilament in an axon, the distance to
its nearest neighboring neurofilament
was measured as described in Materials
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more than five neurofilaments at the 700- and 1,200-pum lev-
els did not significantly differ from those of myelinated axon
profiles at the corresponding levels (Table I). As in myelin-
ated axons, the majority of neurofilaments in unmyelinated
axons displayed a characteristic spacing (48 + 12 nm).

Discussion

The Site of Carboxyl-Terminal Domain NF-H
Phosphorylation in Axons

By several different criteria, we have shown that the
carboxyl-terminal domain of NF-H subunits in retinal gan-
glion cells begins to be heavily phosphorylated when trans-
ported neurofilaments reach a discrete proximal region of the
axon within the optic nerve. Identification of the axon as the
principal site of active carboxyl-terminal tail phosphoryla-
tion on transported neurofilaments accords with previous
observations that axons but not perikarya are strongly immu-
nostained by most antibodies against phosphorylation-depen-
dent epitopes on the tails (Sternberger and Sternberger,
1983; (Drager et al., 1984; Lee et al., 1986; Trojanowski et

The Journal of Cell Biology, Volume 126, 1994

and Methods. The shift in minimal
neurofilament distance is indicated by
the change in position of the two arrows.

80 100

al., 1986), NF-H and NF-M carboxyl-tail domain phos-
phorylation is delayed after subunit synthesis (Bennett and
DiLullo, 1985; Oblinger et al., 1987; Glicksman et al.,
1987; Nixon et al., 1990) and phosphate addition continues
during neurofilament transport (Nixon et al., 1987, 1989b).
We identified a distinct boundary 150-200 um from the reti-
nal excavation, which was defined by loss of SMI32 im-
munoreactivity and appearance of RT97 immunoreactivity.
A similar sharp boundary has been observed in hamster op-
tic nerve using SMI 32 antibody (Sloan and Stevenson,
1987). This transition between relatively hypophosphory-
lated NF-H subunits and extensively phosphorylated NF-H
isoforms was unexpectedly sharp given the fact that the dis-
tances from individual ganglion cell bodies to this site in the
optic nerve are heterogeneous. It is significant, however, that
axons become ensheathed with myelin beginning at this level
of the optic nerve and that extrinsic factors related to myelin-
ation have been shown to influence neurofilament phosphor-
ylation (deWaegh et al., 1992). (Also see below.)
Phosphorylation of NF-H and NF-M tail domains within
the multiphosphorylation repeat (MPR) region is believed to
be a stepwise process (Lee et al., 1988; Clark and Lee,
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Figure 12. Relative proportions of myelinated axon profiles at
different levels along the optic nerve. The numbers of unmyelinated
and myelinated axons were determined from electron micrographs
at 12,000 X magnification. Axon populations were the same as
those analyzed in Fig. 7.

1991), which may begin in the perikaryon (Shea et al.,
1990). Consistent with this idea is the observation that the
monoclonal antibody SMI31, which recognizes initial stages
of MPR phosphorylation (the P[+] phosphorylation state of
Leeetal., 1988), began to decorate ganglion cell axons close
to the perikaryon and recognizes a Triton-extractable pool
of NF-H in the perikarya and initial segments (Shea et al.,
1990). By contrast, RT97, an antibody recognizing the
p(+++) state (Lee et al, 1988), began to decorate neurofila-
ment proteins only at sites distal to the 150-200-um active
phosphorylation zone (Nixon et al., 1990). Other evidence
also suggests that appearance of the RT97 epitope signals the
attainment of a specific conformational state and reflects a
high degree of phosphorylation of MPR and/or other
carboxyl-terminal tail sites on NF-H (Coleman and Ander-
ton, 1990; Clark and Lee, 1991; Roder and Ingram, 1991;
Brion et al., 1993). Similarly, diminished immunostaining
by SMI32, which recognizes MPR domains (particularly
NF-H) only in their unphosphorylated state (Lee et al.,
1988; Harris et al., 1991), also implies an increasing level
of NF-H tail domain phosphorylation. This stage of phos-
phorylation occurs later after subunit synthesis than other
phosphorylation events on the three subunits, including those
on the amino-terminal head domain of NF-L and NF-M (Si-
hag and Nixon, 1991) and carboxyl terminus of NF-L (Nixon
and Lewis, 1986; Sihag and Nixon, 1991). These findings in-
dicate, therefore, that appearance of the most mature iso-
forms of NF-H and NF-M (Lewis and Nixon, 1988; Nixon
et al., 1989qa), reflecting a late stage of carboxyl-terminal
phosphorylation, is what distinguishes neurofilaments be-
yond the 150-um level of the optic nerve from those immedi-
ately proximal to this level.

