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Neurofilaments Help Maintain Normal Morphologies and Support
Elongation of Neurites in Xenopus laevis Cultured Embryonic

Spinal Cord Neurons
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Neurofilament number and subunit composition, which are
highly regulated during development, have been proposed
to help regulate axonal diameter and stability. From exper-
iments on dissociated cell cultures of Xenopus laevis em-
bryonic spinal cord, we have obtained direct evidence that
neurofilaments help maintain the structural integrity of
newly developing axons. An anti-neurofilament monoclo-
nal antibody specific for Xenopus NF-M and the cell lineage
tracer, lysinated FITC-dextran, were coinjected into a single
blastomere of 2-cell stage embryos. Within neurons de-
scended from the injected blastomere, this antibody spe-
cifically confined neurofilaments to the cell body for the
first two days of culture, as assayed by immunocytochem-
ical staining with antiserum against the low molecular
weight neurofilament protein XNIF. Although whole 1gGs
and Fab fragments both affected neurofilament distribu-
tion, the whole IgGs were more effective. For the first 9 hr
of culture, neurites containing anti-NF-M developed nor-
mally. By 21 hr, they were shorter than those of sibling
control neurons within the same dish, and many became
morphologically abnormal. Defects included large varia-
tions in diameter, poorly defined separations between the
growth cone and neurite, and more collateral branching.
Despite these abnormal features, neurons containing anti-
NF-M had normal distributions of e-tubulin immunoreactiv-
ity and phalloidin-stained F-actin. These latter observations
argued that defects resulted from the absence of neurofila-
ments rather than from interference of the movement of
other structural materials essential for axonal growth.
These results support the hypothesis that neurons use
neurofilaments to help maintain the characteristic shapes
of axons against the increasing structural demands placed
upon the elongating process.
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The axonal cytoskeleton comprises microfilaments, microtubules
and neurofilaments. During axonal development, microfilaments
are essential for growth cone motility and neurite initiation (for
a recent example, see Smith, 1994), whereas microtubules are
needed for neuritic extension (Mitchison and Kirschner, 1988)
and for transporting essential materials into the growing axon
(Allen et al., 1985; Schnapp et al., 1985). Neurofilament func-
tion has been more extensively considered in adult axons than
in developing ones, because neurofilaments emerge later than
microfilaments and microtubules. In mature peripheral myelin-
ated axons, for example, neurofilaments clearly enhance axonal
caliber (Friede and Samorajski, 1970; Hoffman et al., 1987; Cole
et al., 1994; Eyer and Peterson, 1994). However, neurofilaments
probably serve other functions too, since they are also found in
axons whose diameter is less dependent on neurofilament con-
tent (Parhad et al., 1987; Szaro et al., 1990). The physical chem-
ical properties of neurofilaments, like those of other intermediate
filaments, have led investigators to suggest that neurofilaments
strengthen and consolidate the axonal cytoskeleton (Leterrier
and Eyer, 1987; Eyer et al., 1989). The possibility that neurofila-
ments are important during axonal development is raised by
studies that document the emergence and changing molecular
compositions of neurofilaments in actively growing axons of
embryos (Shaw and Weber, 1982; Pachter and Liem, 1984; Dahl
and Bignami, 1986; Carden et al., 1987; Szaro et al., 1989;
Fliegner et al., 1994) and regenerating nerves (Oblinger et al.,
1989b; Tetzlaff and Bisby, 1989; Troy et al., 1990; Glasgow et
al., 1992; Landmesser and Swain, 1992; Liuzzi and Tedeschi,
1992; Zhao and Szaro, 1994). One possibility is that neurofila-
ments of immature axons, which differ markedly in molecular
composition from those of mature axons, only partially consol-
idate the cytoskeleton, thereby contributing to axonal stability
while permitting growth to continue (Schwartz et al., 1990).
One of the few studies to provide direct experimental evi-
dence in support of this idea is an antibody injection experiment
conducted on intact Xenopus laevis embryos (Szaro et al., 1991).
In this study, several monoclonal antibodies to nonphosphory-
lated epitopes of the middle molecular weight neurofilament pro-
tein (NF-M) were injected into a single blastomere of 2-cell
stage embryos. These antibodies persisted for several days and
produced accumulations of neurofilaments within the cell bodies
of neurons descended from the injected blastomere. The injected
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anti-NF-M antibodies also reduced the extent of peripheral ax-
onal outgrowth achieved by stage 39/40. Although these exper-
iments were suggestive, it was difficult to draw firm conclusions
from these results since it was impossible to distinguish individ-
ual axons within the nerves and tracts. Conducting similar ex-
periments on newly developing neurons isolated in dissociated
cell culture would permit the observation of effects in greater
detail.

During the first 2 d of neuronal development, neurite out-
growth can be followed in cultures of dissociated spinal cord
neurons made from the neural tubes of Xenopus laevis embryos
(Tabti and Poo, 1991). The expression of the neurofilament pro-
teins NF-M, XNIE and NF-L, and the subsequent phosphory-
lation of NF-M follow the same timecourse in such cultures as
in the intact embryo (Lin and Szaro, 1994). We now present
details on the development of neurites in such cultures made
from embryos that had a single blastomere at the 2-cell stage
injected with an antibody against NF-M. This antibody, either
as whole IgG molecules or as Fab fragments, specifically elim-
inated neurofilament protein immunoreactivity from developing
neurites without altering the distributions of a-tubulin or F-actin.
During the first 9 hr of culture, all neurites were normal. How-
ever by 21 hr, neurites lacking neurofilament immunoreactivity
were shorter on average than those of normal neurons from the
same embryo developing in the same culture. In addition, many
of these neurites were morphologically abnormal. These results
are the first clear demonstration of what happens to developing
axons when they are deprived of their neurofilaments.

