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The initial outgrowth
of neurites from chick sympathetic
neurons grown in vitro was investigated
by time-lapse
microscopy with laser-scanning
and conventional
light microscopes. Video-enhanced
contrast,
differential
interference
contrast optics (VECDIC) were used to monitor movements
of neuronal cytoplasm,
as well as the movements
of small
beads attached to the surface membrane,
and interference
reflection microscopy
(KIM) was used to determine
the concomitant pattern of attachment
to the growth substrate (polyornithine or laminin). Related changes in the distributions
of
actin filaments,
microtubules,
and neurofilaments
were determined
by fluorescence
labeling
methods.
Neurite formation on both substrates entailed invasion of the actin cores
of filopodia by cytoplasm
containing
microtubules
and neurofilaments.
Small beads attached to the surface membrane
surrounding
the cytoplasm
moved outward
simultaneously
with the cytoplasm.
Cytoplasm
invaded filopodia of neurons
plated on laminin soon after attachment
to the substrate
or,
for neurons generated
in vitro, within as little as 3 min after
cytokinesis.
However, cytoplasm
invaded filopodia
of neurons grown on polyornithine
only when they contacted
a
three-dimensional
object such as another cell or a large,
polyornithine-coated
polystyrene
bead. The observation
that
adhesion of filopodia to polyornithine-coated
beads can initiate neurite formation
is inconsistent
with the commonly
held view that neurite formation requires adhesion mediated
by specific cell adhesion
molecules.
Simultaneous
IRM and
DIC imaging showed that cytoplasm
invaded filopodia when
only their tips were closely apposed
to a substrate
but not
when they were closely apposed
to a substrate
along their
entire lengths. These findings help to elucidate
the mechanisms by which interactions
between the cytoskeleton
and
the growth substrate initiate and produce the neuronal movements that lead to the formation of neurites.
[Key words: axon outgrowth,
growth cone motility, growth
cone guidance,
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This article is concernedwith the morphological changes,substrate interactions, and cytoskeletal interactions that lead to the
initial outgrowth of neurites from neuronal cell bodies.Previous
studieshave shownthat neuronsgrown in vitro extend filopodia
and lamellipodia around their entire circumference prior to
forming neurites (Collins, 1978a; Wessellset al., 1978; Luckenbill-Edds, 1979;Jacobsand Stevens, 1986;Cambray-Deakin
et al., 1987; Dotti et al., 1988) and that some types neurons
form filopodia before forming neurites in ~ivo (Ramon y Cajal,
I9 1I; Nowakowski and Rakic, 1979;Jacobsonand Huang, 1985;
Lefcort and Bentley, 1989). At the later stagesthat are more
commonly studied (Letourneau et al., 1991), neurons already
have definitive neuriteswith growth conesat their tips. Although
much is known about the morphologicalevents and cytoskeletal
mechanismsthat lead to neurite elongation (Letourneau, 1982;
Tosney and Wessells,1983; Bray and Chapman, 1985;Goldberg
and Burmeister, 1986; Aletta and Greene, 1988; Forscher and
Smith, 1988; Mitchison and Kirschner, 1988;Smith, 1988;Lim
et al., 1989; Goldberg et al., 1991; Heidemann et al., 1991;
Okabe and Hirokawa, I99 I; Reinschet al., 1991; Sheetzet al.,
1992), relatively little is known about how neurons progress
from the early stage,when they have filopodia, to the later stage,
when they have neurites.
Filopodia at the leading edgesof neuronal growth conesare
known to participate in guiding neurite outgrowth. Filopodia
adherepreferentially to certain substratesand, when they do so,
they can initiate and direct the movements of cytoplasm that
ultimately lead to elongation of the neurite (Nakai and Kawasaki, 1959; Bray and Chapman, 1985;Goldbergand Burmeister,
1986;O’Connor et al., 1990;Sabry et al., I99 1).The observation
that filopodia canguidegrowing neuritessuggests that they could
play an analogousrole during the initial outgrowth of neurites.
Interactions of neurons with the growth substrateclearly are
important for the initiation of neurite outgrowth because neurons must adhereto a substratein order to form neurites(Harrison, 19l4), and they form neurites more rapidly when grown
on certain substratesthan on others (Letourneau, 1975;Collins,
1978a,b). However, it is not kn’own whether interactions of
neuronswith the growth substratecan influence the orientation
of initial neurite outgrowth.
The formation of neurites involves a rearrangementof the
cytoskeleton. Filopodia and lamellipodia contain actin filaments, but neurites contain microtubules, and sometimesneurofilaments, in addition to actin. Although previous work has
shown that microtubules are present in neuritcs at early times
after their formation (Jacobs and Stevens, 1986; CambrayDeakin et al., 1987; Dotti and Banker, 1992), the exact time
courseby which microtubulesand neurofilamentsinitially enter
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developing neurites has not been described, nor is it clear how
this process correlates with the overall changes in shape.
The present study examines neurite formation by single, freshly plated chick sympathetic neurons. Time-lapse recordings were
made with video-enhanced
contrast, differential
interference
contrast optics (VECDIC; Allen et al., 198 1) in order to visualize
movements ofcytoplasm and overall changes in neuronal shape,
and with laser scanning interference reflection microscopy (IRM;
Curtis, 1964) in order to determine how closely different parts
of the neuron were apposed to the growth substrate. After neurons were examined by video microscopy, they were fixed and
stained with fluorescent markers for various components of the
cytoskeleton. Neurons grown on substrates coated with laminin,
a component of extracellular
matrix that is known to promote
neurite formation
(Baron-Van
Evercooren
et al., 1982; Manthorpe et al., 1983), were compared with neurons grown on
polyornithine,
a positively charged poly-amino
acid that promotes adhesion but not neurite formation (Letourneau,
1975).
In cultures grown on polyornithine,
neurite formation occurred
when neurons contacted other cells or could be induced by
adding polystyrene beads that had been coated with different
adhesion molecules. The results provide a comprehensive
picture ofthe substrate interactions and cytoskeletal responses that
lead to the initiation
of neurite outgrowth.