Regulatory Influences of Carboxyl-Terminal
Phosphorylation on Neurgfilament Dynamics and
Steady-State Levels

At the level where RI97 immunoreactivity appeared,
neurofilaments began to accumulate markedly, a total of 3.0-
fold within ~1 mm. Previous studies show further that phos-
phorylation of NF-H and NF-M tails continues along the
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Figure 13. Axon caliber distributions for myelinated and unmyelin-
ated fiber populations. The number of axons in each size class, ex-
pressed as a percentage of total axonal population analyzed, is plot-
ted as a function of axon cross-sectional area. The total axon
population (all unmyelinated, n = 1849) at the 100-um level (A4)
is compared with the unmyelinated (n = 201) (B) and myelinated
(n = 1462) (C) fibers present 700 um from the retinal excavation.

entire length of optic axons (Nixon et al., 1987) and
neurofilament number doubles again (Nixon and Log-
vinenko, 1986), resulting in a total sixfold increase in
neurofilaments proximally to distally (0~7 mm from the eye).
These increases in neurofilament number, and especially the
initial doubling in neurofilaments over an axonal distance of
only 50-100 pm, must reflect an abrupt and substantial
change in the kinetics of neurofilament transport. The mod-
est changes in microtubule number indicate that the changes
in neurofilament dynamics are unique rather than a general
effect on slow axonal transport mechanisms,

The marked non-uniform accumulation of neurofilaments
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Table 1. Regional Morphometrics of Myelinated and Unmyelinated Optic Axons

Distance from retinal excavation

Unmyelinated profiles

Myelinated profiles

0 pm 700 pm 1,200 pm 700 um 1,200 ym
Neurofilaments/1,000 axons 14,302 7,157 8,826 35,997 45,207
Microtubules/1,000 axons 20,082 15,114 15,043 29,086 28,855
Axons analyzed 539 70 23 313 358
Nearest neighbor distance (nm)* 32 +£ 11 65 + 13 58 + 21 53 + 18 55 + 14
Axons analyzed 25 40 41 31 39

* Values are expressed as mean + SD.

along ganglion cell axons implies that transport of some
neurofilaments slows precipitiously or stops for considerable
periods of time. Extensive phosphorylation of carboxyl tails
in the region of the axon where neurofilaments double in
number strongly supports the hypothesis that neurofilament
transport is regulated in part by the phosphorylation of NF-H
and NF-M (Lewis and Nixon, 1988; Watson et al., 1991;
deWaegh et al., 1992). Previously we found that pulse-
labeled neurofilaments retained along axons for long periods
after the slow transport wave has passed contain mainly the
most highly phosphorylated isoforms of NF-H (Lewis and
Nixon, 1988) and NF-M (Nixon et al., 19894). The data
presented here show that these particular phosphovariants
begin to be generated in axons precisely at the level where
neurofilaments begin to accumulate. These results also
accord with previous observations that the capacity of
neurofilaments to interconnect in vitro into a reticulated net-
work is lost when they become dephosphorylated (Eyer and
Leterrier, 1988).

Regulation of Interneurofilament Spacing by
Carboxyl-Terminal Phosphorylation

The extensive phosphorylation of the tail domains, particu-
larly on a highly repeated motif, has led to speculations that
increasing negative charge would rigidify and extend side-
arms that maintain an obligatory distance between individ-
ual neurofilaments (Brown and Eagles, 1986; Carden et al.,
1987), although in vitro studies of carboxyl-tail phosphory-
lation on isolated neurofilaments have been unsupportive
(Hisanaga and Hirokawa, 1988). The present study of intact
axons in vivo, however, provides strong evidence that phos-
phorylation events at carboxyl terminus domains of NF-H
and NF-M substantially increase the minimum and average
distance between neurofilaments. The length of the fully ex-
tended tail domains has been previously estimated by low-
angle rotary shadowing to be 63 nm for NF-H and 55 nm
for NF-M (Hisanaga and Hirokawa, 1988). The average dis-
tance of 25-35 nm that we measured between the neurofila-
ments at axonal levels 0-100 um from the retinal excavation
implies that these tail domains are either not fully elongated
or are not fully perpendicular to the filament core. As NF-H
and NF-M subunits attained a mature state of carboxyl-tail
phosphorylation more distally along the axon, the average
spacing between neurofilaments increased to 55 nm—a dis-
tance closer to that predicted for fully extended side-arms.

After carboxyl-terminal phosphorylation, neurofilaments
were less closely spaced and clustered; however, their distri-
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bution in the radial dimension was not random. Interactions
between neurofilaments were suggested from the fact that
more than 50% of the neurofilaments exhibited the minimum
obligatory spacing (45-65 nm) from their nearest neighbor,
even in axons where the cross-sectional area could easily ac-
commodate greater spacing.