Materials and Methods

Embryonic blastomere injections

Fertilized eggs were continually collected for several hours from normal
spawnings of periodic albino Xenopus laevis frogs (Hoperskaya, 1975;
Tompkins, 1977) induced by intraperitoneal injection of human chori-
onic gonadotropin (Sigma, St. Louis, MO) the night before (Gurdon,
1967). Embryonic jelly coats were removed by immersing eggs in a
dejellying solution (10 mm dithiothreitol/50 mm Tris, pH 8 in dechlor-
inated tap water) for 2-3 min and then rescuing them with extensive
washes in dechlorinated tap water. Viable embryos at the 2-cell stage
were then selected for microinjection. To eliminate hydrostatic pressure
created by the vitelline membrane, embryos were placed in a solution
of 5% Ficoll (Sigma, St. Louis, MO) in Hepes buffered Steinberg’s
solution [HBS: 58.2 mm NaCl, 0.67 mm KCI, 0.34 mm Ca(NO,),, 0.83
mM MgSO,. 5 mm Hepes, pH 7.6].

The procedure for microinjection was identical to that used previ-
ously (Szaro et al., 1991), except that micropipettes were mechanically
beveled to a tip diameter of 8-12 pum, and the injection pressure was
lowered to 15-20 p.s.i. These changes dramatically increased survival
rates for the injected embryos and enabled us to inject higher doses of
antibody than before. Injection volumes were controlled by an elec-
tronically gated apparatus (Picospritzer Il, Fairfield, NJ) that was pneu-
matically driven by pressure from a tank of dry nitrogen. Each pipette
was calibrated through an ocular micrometer by measuring the size of
a droplet ejected into mineral oil. Embryos were injected near the an-
imal pole of a single blastomere at the 2-cell stage. After several hours,
but prior to gastrulation, injected embryos were passed through a graded
series of HBS solutions into 20% sterile HBS with no Ficoll. In all,
embryos were collected from 11 separate spawnings.

Solutions for microinjection

The mouse monoclonal antibody XC10C6, which is directed against
Xenopus NF-M (Szaro and Gainer, 1988; Szaro et al., 1989), was used
to perturb neurofilaments. This antibody was one of several used in the
previous study to perturb neurofilaments in intact embryos (Szaro et al.,
1991), and our whole IgG solution came from the same stock. It was
prepared by purifying whole IgGs from mouse ascites fluid over a pro-
tein A column (Affi-gel Protein A, MAPS II Kit; Bio-Rad, Richmond,
CA) according to the manufacturer’s instructions.
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Figure 1. SDS-polyacrylamide gel electrophoresis of anti-NF-M an-
tibody solutions. Lane I shows 18 pg of purified XC10C6 whole IgG
run under nonreducing conditions. Lane 2 shows 7 pg of total protein
containing Fab fragments under nonreducing conditions. Although in
addition to the Fab frament some residual Fc is visible, the solution is
devoid of any detectable levels of either whole IgG or Fab,. The po-
sitions of molecular weight standards are indicated on the left. They
are: myosin, 200 kDa; B-galactosidase, 116 kDa; phosphorylase B, 97
kDa; bovine serum albumin, 66 kDa: ovalbumin, 43 kDa; and carbonic
anhydrase, 31 kDa.

Fab fragments of XC10C6 were prepared from purified IgG, which
was mixed with an equal amount of papain immobilized to agarose
beads (Calbiochem, La Jolla, CA) in a final volume of 1.8 ml and
digested at 37°C for 40 hr with continuous agitation. [Conditions for
digestion were previously determined through analysis of partially di-
gested aliquots by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE)]. Papain-agarose was removed by centrifugation and the super-
natant was passed through a protein A agarose column (Calbiochem)
to remove Fc fragments. The column flow-through, containing Fabs,
was washed by five repeated cycles of concentration through a Centri-
Por centrifuge concentrator column (Spectrum) and subsequent dilution
with 0.1x HBS. This concentrated solution was then lyophilized and
reconstituted in Milli-Q filtered water. Figure 1 shows aliquots of both
the whole IgG antibody solution and the Fab fragment solution sepa-
rated by 10% SDS-PAGE under non-reducing conditions. As seen in
lane 2, the solution of Fab fragments was free of both whole IgG and
Fab,, but did contain some residual Fc that had failed to bind to the
protein A column. The small residual amount of Fc that remained was
unlikely to have been responsible for the antibody effects, since none
of the control IgG antibodies used affected neuronal development.

Three substances were injected as controls. The first was the mono-
clonal antibody E7, which was obtained as ascites fluid from the De-
velopmental Studies Hybridoma Bank (Iowa City, IA). Although this
antibody binds to Xenopus laevis B-tubulin (Chu and Klymkowsky,
1989; Dent et al., 1989; Klymkowsky et al., 1987), it fails to perturb
microtubule polymerization, cell division, or normal development when
it is injected into embryonic blastomeres (Klymkowsky et al., 1987;
Chu and Klymkowsky, 1989; Dent et al., 1989). E7 ascites fluid was
purified the same way as was XC10C6. The second control antibody
was a commercially available, purified mouse monoclonal antibody di-



rected against E. coli B-galactosidase (Promega, Madison, WI). All in-
jected antibodies were mouse monoclonal IgGs. Bovine serum albumin
(BSA, grade V; Sigma, St. Louis, MO) was used as an additional control
for the viability of injected embryos (Szaro et al., 1991).

Prior to final dilution, the concentrations of purified antibodies were
determined by absorbance at 280 nm (A, of 1.0 is 740 pg/ml). Before
injection, each solution was mixed with an equal volume of 1.5% lysinated-
fluorescein-isothiocyanate-dextran (lys-FITC-DX, Molecular Probes, Eu-
gene, OR), which allowed us to identify in culture the cells descended from
the injected blastomere. In the first set of experiments, 25 cultures were
made from embryos injected with lys-FITC-DX alone, and stained for neu-
rofilaments with anti-XNIE In these cultures, lys-FITC-DX positive neurons
were normal in every aspect. The final concentrations and numbers of
cultures analyzed for each injected protein were: XC10C6, whole IgG, 4.5
ng/nl, 79 cultures; XC10C6, Fab fragments, either 3.5 ng/nl or 7 ng/ni,
total of 28 cultures; E7, 3.5 ng/nl, 19 cultures; anti-B-galactosidase, 4.5 ng/
ni, 27 cultures; and BSA, 5 ng/nl, 24 cultures. For whole IgGs and BSA,
the volumes of the injections were generally 28—42 nl. These were adjusted
so that each embryo nominally received 100-150 ng of total protein. The
amount of Fab fragments injected was either 100 ng or 200 ng per embryo,
as described in the Results.