Materials and Methods
Cell culture. Sympathetic ganglia of chick embryos at day 7-9 of incubation were dissociated with trypsin and, after washing in medium
containing horse serum, transferred to a defined medium (Marusich et
al., 1986) consisting of Ham’s F14 (GIBCO) with 20 t&ml 7s NGF
(Sigma Chemical Corp., St. Louis, MO), 10 pg/rnl avian transferrin
(Cappel, Organon Teknika Corp., West Chester, PA), 5 fig/ml insulin
(Collaborative Research, Bedford, MA), 5 rig/ml selenium (Collaborative Research), 1 mg/ml bovine serum albumin (Sigma, fraction V),
100 U/ml penicillin, 100 U/ml streptomycin, and 250 @ml Fungizone
(GIBCO Lab., Grand Island, NY). Cells were plated on acid-cleaned
glass coverslips (22 x 22 mm) coated with either polyornithine (0.5
mg/ml; Sigma P-8638) or polyomithine followed by laminin (10 pg/ml;
Collaborative Research; Edgar et al., 1984). Coverslips photoetched
with a grid pattern (Bellco, Vineland, NJ) usually were used to facilitate
relocalization of individual cells. Cultures plated on laminin were examined immediately after plating but cultures plated on polyomithine
were kept in a CO, incubator for up 2 hr prior to observation.
Video microscopy. For observation, a coverslip with attached cells
was placed on top of a chamber formed by attaching strips of silicone
rubber (0.7 mm thick; North American Reiss, Bellemead, NJ) to a large
glass coverslip (22 x 50 mm, type 0; Gold Seal) with silicone grease
(Dow Corning). In most experiments, opposite sides of the chamber
were left open to permit superfusion. The chamber was filled with a
medium containing the same components as the plating medium but
buffered with 10 rnM HEPES rather than bicarbonate and lacking phenol
red. Cultures were superfused with fresh medium every lo-15 min.
Alternatively, the chamber was filled with bicarbonate-buffered medium
at pH 7.4 and then tightly sealed with silicone grease. Judging from the
color of the pH indicator, the medium in sealed chambers remained
near pH 7.4 for the duration ofobservation (up to 4 hr). The microscope
stage was maintained at -36°C with an air stream incubator (Nikon).
Time-lapse recordings were made with video-enhanced contrast, differential interference contrast (VECDIC) microscopy (Allen et al., 198 1)
on an inverted microscope (Zeiss Axiovert) with a 100 x (1.3 NA)
Neofluar obiective. a 1.4 NA oil immersion condenser, and a 100 W
halogen or 50 W mercury lamp. To minimize light-induced toxicity,
the illumination was controlled by a shutter (Uniblitz; Vincent Associates, Rochester, NY), which was opened only during image acquisition. Cultures were observed with a Newvicon or silicon-intensified tube
(SIT) video camera (Dage MTI, Michigan City, IN) and time-lapse
images were collected at intervals of 4-60 sec. Images were averaged to
reduce noise and processed to enhance contrast and eliminate shading
with a digital image processor (Image 1, Universal Imaging, West Ches-

ter, PA). Images were stored on an optical memory disk recorder (model
303 1 or 2028, Panasonic, Secaucus, NJ). For reproduction, stored images were redigitized and edited with a Macintosh-based image processing system (Adobe PHOTOSHOP)
and printed with a continuous-tone
laser printer (Lasertechnics, Albuquerque, NM).
Simultaneous DIC and interference reflection microscopy (IRM) was
performed with a Bio-Rad model 600 laser scanning system on an
upright microscope (Zeiss) with a krypton/argon laser. Time-lapse images were collected in transmission and reflection modes using a 100 x
(1.3 NA) objective. To compare neurons grown on polyomithine and
laminin, images were collected using the same gain and black level
settings. The images were stored, edited, and printed as described above
for images obtained by conventional microscopy.
Fluorescent labeling. After cells were examined by video microscopy,
they were fixed and stained with labels for one or more components of
the cytoskeleton. The fixation procedures differed depending on the label
or combination of labels used. Cells were monitored with video microscopy during chemical fixation to assess the quality of preservation
of structure.
For staining actin filaments, cells were fixed with 0.25% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, and then permeabilized
and stained in buffer containing 0.2% saponin and 0.33 PM rhodamine
phalloidin (Molecular Probes, Eugene, OR) as described by Bridgman
and Dailey (1989). After fixation, cells were incubated in I mg/ml sodium borohydride to reduce autofluorescence in some experiments.
For staining microtubules, cells were quickly rinsed by perfusion of
the observation chamber with phosphate-buffered saline (PBS) and then
simultaneously fixed and permeabilized for 15 min in PIPES buffer (80
rnM PIPES) or PHEM buffer (60 mM PIPES and 25 mM HEPES) containing 3.7% paraformaldehyde, 0.25% glutaraldehyde, 5 mM EGTA, 1
mM MgC&, 3% sucrose, and either 0.2% saponin or 1% Triton X-100
(modified from Schliwa and van Blerkom, 1981; Falconer et al., 1989).
Rhodamine phalloidin (0.33 PM) usually was added to the fixative to
label actin filaments and it also seemed helpful in stabilizing lilopodia,
which otherwise sometimes broke during fixation. After fixation, cultures were removed from the observation chamber, washed with PBS,
incubated for 20 min in blocking buffer (PBS with 5% fetal bovine serum,
5% glycine, and 0.1% Triton X-100), and then incubated overnight at
4°C in rat monoclonal antibodies against tyrosinated-tub&n
(YL1/2;
Accurate Chemical Corp., Westbury, NY) diluted I:200 in blocking
buffer or a mouse monoclonal antibody against acetylated-tubulin (61 1B-l; a gift of G. Pipemo, Rockefeller Univ.) diluted I : IO. After washing, YL1/2-labeled cultures were incubated in biotinylated anti-rat IgG
followed by fluorescein-avidin (Vector Lab., Burlingame, CA; both at
I: IO00 in blocking buffer for I hr at room temperature). Cultures labeled
with 6- 1 I B- I were incubated for 1 hr in blocking buffer with anti-mouse
IgG conjugated to rhodamine (Cappel; 1:250) or Cy3 (Jackson Immunoresearch Lab., Westgrove, PA; 1:4000).
For double labeling with antibodies against tyrosinated-tubulin and
acetylated-tubulin, cultures were fixed as described above and stained
sequentially with YL1/2 and 6-l IB-I. The secondary antibody for
6- 11 B- 1 (rhodamine- or Cy3-conjugated anti-mouse IgG) was incubated
with an equal volume of rat serum at 37°C for 30 min before dilution
in blocking buffer to reduce cross-reaction with YL1/2.
For staining neurolilaments, coverslips were removed from the observation chamber and fixed by immersion in methanol at -20°C. After
5 min in methanol, the cultures were rinsed in PBS, blocked with PBS
containing 5% normal goat serum. Cells were incubated for 12 hr in
mouse monoclonal antibodies against the low-molecular-weight (68 kDa)
neurofilament protein (Boehringer-Mannhcim,
Indianapolis, IN)at I:50
in PBS plus goat serum, and for I hr in rhodamine-conjugated
antimouse IgG (Cappel) at I:250 in PBS plus goat serum.
For fluorescence microscopy, coverslips were mounted in glycerol
supplemented with Para-phcnylenediamine
to reduce bleaching (Platt
and Michael, 1983). Fluorescent images were collected with a Zeiss
microscope and Bio-Rad laser scanning confocal imaging system. In
some instances, a series of images collected at a spacing of 0. I8 or 0.36
Frn was superimposed to form a z-series projection. Images were digitally processed to enhance contrast and printed with a Lasertechnics
printer.
Experiments with coated beads. Large polystyrene beads (- IO pm in
diameter) were obtained from Sigma while small carboxylate polystyrene beads (0.5 or I .Opm in diameter) were obtained from Polyscicnces,
Inc. (Warrington, PA). Polyornithine-coated
beads were prepared by
adding 200 ~1 of large beads or 50 ~1 of small beads to 1.0 ml of 0.5
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1. Video images made with
DIC optics showing a sympathetic neuron during initial attachment to a COVerslip (A) and 1hr after plating(B). When
freshly plated, the neuron had several
filopodia (arrowheads).
One hour later,
it had long neurites (arrows) with growth
cones at their tips. The coverslip was
coated with laminin. Scalebar, 10 pm.
Fgure