The Role of Neurofilament Phosphorylation in
Regulating Axon Caliber

In myelinated nerves, axon caliber is a principal determinant
of conduction velocity (Hursh, 1939), a fundamental physio-
logic property of neurons. Observations that the caliber
shifts during normal neuronal maturation (Hoffman et al.,
1984; Hoffman et al., 1985b), axotomy (Hoffman et al.,
1987; Oblinger and Lasek, 1988), and during axonal regen-
eration (Hoffman et al., 19855; Hoffman and Cleveland,
1988) involve commensurate changes in neurofilament levels
have supported the view that neurofilaments are a major de-
terminant of axon caliber (Hoffman et al., 1984). Our results
showing that neurofilaments accumulate regionally in rela-
tion to a local expansion of caliber along individual axons
of normal mature mice further strengthens this hypothesis.
In developing or regenerating neurons, shifts in neurofila-
ment levels accompanying caliber changes are mediated at
least partly by changes in neurofilament mRNA (Julien et
al., 1986; Lieberburg et al., 1989; Schlaepfer and Bruce,
1990) and protein synthesis (Lasek et al., 1983). Our
findings suggest that, in addition to these factors, posttrans-
lational mechanisms are critical to axonal caliber regulation.
Carboxyl-terminal phosphorylation promoted caliber ex-
pansion in two different ways. First, by triggering the incor-
poration of some neurofilaments into a stationary network
and possibly slowing the movement of others, phosphoryla-
tion prolonged the time neurofilaments reside in axons and
thereby markedly increased their steady-state levels. This is
advantageous because it would enable neurons to expand
axon caliber with little or no increase in neurofilament gene
expression. By eliminating the need for continuous replace-
ment of the entire cytoskeleton at the rate of slow transport,
neurons can maintain a large network of neurofilaments with
fewer newly synthesized neurofilaments. The process also
endows neurons with the ability to regulate neurofilament ac-
cumulation locally within the axon as observed here along
optic axons, and in other systems at nodes of Ranvier (Reles
and Friede, 1991; deWaegh et al., 1992; Mata et al., 1992)
and at branch points or sharp turns along growing axons
seeking their targets (Landmesser and Swain, 1992).
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As a second mechanism to regulate caliber, carboxyl-
terminal phosphorylation enhanced the space-occupying
properties of the neurofilament network by increasing the
minimum spacing between neurofilaments. A relationship
between neurofilament density and carboxyl-terminal phos-
phorylation has also been recently reported (deWaegh et al.,
1992; Mata et al., 1992). Arithmetic increases in inter-
neurofilament spacing may exponentially increase space-
filling capacity because the side-arms would be expected to
create a spherical domain around the radial axis of the fila-
ment. This mechanism provides axons with considerable
latitude for regulating axon caliber rapidly and reversibly
without necessarily changing the number of neurofilaments.
Both of these effects of carboxyl-terminal phosphorylation
are relevant to observations that increasing the number of
neurofilaments composed of only NF-L subunits does not
necessarily cause caliber expansion (Monteiro et al., 1990)
in transgenic mice overexpressing the NF-L gene. In the ab-
sence of the high molecular mass subunits, these neurofila-
ments would not be responsive to the posttranslational mech-
anisms that maximize their space-occupying capabilities.

The Influence of Myelination on Neurofilament
Phosphorylation and Axon Caliber

Our results implicate myelination or events associated with
myelination as a critical influence on the changes in neu-
rofilament dynamics and axon caliber expansion. Myelin
initially appeared on axons beginning at the 150-um level of
the optic nerve where caliber and neurofilament number
abruptly increase. The subset of optic axons that remain un-
myelinated along their entire length did not accumulate
neurofilaments or undergo caliber expansion. Preliminary
studies also indicate that the timing of the caliber expansion
at the proximal axonal “transition” zone during postnatal de-
velopment of the optic nerve coincides with the onset of
myelin ensheathment (Nixon, R. A., P. A. Paskevich, 1.
Sanchez, L. Hassinger, unpublished observations). These
results on normal central nervous system axons are in agree-
ment with recent studies of peripheral fibers in the trembler
myelin-deficient mutant mouse, showing an influence of my-
elinating Schwann cells on neurofilament phosphorylation
and axon caliber (DeWaegh et al., 1992). Because astrocytes
are commonly apposed to axons that are not myelinated, we
cannot exclude the possibility that inhibitory influences of
these cells are part of the signal that regulates these local ax-
onal events (Geisert and Stewart, 1991; Bachr and Bunge,
1990).