Preparation of dissociated neural tube cultures

After injection, embryos were raised to stage 22 (Nieuwkoop and Faber,
1956) and examined briefly under FITC-fluorescence. Healthy looking,
unilaterally labeled embryos were selected for dissociated neural tube
cultures, and placed into sterile-filtered HBS. More detailed protocols
for preparing such cultures can be found elsewhere (Anderson et al.,
1977; Cohen et al., 1987; Tabti and Poo, 1991). Briefly, the vitelline
membrane was manually removed and a dorsal portion of the embryo
consisting of the developing spinal cord and adjacent epithelium, so-
mites and notochord was dissected free. These tissues were then incu-
bated in a collagenase solution (0.5 mg/ml, type IV, Sigma, St. Louis,
MO) for 30-50 min and transfered to HBS. The neural tube was then
dissected away from other tissues and incubated in a calcium-magne-
sium free HBS solution (58.2 mm NaCl, 0.67 mm KCI, 5 mm Hepes,
pH 7.4, 0.5 mm EDTA) for an additional 30-60 min. The neural tube
was dissociated gently by trituration through a micropipette, and resul-
tant cells from a single neural tube were placed into 35 mm culture
dishes containing medium [60% Leibowitz’s L-15 with glutamine (GIB-
CO/BRL, Gaithersburg, MD), 39% HBS, 1% CPSR-1 serum substitute
(Sigma, St. Louis, MO)]. Cells were plated directly onto the bottoms
of the dishes, which were made of A polystyrene plastic (Nunclon,
Naperville, IL). This plastic provided a uniform, commercially prepared
substrate that minimized dish to dish variations in rates of normal neu-
ritic outgrowth (Lin and Szaro, 1994). Previously, we demonstrated that
the neurofilament proteins XNIE NF-M, NF-L, and phosphorylated ep-
itopes of NF-M emerge in cultured neurons following the same time-
course as in the intact embryo (L.in and Szaro, 1994).

Histochemistry

Localization of injected antibodies. The persistence and distribution of
the injected antibodies in cultured neurons were examined immunocy-
tochemically with the appropriate secondary antibody. In the case of
injected whole IgG solutions, a biotinylated anti-mouse IgG (Vector
Laboratories, Burlingame, CA), diluted 1:800, was used. In the case of
injected Fab fragments, we used a biotinylated anti-mouse-Fab specific
antibody diluted 1:1000 (Sigma, St. Louis, MO). Cultures were fixed
with 3.7% formaldehyde plus 0.25% glutaraldehyde in 0.1 M sodium
phosphate buffer (pH 7.4) for 15-30 min. The fixed cultures were then
extracted with 0.5% triton X-100 in 0.1 M sodium phosphate, pH 7.4.
Next, the cultures were incubated sequentially in a protein solution (5%
bovine serum albumin, 3% normal serum in tris buffered saline), an
avidin solution and then a biotin solution (AB-blocking kit, Vector Lab-
oratories, Burlingame, CA). The cultures were then incubated with the
appropriate biotinylated antibody followed by rhodamine-avidin D di-
luted 1:1000 (Vector Laboratory, Burlingame, CA). After several
washes in tris buffered saline, the cultures were covered with a glass
coverslip sealed with aqueous mounting medium (Permafluor, Shandon
Lipshaw, Pittsburgh, PA). For these experiments, 25, 8, 3, and 5 cultures
were prepared from embryos injected with anti-NF-M (whole IgG),
anti-NF-M (Fab), anti-8 tubulin, and anti- galactosidase, respectively.

Immunocytochemical staining for a-tubulin. The procedure was sim-
lar to that described above, except that the primary antibody was a
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sheep antiserum against bovine brain a-tubulin (Southern Biotechnol-
ogy Assoc., Birmingham, AL), diluted 1:100. For these experiments, 8,
5, and 3 cultures were prepared from embryos injected with anti-NF-M
(whole IgG), anti-B tubulin and BSA, respectively.

Immunocytochemical localization of neurofilaments. The distribution
of neurofilaments was determined by immunostaining with a rabbit an-
tiserum (LC2) directed against the Xenopus neuronal intermediate fila-
ment protein (XNIF; Charnas et al., 1992), diluted 1:500. Use of this
antiserum to localize XNIF in cells injected with FITC-DX required
modifications in the fixation protocols, since the epitope of the XNIF
antiserum is sensitive to aldehydes, which were necessary for proper
fixation of the lysinated dextran. Cultures were first fixed by dropwise
addition of methanol (Lin and Szaro, 1994), and then briefly postfixed
for 20 min with an aldehyde containing fixative (3.7% formaldehyde,
0.25% glutaraldehyde, 0.1 M sodium phosphate, pH 7.4) further diluted
1:25 in 0.1 M sodium phosphate. This method retained lys-FITC-DX
without damaging neurofilament epitopes. For these experiments, 27,
14, 5, 7, and 12 cultures were made from embryos injected with anti-
NE-M (whole IgG), anti-NF-M (Fab), anti-B tubulin, anti-B galactosi-
dase, and BSA, respectively.

Localization of F-actin by phalloidin. Cultures were fixed in aldehyde
fixative and then extracted with Triton X-100 as described above. Cul-
tures were washed several times with 0.1 M sodium phosphate, pH 7.4,
and then incubated for 40 min in 5 U/ml rhodamine-phalloidin in phos-
phate buffer (Molecular Probes, Eugene, OR). Afterward, cultures were
washed with 0.1 m sodium phosphate, pH 7.4, and placed under cov-
erglasses as described for the other histochemical protocols. For these
experiments, 7, 3, and 3 cultures were made from embryos injected
with anti-NF-M (whole IgG), anti-B galactosidase and BSA, respec-
tively.