Results
Sympathetic neurons examined immediately after dissociation
had round cell bodies and multiple filopodia (Fig. 1A). A few
neurons also had one or two thicker processes, but these usually
retracted within the first 15 min after plating. Neurons began
to form neurites within a few minutes after they attached to the
substrate and, within 1 hr, some neurites had extended 50 pm
or more (Fig. 1B). At the second stage, the neurons morphologically resembled neurons described in previous studies (Bray,
1973). Their neurites contained both microtubules and neurofilaments and probably were axons rather than dendrites, since
sympathetic neurons only form axons when grown in defined
medium (Bruckenstein and Higgins, 1988). The present study
focuses on the initial steps in the transition from the first stage
to the second.

neuron at approximately the same time. In some instances, the
cytoplasmic protrusions were initially several micrometers wide
and engulfed several adjacent filopodia. These wide cytoplasmic
protrusions subsequently narrowed and rounded up, thereby
acquiring the cylindrical shape typical of neurites. Cytoplasm
only invaded filopodia that contacted the substrate. However,
cytoplasm did not invade every filopodium that contacted the
substrate and it was not clear why it invaded some filopodia
but not others. Many neurons also formed veil-like lamellipodia
prior to or during neurite formation, but only lamellipodia that
lay along the sides of filopodia were invaded by cytoplasm and
incorporated into developing neurites.
Since the movements of cytoplasm that resulted in the formation of neurites were directed along paths defined by filopodia, the initial branching patterns of neurons reflected the
distributions of their filopodia. In some instances, a pair of cells
generated by division ofa neuroblast formed branching patterns
that were roughly mirror symmetrical, as was found in studies
of neuroblastoma cells (Soloman, 1979) but, frequently, the
branching patterns were not symmetrical. During subsequent
development, the branching patterns of neurons were modified
by growth, retraction, and fusion of branches as well as by
translocation of the cell body, as has been described previously
(Bray, 1973, 1979; Jacobs and Stevens, 1987).

Neurons grown on laminin begin to form neurites
spontaneously
In initial experiments, neurons were grown on laminin because
laminin is known to promote neurite outgrowth. Cultures were
prepared from embryonic sympathetic ganglia that contained
postmitotic neurons as well as neuroblasts, which retain the
ability to divide in vitro (Rohrer and Thoenen, 1987). Both
neurons (Fig. 2) and neuroblasts (not illustrated) rapidly formed
long neurites. However, neuroblasts subsequently retracted their
neurites and divided. Newly postmitotic neurons had round cell
bodies and multiple filopodia. They began to form neurites as
soon as 3 min after division.
Neurite formation by all cells involved thickening of filopodia
by invasion of cytoplasm from the perinuclear region (Fig. 2).
Cytoplasm typically began to invade several filopodia of a given

Neurons growing on polyornithine only form neurites qfier
they contact another cell
Neurons plated on polyornithine formed a lamella around their
entire circumference. Cytoplasm containing organelles was present in the perinuclear region, which remained rounded, but not
in the lamella. Isolated neurons did not form neurites. However,
if a neuron was adjacent to another cell and one of its filopodia
contacted the cell, then cytoplasm from the perinuclear region
invaded the filopodium, converting it into a neurite (Fig. 3).
The interval between contact and the initial movement of cytoplasm was as short as 1 min 10 set (average interval = 9 min
52 set for 31 neurons). Neurons that contacted other neurons
almost invariably formed neurites, although not all neurons that
contacted non-neuronal cells did. Since neurons grown on polyornithine formed neurites rapidly and reliably when they con-

mg/ml polyomithine in 62 mM borate buffer at pH 8.3 (modified from
Collins, 1978a). The beads were kept for 12 hr at 37”C, washed three
times In sterile water, and stored at 4°C until used. Laminin-coated
beads were prepared by incubating polyomithine-coated beads in 1 ml
of 10 &ml laminin in PBS for I2 hr at 37°C. For DIC microscopy on
an inverted microscope, beads were resuspended in culture medium and
then superfused onto cultures during observation. For laser scanning
VECDIC and IRM on an upright microscope, beads were dried onto
the coverslip before the cells were plated.

The Journal

of Neuroscience,

January

1994,

14(l)

387

Figure 2. Steps in the initiation of neurite outgrowth on laminin. The sequence begins 5 min after plating. Elapsed time is given in minutes and
seconds. At 2’30” cytoplasm had begun to invade several tilopodia (arrows). As each cytoplasmic protrusion advanced, it progressively engulfed
additional filopodia. At 10’48” and 16’58”, the protrusions were broad and flat, but by 50’08” they had rounded up and were narrow except at
their tips (arrows).

tacted other neurons, this system provided a useful model for
studying the initiation of neurite outgrowth. Also, neuronsgrown
on polyornithine had flatter margins than neurons grown on
laminin, making cytoplasmic movements easierto resolve.
Neurite formation typically was initiated by contact of a filopodium with a filopodium ofanother neuron (Fig. 3). Filopodia
seemedto adhere strongly to each other becausethey rarely
separated.Eachfilopodia then elongated,growing along the other until it reachedthe cell body ofthe other neuron. The filopodia
straightenedasthey grew, suggestingthat they attached to each
other more strongly than to the substrate and that they were
under tension. Cytoplasm from the perinuclear region beganto

invade the portion of the lamella surrounding the baseof each
filopodium just asthe filopodium straightened(Fig. 3) or shortly
thereafter. Portions of the lamella that had been invaded by
cytoplasm were clearly distinct from those that had not been
invaded becausethey were thicker, contained organelles,and
had different cytoskeletal compositions (seebelow).
The path of the cytoplasm wasaligned with the long axis of
the filopodium and, if the angular orientation of the tilopodium
changed,then the path of the cytoplasm changedcorrespondingly. It appearedas though the cytoplasm waspulled outward
by a mechanism that involved shortening of the filopodium.
The nucleus and perinuclear cytoplasm shifted toward the fil-
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Figure 4. Rotation of the cell body in relation to neurite formation on
polyomithine. The cell axis is defined in the left panel by arrow3 that
bisect the nucleus (in focus at t=O and 60’00”) and main mass of cytoplasm. The cell axis rotated clockwise 25” between the beginning of
the sequence (t=O) and the second image (34’449, when cytoplasm had
begun to invade a filopodium, but then began to rotate counterclockwise.
By 60’00”, the cell axis had rotated 75” counterclockwise and was aligned
with the developing neurite. Scale bar, 10 pm.