Neurofilaments in unmyelinated fibers at 700- and 1,200-
pum levels exhibited the same average nearest neighbor dis-
tances as those in myelinated fibers at these levels, suggest-
ing that interneurofilament spacing and neurofilament
accumulation are regulated independently by phosphoryla-
tion. If the neurofilament spacing observed at 0-100 um is
representative of all fiber types, which appears to be the case
from Fig. 11, it indicates that neurofilament spacing in un-
myelinated fibers increases distally as observed for myelin-
ated fibers. This raises the possibility that myelination might
influence certain events in adjacent unmyelinated axons. In
any event, changes in interneurofilament distance in unmye-
linated fibers would be expected to have little impact on cali-
ber because, in these fibers, neurofilaments are few and the
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more numerous microtubules and membranous organelles
are the major determinants of caliber size (Sasaki-Sherring-
ton et al., 1984).

The astrocytic specialization located between 50-150 um,
known as the lamina cribrosa, could not explain the regional
neurofilament and caliber differences along axons because
unmyelinated optic axons maintained the same caliber and
number of neurofilaments along regions either within the
lamina cribrosa or distal to it. A modest effect of this struc-
ture in restricting fiber expansion, however, may be sug-
gested by the observation that the densities of neurofilaments
and microtubules were 30-40% higher within the region of
the lamina cribrosa than at levels proximal or distal to it.
The presence of a lamina cribrosa may, therefore, contribute
slightly to the striking abruptness of the caliber expansion
at 150 um where this structure ends and myelination begins.

Implications for Axonal Transport Models

Regional accumulations of neurofilaments with or without a
change in caliber can be explained if neurofilaments exist in
multiple kinetic pools in axons (Nixon and Logvinenko,
1986; Nixon and Sihag, 1991). Variations on this concept
have been proposed in which neurofilaments or neurofila-
ment proteins drop off the axonal transport carrier for long
periods and exchange with a stationary but dynamic
cytoskeletal network within which moving neurofilaments
may interact for brief or very long periods (Ochs et al.,
1989; Hirokawa, 1991; Nixon and Sihag, 1991; Okabe et al.,
1993; Okabe and Hirokawa, 1990, 1993). In confirmation of
earlier observations (Nixon and Logvinenko, 1986), recent
studies demonstrate that a pool of pulse-radiolabeled
neurofilament proteins remains in axons for many months af-
ter slowly moving neurofilaments have exited (Nixon, R. A.,
K. B. Logvinenko, M. Mercken, S. Matthysse, and R. K. Si-
hag. 1993. Multiple cytoskeletal proteins contribute to a sta-
tionary but dynamic network in axons. Soc. Neurosci. Abstr.
19:61). These retained neurofilaments distribute non-uni-
formly along axons in a pattern identical to that of the entire
axonal neurofilament pool, and their relative distribution
does not change over at least 4 mo. Because of their excep-
tionally long half-life in axons, these neurofilaments, which
we termed relatively stationary, are the major contributors
to the total steady-state neurofilament pool in optic axons.

Non-uniform accumulation of neurofilaments along re-
gions of both expanding and uniform caliber is not easily ex-
plained by a transport model in which the steady-state pool
of neurofilaments is viewed as a single pool of continuously
moving neurofilaments (Lasek et al., 1992). Generation of
the sixfold proximal-to-distal differential in neurofilament
number seen along the entire length of optic axons would re-
quire a commensurate slowing of the average neurofilament
transport rate; however, movement of a pulse-labeled neuro-
filament wavefront along optic axon occurs at a relatively
constant rate (Black and Lasek, 1980; Nixon and Log-
vinenko, 1986). In contrast to a single pool model, incorpo-
ration of a small proportion of transported neurofilaments
into a slowly turned over stationary network could induce
marked accumulation of neurofilaments without necessarily
changing the rate of progression of the neurofilament wave-
front. As a variation of a multiple kinetic pool concept, re-
gional increases in steady-state neurofilament levels could
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conceivably be generated by slowing of a subpopulation of
the total neurofilament pool; however, at least half of the
moving pulse-labeled neurofilaments exit the optic tract at
roughly the same rate that they enter axons and another
20-30% move 2-3-fold more slowly (Nixon and Log-
vinenko, 1986) (Nixon, R. A., K. B. Logvinenko, M. Mer-
cken, S. Matthysse, and R. K. Sihag. 1993. Multiple
cytoskeletal proteins contribute to a stationary but dynamic
network in axons. Soc. Neurosci. Abstr. 19:61). (Lasek et
al., 1992). Net movement of the remaining fraction of
neurofilaments would, consequently, have to be exceedingly
slow to generate the observed sixfold increment in steady-
state neurofilament levels along optic axons. The kinetics of
this pool would, therefore, be qualitatively distinct from the
other moving neurofilaments and have essentially the same
characteristics as neurofilaments that we have termed sta-
tionary (Nixon and Logvinenko, 1986) to emphasize that
they are not moving during most of their long residence time
in axons.
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