Analysis of neuritic lengths

Cultures at either 9 or 21 hr after plating were fixed in aldehyde fixative
and then preliminarily examined under fluorescence to distinguish neu-
rons derived from the injected blastomere (lys-FITC-DX-positive) from
their contralateral sibling neurons (lys-FITC-DX-negative). Under phase
contrast illumination, camera lucida drawings were made of the cell
body and principal neuritic process of every unipolar neuron that was
sufficiently isolated from other neurons to avoid confusion. These trac-
ings were then entered into a microcomputer via a digitizing tablet, and
the lengths of the primary neurites were measured and stored (Szaro
and Tompkins, 1987). If the primary neurite branched into two separate
processes of approximately equal diameter, the lengths of both processes
were measured and added to the total neuritic length for that cell. How-
ever, the very fine collateral processes and protrusions along the primary
neurite were not included, since these extensions appeared qualitatively
different from the main neuritic process. The lengths of all neurites in
each group, either lys-FITC-DX-positive or -negative, were then aver-
aged for a single culture dish. For each of the injected substances, these
means were then averaged over six separate cultures, and the data were
tabulated (Table 1). The significance of the difference between neuritic
lengths of lys-FITC-DX-positive and —negative neurons was deter-
mined for each substance by taking the difference of the mean neuritic
lengths between the lys-FITC-DX-positive and —negative neurons for
each dish, and then computing a two-tailed paired ¢ test for the six
cultures in each group (Sachs, 1984).

Resuits

Injected antibodies persist for 2 d in cultured neurons

During Xenopus laevis development, the first cleavage plane de-
marcates the future anatomical midline of the animal (Hirose
and Jacobson, 1979). Thus, injection of a cell lineage tracer into
one blastomere at the 2-cell stage labels the neural tube on the
side of the injection. Unlabelled neurons cultured from the neu-
ral tube of an injected embryo therefore act as the ideal internal
control for effects of injected substances on labelled neurons,
provided that the injection itself is harmless. In our experiments,
lys-FITC-DX was added to antibody solutions to mark all of the
subsequent cultured neurons that were descended from the in-
jected blastomere. By counting the number of labeled and un-
labeled neurons in 24 cultures during the first day after plating,
we verified that injection of a blastomere with mixtures of lys-
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Table 1. Effects of injected substances on average neuritic length (jum)-

Injected Cells Uninjected Cells
Cell Cell

number® Length number Length P
A. 21 hr after plating
Experimental groups
Anti-NF-M IgG 161 57+4 104 113+ 12 <0.005*
Anti-NF-M Fab 71 61 +3 62 99 * § <0.01*
Control groups
BSA 79 105 £ 12 73 98 £ 9 NS
Anti-B-tubulin 103 123 £ 8 66 126 =8 NS
Anti-B-galactosidase 67 148 + 18 87 121 +6 NS
B. 9 hr after plating
Anti-NF-M IgG 47 38+3 59 35x3 NS
Anti-B-galactosidase 55 40 =3 60 38+3 NS

“For each of the injected substances, six cultures were fixed. Within each culture, camera lucida drawings were made
of all injected (i.e., derived from the injected blastomere) and uninjected monopolar neurons that could be distin-
giushed easily from neighboring neurons. The length of each neurite was measured, and the lengths for like neurons
were then averaged within a single culture dish. The average neurite length for each culture was then averaged over
the six separate cultures, and is presented in the table (mean length + SEM; N = 6 cultures).

“The total number of cells in the six cultures that were measured within each group.

“The probability that there was no difference between the neurite lengths of injected and uninjected neurons within
each group. Significant probabilities (P << 0.05) are marked with an asterisk. Insignificant ones are listed as NS. For
each culture, the difference in the average lengths of neurites between injected and uninjected neurons was calculated.
These differences were then averaged over the six cultures in each group and compared to the null hypothesis that

the difference was zero by a two-tailed ¢ test (df = 5).

FITC-dextran and antibody had no effect on the viability of cul-
tured neurons. On average, each culture had 16 = 8 (mean *+
SD) lys-FITC-DX-positive neurons and 13 * 6 (mean * SD)
unlabeled neurons. These numbers differed insignificantly.

The presence of antibodies in lys-FITC-DX-labeled neurons
during the first day after plating was verified by rhodamine im-
munofluorescence with anti-mouse IgG secondary antibodies.
Figure 2 shows representative examples of cultured neurons
from three such embryos, each injected with a different anti-
body: anti-Xenopus NF-M (A-C), anti-Xenopus [ tubulin (D—
F), and anti-E. coli B —galactosidase (G—H). All three neurons
contained both lys-FITC-DX (Fig. 2B,E,H) and readily detect-
able levels of the injected antibodies (Fig. 2C,F,). As deter-
mined by the distribution of rhodamine immunofluorescence, the
injected antibodies were evenly distributed throughout the full
extent of the somas and neurites. Rhodamine immunofluorescent
staining of the injected antibodies was robust in lys-FITC-DX-
labeled neurons throughout the first day of culture (equivalent
through Nieuwkoop and Faber (1956) stage 35/36, which is just
after hatching). It was also readily visible during the second day
(equivalent through stage 40, an early swimming tadpole stage),
although significantly less intense. By the third day, injected
antibodies were no longer detectable. Throughout the first 2 d
of culture, there was a 1:1 correspondence between FITC and
rhodamine labeled cells. Since the intensity of the injected an-
tibody was highest during the first day of culture, our observa-
tions were made during this period. For example, FITC-labeled
neurons of 7 cultures derived from embryos injected with vari-
ous antibodies were assayed by rhodamine immunofluorescence
for the persistence of injected antibodies. These cultures con-
tained a total of 181 FITC-labeled and 142 unlabeled neurons.
Every FITC-dextran containing neuron also contained antibody,
and vice versa. Thus in subsequent assays, FITC-dextran could
be used to identify antibody containing neurons both in living
and in fixed cultures.

Injection of anti-NF-M antibody eliminates neurofilaments
Jrom neurites

Neurofilaments are obligate heteropolymers in vivo (Lee et al.,
1993). To form viable neurofilaments, NF-M subunits must coas-
semble with subunits of at least one of the low molecular weight
neuronal intermediate filament proteins. Thus if the anti-NF-M
antibody altered the cellular distribution of neurofilaments in
general, this effect should be detectable with an antibody di-
rected against one of the low molecular weight neurofilament
proteins. In addition, the binding of such an antibody to a sep-
arate neurofilament subunit would have the added advantage of
targeting an epitope separate from that recognized by the in-
jected antibody, thereby reducing any competitive interference
between the two antibodies. In mammals, the lower molecular
weight neurofilament proteins include NF-L, peripherin and
a-internexin. In Xenopus embryonic spinal cord neurons, XNIF
is the low molecular weight neurofilament protein that first ac-
companies NF-M (Charnas et al., 1992; Lin and Szaro, 1994).
In intact embryos (Szaro et al., 1989) and in culture (Lin and
Szaro, 1994), both XNIF and NF-M are expressed soon after
neurites emerge (stage 22-26). XNIF expression persists even
after NF-L appears, which happen$ at stage 35/36 in situ and
after the first day in culture (Charnas et al., 1992; Lin and Szaro,
1994).