Fqpre 3. Neurite formation induced by contact of a lilopodium with
another cell. At the beginning of the sequence, filopodia of two adjacent
neurons growing on polyomithine had just come into contact (arrow).
A second pair of filopodia (arrowheads) came into contact at 1’00”. The
cell bodies of the neurons were surrounded by thin lamellae. At 2’50”,
the two pairs of filopodia had begun to straighten and cytoplasm from
the perinuclear region of the neuron on the right had begun to invade
the lamella (long arrow). In subsequent images, the long arrows follow
the leading edge of the cytoplasm as it invades a filopodium. Cytoplasm
began to invade a filopodium of the neuron on the left at 4’15” (short
arrows). Although each neuron initially had two filopodia that contacted
the adjacent neuron, the two filopodia moved together and, by 7’15”,
they appeared to have fused. Note that the cell bodies of the neurons
moved toward each other between 2’50” and 7 ‘15”.

as it filled with cytoplasm (seeFigs. 3, g), suggesting
that they were pulled by the samemechanism. When two or
more filopodia of a given neuron contacted the samecell, these
filopodia usually were drawn together as they straightenedand
opodium

eventually appearedto fuse(Fig. 3). However, if they contacted
different neurons, they remained separateand, often, each was
invaded by cytoplasm.
Cytoplasm moved anterogradely in filopodia at ratesof up to
9.4 km/min. However, periods of advance often were interrupted by periods of retraction. The averagerate of advance,as
calculated from the time cytoplasm beganto invade the lamella
until it reached half the distance to the tip of the filopodium,
was 4.68 ? 0.36 pm/min (n = 44). The thickened portion of
the filopodium often sprouted new filopodia and lamellipodia,
thereby resemblinga growth cone. After the advancing front of
cytoplasm reachedthe tip of the filopodium, the processbegan
to elongate(not illustrated). First, it circled the cell body of the
adjacent neuron and then looped back to grow along its own
surface. Although processesformed in this manner only grew
over the surfacesof cells, they eventually becamevery long, as
is typical of axons.
The cell bodies of neurons typically were asymmetric, with
the nucleusdisplacedto one sideof the main massof cytoplasm
(Fig. 4), but neurons had filopodia around their entire circumferences.A filopodium that contacted another cell initiated the
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Figure 5. Organization of the cytoskeleton in neurons prior to (A and B) and during (C-F) the initiation of neurite outgrowth on polyomithine.
Fluorescence images show neurons stained with labels for specific cytoskeletal proteins: Tyr-MT. microtubules containing tyrosinated-tubulin; AcefMT, microtubules containing acetylated-tubulin; F-Act, actin filaments; NF, neurofilaments. In neurons that had not begun to form neurites,
microtubules were largely confined to the perinuclear region (A). The actin filaments that formed the cores of filopodia extended through the lamella
(arrowheads in B) and appeared to terminate near the outer margin of the perinuclear cytoplasm. In B, the brightness of the perinuclear cytoplasm
is due to autofluorescence (compare with E, where autofluorescence was reduced with sodium borohydride). DIC images in A and B show neurons
-20 min before fixation. In C-F, neurons were fixed 2-6 min after cytoplasm had begun to invade a tilopodium that had contacted another cell.
The DIC images show the neurons -20 set prior to fixation. The column of cytoplasm that invaded a filopodium contained tyr-MT (C), acet-MT
(D), and neurotilaments (F). The interior of the column was actin poor (E), but it was surrounded by a region rich in actin filaments (arrowheads).
In C and D, microtubules were present not only in the perinuclear cytoplasm and in the cytoplasm that invaded the filopodium, but also in a region
on the left side of the cell body (arrowheads) that corresponds to the location of the cell body before neurite formation began. Scale bar, 10 pm.
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6. Distributions of dynamic and stable microtubules in developing neurites. Neurons growing on polyomithine were double-labeled
with antibodies against tyrosinated-tubulin, a marker for dynamic microtubules (Tyr-MT), and antibodies against acetylated-tubulin, a marker for stabilized microtubules (Acet-MT). Ruorescence and DIC images
were collected by laser scanning confocal microscopy after the cells were
fixed. Note that dynamic microtubules extend farther distally in the
neurite than do stable microtubules (arrows). Scale bar, 10 pm.
Figure

movements ofcytoplasm that led to neurite formation regardless
of its position relative to the orientation of the cell body. However, if the lilopodium was not aligned with the cell axis, as
defined by a line bisecting the nucleus and main mass of cytoplasm, then the nucleus and cytoplasm usually rotated so as
to align the cell axis with the filopodium (Fig. 4). The nucleus
and cytoplasm appeared to rotate as a coherent unit within the
lamella, which remained stationary. They usually began to rotate only after cytoplasm had begun to invade the filopodium.
However, the cell bodies of some neurons were rotating when
neurite formation began. In these neurons, the cell body either
continued to rotate in the same direction, or reversed and rotated in the opposite direction, until the cell axis became aligned
with the developing neurite. When a neuron formed two neurites, its cell body typically rotated so as to center the cell axis
between the two neurites. Thus, the interactions of neurons with
other cells can determine both the sites around their perimeters
at which neurites form and the orientations of their cell bodies.