Therefore, to monitor the effects of injected antibodies on the
cellular distribution of neurofilaments in general, a rabbit anti-
serum to XNIF was used in an indirect rhodamine-immunoflu-
orescence assay on cultures fixed 21 hr after plating. In addition
to cultures made from embryos injected with anti-NF-M, cul-
tures were also made from embryos injected with BSA, anti-
Xenopus B-tubulin and anti-E. coli B-galactosidase, to control
for the specificity of the anti-NF-M antibody. In nearly all neu-
rons (99%) that contained anti-NF-M antibody, XNIF immu-
noreactivity fajled to enter neurites, regardless of their length
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Figure 2. Tdentification of antibody-containing neurons in cultures, 21 hr after plating. Examples are shown of neurons descended from blastomeres
injected with anti-NF-M (A-C), anti-B tubulin (D-F), and anti-B galactosidase (G-f) monoclonal antibodies. The left three panels (4, D, G) show
cells viewed by phase contrast microscopy. The middle three panels (B, E, H) show the same cells as in A4, D, and G, respectively, but viewed by
fluorescein fluorescence to visualize the FITC-dextran. The right three panels (C, F, I) were the same neurons as in B, E, and H, respectively, but
stained by rhodamine conjugated anti-mouse IgG and viewed by rhodamine fluorescence to visualize the distribution of the injected antibodies. The

scale is the same for all panels.
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Figure 3.

Accumulation of neurofilament protein immunoreactivity in neuronal cell bodies after injection of anti-NF-M monoclonal antibody. The

left three panels are cells seen through phase contrast optics and the adjacent right three panels show the same cells stained by the anti-XNIF
antibody and viewed by immunofiuorescence. A and B show a neuron descended from a blastomere injected with BSA. The XNIF immunoreactivity
in the cell body and neurite is distributed as in uninjected neurons. C—F show cells descended from blastomeres injected with the anti-NF-M
antibody. In these neurons, the XNIF immunoreactivity has accumulated in the soma (arrowheads in D and F) and is depleted from the neurites.

The scale bar in F indicates the scale for all of the panels.

(illustrated in Fig. 3C-F). (The remaining 1% showed only trac-
es of anti-XNIF staining in their neurites near the soma.) In
neurons containing anti-NF-M, XNIF immunoreactivity was
confined to a small region of the soma, generally some distance
from the axon hillock. Normally in uninjected neurons, XNIF
immunoreactivity is intense along the neurite and extends to
where the shank of the neurite meets the growth cone (Lin and
Szaro, 1994). Such a distribution was seen in all neurons con-
taining any of the three control substances. This is illustrated for
BSA in Figure 3, A and B, and for the anti-tubulin and B-galac-
tosidase injected antibodies in Figure 44-D.

Fab fragments of the anti-NF-M antibody reduce the entry of
neurofilaments into neurites

To help address issues pertaining to the specificity of and mech-
anism by which the anti-NF-M antibody eliminated neurofila-
ments from neurites, Fab fragments were prepared from the anti-
NF-M monoclonal antibody and injected into embryos. Initially,
when Fab fragments were injected at the same dose (approxi-
mately 100 ng per embryo) as were solutions of whole IgG, the
effects on cultured neurons only partially resembled those seen
with injections of whole IgG solutions: accumulations of XNIF
immunoreactivity formed within the soma, but most neurites
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Figure 4. The distribution of XNIF immunoreactivity in control antibody-injected neurons, 21 hr after plating. The left panels show phase contrast
views of neurons containing either anti-3 tubulin (A) or anti-B galactosidase (C) monoclonal antibodies. The right panels show the same cell as in
A and C, respectively, stained by the anti-XNIF antibody and viewed by immunofluorescence. The XNIF immunostaining is distributed within the
cell bodies and neurites as in uninjected neurons. The scale, as indicated in D, is the same for all panels.

also contained low levels of XNIF immunoreactivity. We veri-
fied that Fab fragments persisted in such neurons by immuno-
staining some with a secondary antibody specific for mouse IgG
Fab fragments. An example of such a cell descended from a
blastomere injected with 70-100 ng of Fab is shown in Figure
5, A and B. Note, that as with the other injected antibodies, the
Fab fragments are found throughout the cell. When the dose was
doubled (150-200 ng per embryo), effects on the distribution of
XNIF approached those obtained with solutions of whole IgG.
In the best cases, XNIF immunoreactivity was totally confined
to the cell body (see Fig. 5C,D). In 73 neurons scored in six
cultures made from embryos injected with Fab fragments of
anti-NF-M, XNIF immunoreactivity was completely restricted to
the soma in 15 cells (21%) and partially confined in 44 cells
(60%). Thus, although not as efficient as whole IgGs, Fab frag-
ments to the anti-NF-M antibody could also restrict the move-
ment of neurofilaments from the cell body into neurites. Because
IgGs were more efficient, they were used in most of the sub-
sequent experiments.

Whole IgGs of anti-NF-M had no effect on other cytoskeletal
components

One concern in using an antibody to eliminate neurofilaments
from neurites is that the resultant antibody-neurofilament com-
plex might interfere with the movement of other essential com-
ponents into the neurite. To determine the extent of pleiotrophic
effects on microtubules and microfilaments, cultures of embryos
injected with whole IgGs to Xenopus NF-M were stained for

a-tubulin by indirect rhodamine-immunofiuorescence and for
F-actin by rhodamine-phalloidin.

As shown in Figure 6, the distribution of a-tubulin was un-
affected by anti-NF-M. Figure 6B shows the distribution of a-tu-
bulin that was typical of uninjected neurons, 21 hr after plating.
As shown in Figure 6C-F, even though anti-NF-M resulted in
other abnormalities in neurite shape (which will be discussed
later), the distribution of a-tubulin was unaffected. In these and
all other anti-NF-M containing neurons, a-tubulin immunoreac-
tivity was evenly distributed throughout the soma and neurites.
This pattern of a-tubulin immunoreactivity lacked any evidence
of either an accumulation of tubulin in the soma or a depletion
of it from the proximal neurite, which would be expected if the
anti-NF-M-neurofilament complex had blocked tubulin transport
into the neurite. Interestingly, as shown in Figure 6H, injection
of the anti-Xenopus B-tubulin antibody also failed to have any
effect on the distribution of a-tubulin. Although this antibody
recognizes Xenopus B-tubulin (Klymkowsky et al., 1987; Chu
and Klymkowsky, 1989), it has no effect on development
through gastrulation after injection into Xenopus embryos
(Klymkowsky et al., 1992). Thus, binding of a divalent antibody
to a cytoskeletal structure does not necessarily produce delete-
rious cross-linking of polymers.

As shown in Figure 7, microinjection of anti-NF-M also failed
to have any effect on the subsequent distribution of F-actin in
neurons. In normal uninjected neurons (Fig. 78), F-actin staining
by phalloidin is found primarily in the growth cone and sporad-
ically within the soma and along the neurite. The latter staining
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Figure 5. The effect of injection of Fab fragments of the anti-NF-M
antibody. B shows the distribution of Fab fragments in a neuron, 21 hr
after plating, that was descended from a blastomere injected with Fab
fragments. The distribution of Fab fragments is visualized by immu-
nofluorescence after the neuron was stained with anti-mouse IgG-Fub.
D shows the distribution of XNIF immunoreactivity in a neuron de-
scended from a blastomere injected with Fab fragments. XNIF immu-
noreactivity is concentrated in the cell body (arrowhead) and absent
from the neurite. A and C show the same neurons as in B and D,
respectively, but viewed under phase contrast conditions. The scale bar
in D2 applies to all panels.

represents points of attachment between the cell and the culture
dish. In cultured neurons containing anti-NF-M, the distribution
of rhodamine-phalloidin staining was indistinguishable from that
of uninjected neurons (Fig. 7D). These data helped to argue
further that the effects of the anti-NF-M antibody were due to a
lack of neurofilaments rather than from pleiotrophic effects re-
sulting from blockage of materials from entering the neurite.

In neurites, anti-NF-M reduced the rate of elongation and
resulted in a range of abnormal morphologies

The data presented in the previous sections showed that during
the first day in culture the microinjected anti-NF-M antibody
successfully eliminated neurofilaments from neurites without no-
ticeably disturbing the normal distributions of microtubules and
microfilaments. In this section, we demonstrate that neurites

without neurofilaments elongated less and displayed a variety of
abnormal morphological features.

In Xenopus dissociated neural tube cultures, neuronal survival
and neurite outgrowth are greatest during the first 2 d of culture.
Since levels of the injected antibodies were highest during the
first day of culture, neurite lengths were initially examined dur-
ing this period. These data are presented in Table 1. The first
group examined consisted of neurons at 21 hr after plating (Ta-
ble 1A). For each antibody injected, the primary neurites were
measured from camera lucida tracings of each monopolar neu-
ron, either FITC-labeled or unlabeled, that was sufficiently iso-
lated to allow it to be traced without confusing it with other
neurons. In the case of neurons containing anti-NF-M, which
possessed numerous thin collateral processes not found on nor-
mal neurons, only the length of the primary neurite from soma
to growth cone was measured. The average neuritic length was
calculated separately for the FITC-labeled or unlabeled neurons
in each culture, and these averages were then averaged over six
cultures for a two-tailed paired ¢ test (Sachs, 1984). At 21 hr
after plating, the neurites of neurons derived from blastomeres
injected with whole IgG anti-NF-M were approximately half as
long as those of their unlabeled sibling neurons. Fab fragments
of anti-NF-M also significantly reduced neurite lengths at 21 hr
after plating, although not as much as whole IgGs did. For all
of the control groups (BSA, anti-B-tubulin, anti-B-galactosi-
dase), the differences in neuritic lengths were insignificant. At
9 hr, however, the effect of anti-NF-M on neurite lengths was
insignificant (Table 1B). Thus, the shorter neurites of anti-NF-M
antibody containing neurons arose as the result of reduced neu-
ritic elongation between 9 and 21 hr rather than from a delay in
the initiation of neurite outgrowth.

At 21 hr of culture, neurites of neurons containing the injected
anti-NF-M antibody were morphologically abnormal in approx-
imately half of the cases. Of 238 cells containing anti-NF-M
antibody that were scored (7 cultures), the neurites of 101 of
them were clearly abnormal. Normal neurites are typically less
than 3 um in diameter, with occasional varicosities extending
small (generally less than 10-12 pm long) filopodia and a single
growth cone that is easily distinguishable from the rest of the
neurite. Figure 8A—E contains examples of control neurons with
typically normal neurites. Figure 8F shows a representative ex-
ample of one of the 137 neurons containing anti-NF-M that was
morphologically indistinguishable from control cells. Figure
8G—-J shows representative examples illustrating the variety of
abnormalities typical of the other neurons containing anti-NF-
M. Other examples are shown in Figure 6, C and E. We believe
that the range of effects, at least in part, resulted from the het-
erogeneity of neurons found in these cultures; based on the an-
atomical location of somas and direction of axonal projections,
at least nine different types of neurons have been identified in
the Xenopus laevis embryonic spinal cord (Roberts and Clarke,
1982). Another possibility is that the defects observed at 21 hr
represented an early stage in the formation of defective neurites.
One of the most obvious defects was that the diameters of many
neurites containing anti-NF-M varied along their lengths. Some
tapered to a fine process (Fig. 8G,H), whereas others were
broader, with diameters as large as 6 m (Fig. 81,J). In addition,
affected neurons extended numerous collateral processes (Fig.
8G-J). In some cases, these processes were thin, exceeding 15
pm in length and with multiple branches (Fig. 8G,H). Other
processes formed behind extensive growth cones (Fig. 81J).
Thus, neurofilaments appeared to help define the stereotypical
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Figure 6. The distribution of a-tubulin immunoreactivity in neurons descended from an uninjected blastomere (A, B) and from blastomeres injected
with either anti-NF-M (C—F) or anti-B-tubulin (G, H) monoclonal antibodies. Cells are from cultures, 21 hr after plating. A, C, E, and G show
neurons photographed through phase contrast optics. B, D, F, and H show these same neurons stained with anti-a-tubulin and viewed by immu-

nofluorescence. The scale bar in H indicates the scale for all of the panels.

shapes of normal Xenopus cultured neurites, probably by con-
tributing to their structural strength.