The actin cores ofjilopodia are replaced by cytoplasm
containing microtubules and neurojlaments
Microtubules, neurofilaments, and actin filaments were localized by fluorescence imaging methods in neurons that were fixed
and stained at different times during neurite formation. Microtubules were labeled with antibodies specific for tyrosinated
tubulin, the form of tubulin present in newly assembled microtubules (tyr-MT; Wehland et al., 1983), or acetylated tubulin,
a posttranslationally modified form of tubulin that often is present in microtubules that have become stabilized (acet-MT; Piperno et al., 1987). Neurofilaments were labeled with antibodies
against the low-molecular-weight
neurolilament protein, and
actin filaments with rhodamine phalloidin. Neurons grown on
polyornithine were used because they formed neurites only after
contacting other cells and because movements of cytoplasm
could be resolved more easily in them than in neurons grown
on laminin. All neurons described here had been in culture for
at least 3 hr without dividing, suggesting that they were postmitotic when plated.
In neurons that had not yet begun to form neurites, microtubules and neurofilaments were largely confined to the perinuclear region, although a few tyr-MT extended into the lamella
or the proximal portions of filopodia (Fig. 54). The distribution
of acet-MT (not illustrated) was similar to the distribution of
tyr-MT (Fig. 54) except that acet-MT rarely extended into lamellae. Neurofilaments were present throughout the perinuclear
cytoplasm and, in many cells, there was a dense accumulation
of neurofilaments at the center of the main mass of cytoplasm
(similar accumulations can be seen in Fig. 5F). Actin filaments
were concentrated in the lamella and in filopodia (Fig. 5B). The
bundles of actin filaments that form the cores of filopodia (Tosney and Wessells, 1983) emanated from the outer margin of the
perinuclear cytoplasm, suggesting that they potentially could
interact with components of the perinuclear cytoskeleton.
In neurons that had contacted another cell and begun to form
neurites, the distributions of tyr-MT (34 neurons), acet-MT (18
neurons), and neurolilaments (14 neurons) corresponded closely
with the distribution of cytoplasm as seen by video microscopy.
Portions of the lamella or of a filopodium that appeared thick
because they had been invaded by cytoplasm contained microtubules and neurofilaments, whereas portions that appeared thin
generally did not (Fig. SC,D,F). However, there were some differences in the distributions of the three components of the
cytoskeleton. The numbers of tyr-MT and acet-MT declined
with increasing distance from the cell body (Fig. 5C,D), but the
density of neurofilaments often appeared to be higher near the
leading edge of the cytoplasm than in more proximal regions
(10 of 14 neurons; Fig. 5F). Tyr-MT invariably extended to the
leading edge of the cytoplasm and, sometimes, a single tyr-MT
or a small bundle oftyr-MT extended a few micrometers beyond
the leading edge, into portions of a filopodium that remained
relatively thin. However, acet-MT and neurofilaments appeared
to extend only to the leading edge of the cytoplasm or even a
few micrometers less distally.
To compare the distributions of acet-MT and tyr-MT in individual neurons, in three experiments cells were double-labeled
with antibodies for both forms of tubulin. Neurons that had
begun to form neurites were identified after the cultures were
fixed and stained. Staining for acet-MT typically stopped a few
micrometers more proximally than did staining for tyr-MT (Fig.
6). This differential distribution of tyr-MT and acet-MT is just
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Figure 7. Movements of small beads on the surface of neurons prior to (A) and during (B and C) the initiation of neurite outgrowth on polyomithine.
In A, a small bead (arrowheads) moves retrogradely over the surface of a filopodium and then over the lamella surrounding the cell body. In B, a
cluster of beads (black arrowheads) that initially is attached to the cell body is carried outward along a filopodium that has contacted another cell
and is being invaded by cytoplasm; individual beads can be resolved in the first image but not in subsequent images because they leave the plane
of focus. A cluster of beads on a more proximal part of the developing neurite moves retrogradely (white arrowheads beginning at 5’00”). The
sequence of images in C illustrates the relative movement of beads attached to different parts of a neuron during invasion of a filopodium by
cytoplasm. The bead near the leading edge of the cytoplasmic protrusion (bhck arrowheads) moves anterogradely at the same rate as the cytoplasm,
but the bead on a more proximal part moves forward less rapidly (white arrowheads). The beads on the lamella are stationary or move retrogradely.
Scale bar, IO pm.

if microtubules
are oriented such that their “plus”
ends,the preferential endsfor polymerization, are located distally, as is true of microtubules in mature axons (Burton and
Paige, 1981; Heidemann et al., 1981; Robson and Burgoyne,
1989).
Comparisonof the distributions of actin filaments in neurons
prior to and during invasion of filopodia by cytoplasm suggested
that the cores of filopodia shortenedas they were invaded. Before filopodia were invaded, their cores extended through the
lamella to the outer margin of the perinuclear cytoplasm, where
they appearedto terminate or mergewith perinuclear actin filaments (Fig. 5B,E). The cores of filopodia were not visible in
portions of a lamella that had been invaded by cytoplasm (Fig.
5E). The concentration of actin filaments within the cytoplasm
waslow, as in perinuclear cytoplasm, although the leadingedge
of the cytoplasm was surrounded by a region that was rich in
actin filaments. The core of the filopodium that had initiated
movement of the cytoplasm appearedto merge with the actin
filaments at the leading edgeof the cytoplasm.
as expected

Movements of cytoplasm are accompaniedby movementsof
componentsof the plasma membrane
To ascertain whether the movements of cytoplasm that lead to
the formation of neurites are accompanied by movements of
moleculesin the surface membrane, small (0.5-1.0 pm) poly-