Discussion

These experiments demonstrated the utility of using Xenopus
embryos to directly manipulate the neurofilament content of de-
veloping axons in culture. Our results were consistent with the
hypothesis that neurofilaments provide mechanical support that
enhances the structural integrity of these neurites. Injection of a
monoclonal antibody against Xenopus NF-M into a single em-
bryonic blastomere at the 2-cell stage subsequently confined all
neurofilament immunoreactivity to the somas and prevented neu-
rofilaments from entering the neurites. Prior to 9 hr in culture,

neurites of neurons descended from anti-NF-M injected blasto-
meres were normal in length; but by 21 hr, such neurites were
only half as long as controls. At that time, nearly half the neu-
rites lacking neurofilaments also exhibited marked morphologi-
cal defects. These included uneven widths of neurites, poorly
defined separations between the growth cone and neurite, and
more extensive collateral branching along the length of the neu-
rite. All of these defects were consistent with a reduced capacity
for neurites lacking neurofilaments to resist the increasing me-
chanical stresses imposed on them as they elongate. Previous
observations that neuritic growth rates slow down as neurofila-
ments emerge within developing neurites led to the conclusion
that neurofilaments act to consolidate the cytoskeleton of the
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Figure 7. The distribution of F-actin in a neuron descended from an
uninjected blastomere (A, B) and from a blastomere injected with anti-
NF-M antibody (C, D). A and C are photomicrographs taken with phase
contrast optics; B and 2 show the same neurons, respectively, stained
for F-actin with rhodamine-phalloidin and viewed by fluorescence.
Phalloidin staining of F-actin is most abundant in the growth cone (ar-
rowhead ). Patches of staining seen along the neurites may indicate po-
sitions where neurites are attached to the culture substrate. The scale,
indicated in D, is the same for all panels.

growing axon (Oblinger and Lasek, 1984; Oblinger et al.,
1989a). Our results, while consistent with this interpretation, fur-
ther suggest the possibility that neurofilaments assist developing
neurites to exceed a critical size by providing supplemental me-
chanical support.

This critical size should vary among neurites depending both
on the amount of other mechanical support that is normally pro-

vided by the microfilaments and microtubules, and on the phys-
ical forces that stress the neuron. In the intact embryo, this idea
is supported indirectly by observations that neurofilament con-
tent varies widely among different axons. For example, in Xen-
opus embryos, optic axons growing inside the head along the
optic pathway express no detectable neurofilaments until enter-
ing the tract; whereas motor axons, which are undoubtedly ex-
posed to more physical stress while crossing the space between
the neural tube and somites, are filled with neurofilaments to
their growth cones (Szaro et al., 1989). In culture, the various
types of neurons present (Roberts and Clarke, 1982) would be
expected to adhere differentially to the culture substrate. If so,
this could explain why some neurites were more severely af-
fected than others.

These experiments complemented previous ones performed
on intact Xenopus embryos (Szaro et al., 1991). In those exper-
iments, injected neurofilament antibodies significantly reduced
the extent of peripheral axonal outgrowth. The similarities of
these two sets of results increase our confidence in the relevance
of these experiments to our general understanding of the func-
tion of neurofilaments in young axons. The culture experiments
produced the further advantage of enabling us to observe iso-
lated sibling experimental and control neurons derived from the
same animal and grown in identical conditions. We were thus
able to demonstrate convincingly that neurofilament immuno-
reactivity was completely eliminated from neurites and to ob-
serve directly the adverse effects that the injected antibody had
on neuritic elongation and morphologies. In the future, it should
be possible to follow these effects on individual neurons, dy-
namically, in real time.

One possible caveat that could be raised against our interpre-
tation of the data is that accumulations of neurofilaments might
nonspecifically block the transport of materials necessary for
maintaining normal axonal growth. Indeed in transgenic mice
experiments, expression of mutated neurofilament proteins has
led to neurodegeneration caused by blockages in the proximal
axon formed by accumulating neurofilaments (Cote et al., 1993;
Xu et al., 1993; Figlewicz et al., 1994; Lee et al., 1994; Collard
et al., 1995). However, not all accumulations of neurofilaments
necessarily result in neurodegeneration. For example, other
transgenic mice that postnatally express a NF-H/B-galactosidase
fusion protein have somatic accumulations of neurofilaments
that never enter the axon. Although the axons of these mice are
small in caliber, they persist throughout the life of the animal
and show no evidence of defective axonal. transport (Eyer and
Peterson, 1994). Thus, the key factor responsible for neurode-
generation seems to be the formation of tangles of neurofila-
ments within the axon itself (Lee et al., 1994; Figlewicz et al.,
1994; Collard et al., 1995). In our culture experiments, neuro-
filament accumulations were found in the cell bodies, not in the
neurite. The uniform distributions of injected neurofilament an-
tibody (Fig. 2) and a-tubulin immunostaining (Fig. 6) in affected
neurites and the normal distributions of F-actin (Fig. 7) provided

—

Figure 8. Effects of anti-NF-M antibody injection on neurite appearance. The left five panels (A—E) show neurons from control groups. These
include two uninjected neurons (A, B), and neurons descended from blastomeres injected with BSA (C), anti-B-tubulin (D) or anti-B-galactosidase
(E). The adjacent right panels (F—J/) show neurons representative of the range of morphologies seen in cells containing anti-NF-M antibody. Whereas
neurons from control groups had long uniform neurites with well-defined growth cones, neurons filled with neurofilament antibody had neurites
exhibiting a variety of shapes. For example, the neuron in F is normal. The neurites of the neurons in G and H have uneven diameters and
abnormally long minor collateral processes emanating from the middle of the neurite. The neurites of the cells in [/ and J are aberrantly broad with
collateral processes ending in extensive growth cones. The scale bar in J applies to all panels.
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even more compelling evidence that the effects we observed
were caused directly by the lack of neurofilaments within neu-
rites. Furthermore, the lack of buildup of these other materials
at the sites of the somatic neurofilament accretions argued fur-
ther that movement of structural materials into the neurites was
unimpeded. In addition, injection of a whole IgG molecule di-
rected against Xenopus B-tubulin had no effect on neurite out-
growth, despite the expectation that the bivalent antibodies
might cross-link this other cytoskeletal polymer and inhibit in-
tracellular traffic. Indeed, monovalent Fab fragments of the anti-
NF-M antibody XC10C6 could produce effects similar to those
observed with whole bivalent IgG molecules, although the Fabs
were less efficient. Both whole IgGs and Fabs could inhibit the
movement of XNIF immunoreactivity into the axon, suggesting
that the antibody produced its effect by sterically hindering in-
teractions between neurofilaments and the transport mechanism
instead of by cross-linking the neurofilaments. This could have
occured either by inhibiting the exchange of neurofilament pro-
tein subunits between the assembled filaments and the transport
machinery (Nixon and Shea, 1992; Takeda et al., 1994) or by
directly interfering with the movement of partially assembled
polymers into the developing neurite. One reason that the Fab
fragments were less efficient than whole IgGs could be that be-
cause the Fabs were smaller, they provided less steric hindrance
than whole IgGs. This would suggest further that the site of
XC10C6 binding to NF-M is some distance away from the site
of interaction between NF-M and the transport machinery.

The effects of depriving developing Xenopus axons of neu-
rofilaments were consistent with those observed for other inter-
mediate filaments in development. For example, the elimination
of cytokeratins from developing Xenopus laevis embryos by ei-
ther antibodies or antisense oligonucleotides results in poor
wound healing and a tendency for embryos to gastrulate abnor-
mally (Klymkowsky et al., 1992; Torpey et al., 1992), but oth-
erwise allows normal embryogenesis to proceed. Suppressing
the expression of glial fibrillary acidic protein (GFAP) in an
astrocytic cell line inhibits the extension of stable, long astro-
cytic processes (Weinstein et al., 1991). Loss of human cyto-
keratin 14 compromises the structural integrity of skin (Chan et
al., 1994). Introduction of neurofilament antibodies into a neu-
ronal cell line that is induced to”differentiate significantly re-
duces the stability of neurites without reducing the number of
neurites initially extended (Shea and Beermann, 1994). Thus,
enhancing the mechanical strength and stability of developing
tissues rather than directing growth appears to be a generalized
function of intermediate filament proteins.

One of the hallmark features of intermediate filament proteins
is that their molecular composition varies as a function of both
cell type and stage of maturation. The unique intermediate fila-
ment protein composition of different tissues at various stages
of development probably reflects the changing structural de-
mands placed upon cells. In adults, for example, the calibers of
myelinated peripheral axons are modulated through enhance-
ments in neurofilament content. This conclusion is based on the
observations that calibers of normal (Friede and Samorajski,
1970) and regenerating peripheral axons (Cleveland et al., 1991;
Muma et al., 1991) vary directly with neurofilament content.
Animals whose adult axons entirely lack neurofilaments have
provided direct proof for a causal relationship between neuro-
filament content and axonal caliber. Peripheral myelinated ax-
onal caliber is significantly reduced both in the guiverer mutant
Japanese quail, which lacks neurofilaments because of a loss of

NF-L (Yamasaki et al., 1991), and in a transgenic mouse lacking
axonal neurofilaments due to the expression of a dominant neg-
ative NF-H/B-galactosidase fusion protein (Eyer and Peterson,
1994). This dependence of adult axonal caliber on neurofila-
ments may result from the expression of highly phosphorylated
NF-H (Lee and Cleveland, 1994). Embryonic axons, which have
significantly smaller calibers, are characterized by lower neu-
rofilament contents (Schwartz et al., 1990), an absence of phos-
phorylated forms of NF-H and NF-M (Shaw and Weber, 1982;
Charnas et al., 1992; Carden et al., 1987; Dahl et al., 1989; Szaro
et al., 1989; Schwartz et al., 1990; Zhao and Szaro, 1994), and
the expression of various alternate forms of low molecular
weight neuronal intermediate filament proteins (Oblinger et al.,
1989b; Troy et al., 1990; Charnas et al., 1992; Glasgow et al.,
1992, 1994; Fliegner et al.,, 1994). Indeed, the progressive
changes and variations in neurofilament composition that occur
during development among different types of neurons imply that
the utility of neurofilaments must vary. Whereas some neurons
express very few neurofilaments during the earliest phases of
axonal outgrowth (Tetzlaff and Bisby, 1989; Zhao and Szaro,
1994) and may even lack neurofilaments altogether in adults
(Burton and Wentz, 1992), other growing axons are filled with
neurofilaments to their growth cones and actively modulate the
molecular composition of their neurofilaments locally within the
axon (Szaro et al., 1989; Landmesser and Swain, 1992). Many
of these changes are actively regulated successively by interac-
tions between growing axons and their substrates (Landmesser
and Swain, 1992; Liuzzi and Tedeschi, 1992; Glasgow et al.,
1994; Hall, 1994; Zhao and Szaro, 1995), which further empha-
sizes their importance in axonal development.

Neurofilaments cannot, however, be an absolute requirement
for axonal formation per se. For example, the quiverer quails
are nevertheless viable without neurofilaments, despite thinner,
fewer axons and a trembling phenotype (Yamasaki et al., 1991).
The viability of the mutants contrasted against their quivering
phenotype implies that neurofilaments are the supportive cyto-
skeletal element of developing axons rather than the pioneering
component driving axonal growth, but nonetheless their role has
become essential for normal neural development. The successive
transformations in neurofilament composition that occur during
axonal development may therefore serve to modulate axonal
structural strength, which would accomodate axons’ changing
requirements for mechanical stability. Our results show what can
happen to a group of embryonic neurons whose growing axons
are deprived of their normal complement of neurofilaments.
Through the injection of mRNAs into Xenopus blastomeres to
obtain early expression of proteins (Vize et al., 1991), this sys-
tem should next prove useful for studying the effects on growing
neurites of prematurely expressing those neurofilament proteins
indicative of more mature axons.
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