styrene beadswere perfused onto the surfacesof neuronsjust
as they were beginning to form neurites (10 experiments on
cultures grown on polyomithine). The beadswere coated with
polyornithine, which, becauseit is positively charged,is likely
to interact with a variety of negatively chargedmoleculesin the
surface membrane. Before neurite formation began, beadsattached to the surface membrane surrounding the perinuclear
cytoplasm moved very little. However, when a filopodium was
invaded by cytoplasm, beads attached to the membranesurrounding the affected part of the cytoplasm sometimeswere
carried outward with the cytoplasm (Fig. 7B). Beads located
near the leadingedgeofthe cytoplasm moved in synchrony with
the leading edge, moving anterogradely when the leadingedge
advanced (Fig. 7B,C) and retrogradely when it receded (not
illustrated). Beads located farther back from the leading edge
also underwent intermittent anterogradeand retrograde movements (Fig. 7B,C) that appearedto be correlated with those of
the subjacentcytoplasm. It is not possiblein every instanceto
be certain that a bead that attached to the surfaceof a neuron
remained on the surface.Indeed, somebeadswereendocytosed.
However, in many instances,it wasobvious from the plane of
focus that a bead was on the surfaceof a neuron, not inside it.
This was particularly clear for clustersof beads(Fig. 7B).
Filopodia that were not being invaded by cytoplasm transported beadsthat attached to their surfacesretrogradely (Fig.
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7A) at an average rate of 10.76 * 0.57 pm/min (n = 22). Beads
visualized in real time appeared to move continuously, not intermittently. Filopodia also transported side branches and remnants of lamellipodia retrogradely at approximately the same
rate, and at higher magnification (10,000x) there appeared to
be a continuous retrograde flow of material within filopodia.
Retrograde movement of particles on the surfaces of filopodia
and lamellipodia as well as retrograde cortical flow have been
seen in other systems (Abercrombie et al., 1970; Bray, 1970;
Fisher et al., 1988; Forscher and Smith, 1988, 1990; Sheetz et
al., 1989; Theriot and Mitchison, 1992) but the relationship
between these phenomena remains controversial. Smaller beads
have been reported to move anterogradely on filopodia and
lamellipodia (Sheetz et al., 1990; Forscher et al., 1992) but only
retrograde movements were observed in the present study.
Neurite formation can be initiated b.v contact of a ,filopodium
with a large polvornithine- or laminin-coated bead
The observation that cytoplasm invaded filopodia when they
attached to another cell or a laminin-coated substrate, but not
a polyornithine-coated substrate, suggested that adhesion mediated by natural cell adhesion molecules might be necessary to
initiate neurite outgrowth. To test this hypothesis, large (- IO
Frn) polystyrene beads coated with either polyornithine alone
or both polyornithine and laminin were added to cultures of
neurons grown on polyornithine to see if they induced neurite
formation. As might be expected from the results described
above, cytoplasm invaded filopodia that contacted laminincoated beads (Fig. 8). However, cytoplasm also invaded filopodia that contacted beads coated only with polyomithine. When
a filopodium contacted a bead coated with either type of substrate molecule, it straightened, suggesting that it had detached
from the coverslip and was under tension. This often was followed by invasion ofthe filopodium with cytoplasm (I 3 neurons
in 8 experiments with laminin-coated beads and 2 I neurons in
I2 experiments with polyornithine-coated
beads). Cytoplasm
advanced at instantaneous rates similar to the rate of advance
in filopodia that contacted other cells (up to -9 pm/min), but
the average rate of movement was slower (2.22 t 0.47 wm/min;
n = 10) because there were more frequent reversals ofdirection.
Although beads coated with either type of substrate molecule
could initiate movement of cytoplasm, not every filopodium
that contacted a bead was invaded (see below).
In addition to showing that neurite formation can be initiated
by either natural or artificial adhesion molecules, these experiments with beads also provided some novel insights about the
relationship between filopodial adhesion and movement of perinuclear cytoplasm. First, in order to initiate movement of cytoplasm, beads had to be attached to the substrate. When beads
that were floating in the medium landed on the surfaces of
filopodia they did not initiate movement of cytoplasm, but instead were transported retrogradely to the cell body. These observations suggest that the tips of filopodia may have to be
anchored to initiate movement of cytoplasm.
Second, cytoplasm continued to move forward in a filopodium only as long as the bead to which it was attached remained
stationary. When the leading edge of the cytoplasm reached the
bead, the bead usually began to move, suggesting that it had
detached from the substrate. The bead then was transported
retrogradely over surface of the filopodium to the cell body (Fig.
8, right) and the cytoplasm receded into the cell body at the
same rate (average rate = 3.49 + 0.68 pm/mitt; n = 9). Filopodia

usually shortened to some extent while the cytoplasm and bead
moved retrogradely, but sometimes they remained the same
length or even elongated. In two instances, a bead that had begun
to be transported retrogradely stopped moving, possibly because
it reattached to the substrate. When the bead stopped moving,
the cytoplasm stopped receding. The observation that the retrograde movements of beads and cytoplasm are correlated suggests that they are produced by related mechanisms.
Finally, both the initial invasion of the filopodium by cytoplasm and the subsequent retraction of cytoplasm back into the
center of the cell were accompanied by movements of the cell
body. The cell body shifted toward the base of the filopodium
while the filopodium was being invaded by cytoplasm (Fig. 8,
left) and, when the cytoplasm retracted, the cell body returned
to its original position in the center of the lamella (Fig. 8, right).
In some neurons, the nucleus and perinuclear cytoplasm subsequently rotated within the lamella by up to 360”, carrying the
bead attached to the surface with them (not illustrated).
IRM shows that neurite formation is associated with particular
patterns qf attachment
Neurons growing on both polyornithine and laminin were examined with IRM in order to determine how closely different
parts of the cell were attached to the substrate. In IRM images,
areas ofthe cell membrane that are separated from the substrate
by less than -50 nm appear darker than the background, whereas areas that are more than - 100 nm above the substrate appear
lighter than the background or are not visualized (Izzard and
Lochner, 1976). A laser scanning confocal microscope was used
for these observations because preliminary experiments showed
that laser scanning IRM provides higher-resolution images than
conventional IRM and is less damaging to neurons, making it
possible to collect time-lapse records for longer periods of time.
In addition, cells could be simultaneously visualized with DIC
optics.
Neurons plated on polyornithine were closely apposed to the
substrate (Fig. 9A,B). Filopodia typically were in close contact
with the substrate along most of their lengths, although their
distal ends sometimes were not as close. However, when the
distal end of a filopodium contacted another cell (Fig. 9A,B) or
a bead (not illustrated), the rest ofthe filopodium often detached
from the substrate, as indicated by its image changing from dark
to light. Filopodia that had attached to a cell or bead, and
detached from the substrate, often were invaded by cytoplasm
(Fig. 9B). Portions of the filopodium that had been invaded
subsequently reattached to the substrate (Fig. 9B). Even lilopodia that were suspended so far above the substrate that they
were invisible by IRM sometimes were invaded by cytoplasm
(not illustrated).
Neurons attached to substrates coated with laminin (Fig. 9C)
less closely than to substrates coated with polyornithine. Filopodia typically were loosely apposed to the substrate along most
oftheir lengths. However, the tips of filopodia often were closely
apposed (Fig. 9D). This pattern ofattachment seems to promote
neurite formation because filopodia of neurons growing on laminin were rapidly invaded by cytoplasm.
Although IRM shows how close different parts of a cell are
to a substrate, it does not necessarily show how firmly they are
attached. However, in time-lapse IRM sequences of neurons
grown on laminin, parts of the cell that were firmly attached
could be recognized because they remained attached when other
parts of the cell moved. For example, when a filopodium emerg-
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8. Movement of cytoplasm
initiated by contact ofa filopodium with
a largepolystyrenebead.Betweent=O
and 49’00”,the tilopodiumcontacting
the beadwasinvadedby a columnof
cytoplasm
and,simultaneously,
thecell
body movedtowardthe baseof the tilopodium.Between50%” and 51’30”,
the beaddetachedfrom the substrate.
Thenthe columnof cytoplasmretractedinto the cellbody,carryingthebead
with it, and the cell body returnedto
its original position.The tilopodium
shortenedwhenthe cytoplasmretracted (arrowheads),
but in other experiments tilopodia remainedthe same
lengthor elongated.In thisexperiment,
the beadwascoatedwith both polyomithine and laminin, but identical
movements
ofcytoplasmwereinitiated
by beadscoated with polyomithine
alone.Scalebar, 10pm.
Figure

ing from a neurite was pulled laterally by movement of the
neurite, the tip of filopodium, which appeared dark by IRM,
remained attached to the substrate and did not move. Also,
when an entire neurite was pulled laterally by movements of
other parts ofthe cell, portions ofthe neurite that appeared dark
remained attached to the substrate, becoming the tips ofbranches that were progressively pulled out of the neurite as it moved.
On polyornithine, the closeness of apposition may not reflect
the strength of attachment since filopodia that contacted a bead
or a cell detached from the substrate even though the darkness
oftheir IRM images suggested that they were as closely apposed
to the substrate as the tips of filopodia were on laminin.
Discussion
The initial outgrowth of neurites from the cell bodies of single
sympathetic neurons was investigated with time-lapse video
microscopy in order to monitor movements of neuronal cytoplasm that lead to the formation of neurites and to determine
the concomitant pattern of neuronal attachment to the growth
substrate. To correlate the movements ofcytoplasm with changes
in the cytoskeleton, neurons first were examined by video microscopy and then were fixed and stained with labels for actin
filaments, microtubules, or neurofilaments. The results reveal

that the formation of neurites involves invasion of filopodia by
cytoplasm from the perinuclear region and that this processcan
be initiated by contact of the tip of a filopodium with another
cell, a large bead, or a substratecoated with laminin. In many
ways, the events that occur in neurons during the initiation of
neurite outgrowth are analogousto events that occur in growth
conesduring neurite elongation. Current ideasabout the mechanismsof growth cone motility are helpful here in interpreting
the mechanismsof neurite formation. At the sametime, the
present findings provide new information about the substrate
interactions that initiate movement of neuronal cytoplasm, information that may be relevant to understandingthe mechanismsof neurite elongation.
Neurite formation beginswith invasion ofjilopodia by
cytoplasmfrom the perinuclear region
The formation of a neurite always involved invasion of a filopodium by cytoplasm from the perinuclear region. This was
true both for spontaneousneurite formation in cultures grown
on laminin, and for neurite formation induced by contact of a
filopodium with another cell or a large bead in cultures grown
on polyornithine. Neurons also formed lamellipodia, but lamellipodia were invaded by cytoplasm and incorporated into
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Figure 9. Interactions of neurons with the growth substrate during the initiation of neurite outgrowth as visualized by IRM and DIC laser scanning
microscopy. In IRM images, areas of the cells that are closely apposed to the substrate appear dark while those that are less close appear light. The
left column shows a pair of neurons on polyomithine before (A) and after (B) filopodia are invaded by cytoplasm. Most filopodia were closely
apposed to the substrate and were not invaded by cytoplasm. However, two filopodia that emerged from the neuron on the right were only loosely
apposed (arrows), as evident from the brightness of the IRM images (upper panels) as well as from their movement relative to the substrate. These
filopodia were invaded by cytoplasm (B). C shows a neuron growing on laminin after some of its filopodia have been invaded by cytoplasm (arrows).
The filopodia indicated by the long arrow are shown at higher magnification in D. Note that these filopodia are loosely apposed to the substrate
along most of their lengths, but that their tips are closely apposed (D, left). Scale bar, 10 pm.
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neurites only when they lay along the sides of filopodia. Although the present findings pertain to sympathetic neurons,
identical results were obtained in parallel studies on dorsal root
ganglion neurons (Smith and Munro, 1990).
The formation of a neurite seems to involve the migration of
an entire domain of the perinuclear cytoplasm outward along a
path defined by a filopodium. Microtubules, neurofilaments,
and organelles invaded the filopodium simultaneously, suggesting that cytoplasm moves as a coherent unit, and small beads
attached to the surface membrane surrounding the cytoplasm
moved in synchrony with the cytoplasm. Since the membrane
molecules to which the beads were attached probably were coupled to cortical actin filaments (Fisher et al., 1988; Forscher and
Smith, 1990; Kucik et al., 199 I), this observation suggests that
cortical actin filaments accompanied cytoplasm as it moved.
When ncurite formation was induced by contact with another
cell, the distal end of the filopodium remained at approximately
the same distance from the cell body while it was being invaded
by cytoplasm. The bundle of actin filaments forming the core
of the lilopodium appeared to extend proximally only to the
leading edge of the cytoplasm, suggesting that the core progressively shortened. The core may shorten by depolymerization of
actin filaments at its proximal end (Forscher and Smith, 1988;
Okabe and Hirokawa. 199 1).
The rate at which cytoplasm advanced (average rate = 4.68
pm/min) is comparable to the rate of microtubule polymerization in neurons and other types of cells (Schulze and Kirschner,
1983; Baas and Ahmad, 1992), consistent with the possibility
that the advance of microtubules was due to growth of microtubules by polymerization at their distal ends. However, preliminary results of experiments that will be described in a subsequent report show that stable microtubules can invade filopodia
even when tubulin polymerization is prevented (Smith, 1992,
and unpublished observations). This observation suggests that
neurite formation involves translocation of microtubules as well
as polymerization. Since neurofilaments are thought to be stable
polymers (Shaw, I99 l), their rapid appearance in developing
neurites probably is due to transport rather than polymerization.
Indeed, neurofilaments often were concentrated more highly in
distal than proximal parts of the cytoplasmic protrusion, suggesting that they were carried outward as cytoplasm advanced.
Filopodia that contacted another cell initiated the movements
of cytoplasm that led to the formation of neurites regardless of
their locations relative to the orientation of the cell body. Before
neurite outgrowth, the nucleus typically was displaced to one
side of the main mass of cytoplasm. If the filopodium that
initiated neurite formation was not located on the side of the
cell containing the main mass of cytoplasm, then the cell body
usually rotated so as to bring the cytoplasm to the base of the
filopodium. Thus, the interactions of neurons with other cells
can determine the orientation of their cell bodies as well as the
sites from which neurites emerge. Studies in a wide variety of
systems have shown that neurites are guided during their growth
by interactions with other cells, but the initial trajectories of
neurites were believed to be determined by patterns intrinsic to
neuronal cell bodies (reviewed by Jacobson, 1978).
Neuritc~fi,rmation
depends
attachment
to a substrate
adhesion
mkwles

on a particular
pattern
of
hut does not require
natural

cell

It is well known that neurons form ncurites rapidly when grown
on laminin, but form neurites slowly, or not at all, when grown
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on polyornithine (Letourneau, 1975; Collins, 1978a; Baron-Van
Evercooren, 1982; Manthorpe et al., 1983). Consistent with
these observations, the present experiments show that cytoplasm rapidly invaded filopodia of neurons plated on laminin,
or filopodia that contact large laminin-coated beads, but not
filopodia attached to a polyornithine-coated
coverslip. However, cytoplasm did invade filopodia when they contacted large,
polyornithine-coated beads. This finding was unexpected since
it indicated that adhesion mediated by either natural or artificial
adhesion molecules can initiate the movements of cytoplasm
that lead to the formation of neurites.
Experiments in which neurons were observed with both IRM
and DIC optics suggest that invasion of filopodia by cytoplasm
depends on a specific pattern of substrate attachment. Filopodia
of neurons growing on laminin were closely apposed to the
substrate only at their tips and cytoplasm rapidly invaded them.
By contrast, filopodia ofneurons growing on polyornithine were
closely apposed to the substrate along most of their lengths and
were invaded by cytoplasm only after they contacted a threedimensional object, such as a cell or a large bead, and detached
from the substrate. These findings suggest that cytoplasm can
invade filopodia when only their distal tips are attached to a
substrate, but not when they are closely apposed to a substrate
along their entire lengths.
Several observations suggest that filopodia must be under
tension in order to initiate the movements of cytoplasm that
lead to the formation of neurites. Cytoplasm did not invade
filopodia immediately after they contacted another cell or a
bead, but only after the filopodium had detached from the substrate and begun to straighten. The close temporal relationship
between straightening of the filopodium and the initiation of
cytoplasmic movement suggests that movement of cytoplasm
actually is initiated by the tension that develops in the filopodium. Indeed, it appears that filopodia must remain under tension in order for cytoplasm to continue to move outward because
the movement of cytoplasm reversed if the object to which the
filopodium was attached subsequently detached from the substrate. Also, cytoplasm did not invade filopodia when they attached to beads that were not bound to the substrate.
Additional support for the idea that tension might be important in initiating neurite formation comes from studies that
showed that dorsal root ganglion neurons can be induced to
form neurites by attaching a pipette to their margins and pulling
outward (Bray, 1984; Zheng et al., 199 1). The forces needed to
initiate neurite formation typically were between 100 and 200
pdyn (Zheng et al., 199 l), approximately twice the force exerted
by a single filopodium (50-90 pdyn; Heidemann et al., 1990),
but occasionally forces of less than 100 Hdyn were sufficient.
The idea that filopodia must develop tension to initiate movement of cytoplasm provides a possible explanation as to why
filopodia were not invaded by cytoplasm when they were attached to a substrate along their entire lengths but were invaded
when only their tips were attached. The proximal portions of a
filopodium may have to be free to move in order for tension to
develop. However, close apposition of the tip of the filopodium
to a substrate may not be obligatory. IRM studies of other types
of neurons grown on laminin and several additional substrates
that promote neurite outgrowth show that the attachment patterns of filopodia differ and that the tips of filopodia are not
consistently closely apposed to the substrate (Gundersen, 1988;
Drazba et al., 1992, unpublished observations). Whether these
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Figure IO.
Two possible mechanisms
for moving cytoplasm into a filopodium. Both models assume that actin
filaments within filopodia move retrogradely until their distal ends become
distally anchored, and that the overall
lengths of the actin filaments are maintained by polymerization at their distal
ends and depolymerization
at their
proximal ends. Small beads that attach
to the surface of the filopodium also
move retrogradely because they become coupled to actin filaments through
interactions
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When the distal ends of actin filaments
become anchored (depicted here occurring after contact with a large bead),
their
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flow

is prevented.
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boxes are enlarged (h&w) to show how
this might lead to invasion of the filopodium by cytoplasm. Model I is based
on the idea that actin filaments modulate microtubule polymerization. Microtubules are able to polymerize and
invade the tilopodium only when actin
filaments become distally anchored and
begin to shorten because of continued
depolymerization
at their proximal
ends. Model 2 is based on the idea that
actin filaments are transported retrogradely by myosin molecules attached
to a component of the perinuclear cytoskeleton (depicted here as perinuclear
actin filaments cross-linked to microtubules). When actin filaments in the
tilopodium are anchored distally, these
myosin molecules pull components of
the perinuclear cytoskeleton into the filopodium. For further explanation, see
Discussion.
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Cytoskcletal mechanismsinvolved in neuritc initiation: two
hypotheses
The presentfindings showthat neurite formation by sympathetic
neurons involves invasion of filopodia by cytoplasm from the
perinuclear region and that this beginswhen the tip of a filopodium becomesanchored to a substrateand is put under tension. Two models showing how different components of the
cytoskeleton might interact to produce thesemovements of cytoplasm are illustrated in Figure 10. Both modelsare basedon
the experimental observation that filopodia contain material
to flow retrogradely

Before
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patterns of attachment allow filopodia to develop tension and
be invaded by cytoplasm remains to be determined.

that appears

act,”

filament

198.5; Fisher et al., 1988; Forscher

and Smith, 1988; Sheetz et al., 1992; Theriot and Mitchison,
1992). It is thought that the overall lengthsof actin filaments

small
bead

After

are maintained by continuouspolymerization at their distal ends
and depolymerization at their proximal ends(reviewedby Sheetz
et al., 1992). Both models also incorporate the idea that moleculesthat mediate adhesion can becomecoupled to actin filamentsand that this is why small beadsthat attach to the surfaces of filopodia are transported retrogradely (Fisher et al.,
1988; Forscher and Smith, 1990; Sheetz et al., 1990, 1992).
Here, it is assumedthat the distal endsofactin filamentsbecome
anchored when the tip of a filopodium adheresto another cell,
a large bead, or a laminin-coated substrate. This impedesthe
retrogradeflow ofactin and actin filamentsprogressivelyshorten
becausethey no longer polymerize at their distal ends but continue to depolymerize at their proximal ends.
The first model (Fig. 10, Model 1) is basedon the idea that
actin filaments modulate microtubule polymerization (Buxbaum and Heidemann, 1988; Forscherand Smith, 1988;Goldberg et al., 1991; Heidemann et al., 1991). Model 1 suggests
that microtubulesnormally are unableto enter filopodia because
they contain a core of actin filamentsalong their entire lengths.
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When the distal ends of actin filaments becomeanchored to a
substrateand their retrograde flow is prevented, continued depolymerization at their proximal ends causesthem to shorten.
This allows microtubules to polymerize and invade the filopodium. Other components of perinuclear cytoplasm may be
carried into the filopodium by transport along microtubules.
The secondmodel (Fig. 10, Model 2) suggests
that perinuclear
cytoplasm is pulled into the filopodium by the samemolecular
motors that move actin filaments retrogradely prior to neurite
formation. Model 2 portrays thesemotors asmyosin molecules
that are directly or indirectly attached to components of the
perinuclear cytoskeleton. Whether the myosin moleculesmove
actin filaments retrogradely or perinuclear cytoplasm anterogradely dependson whether or not the distal ends of actin filamentsare anchored to the substrate. An attractive feature of
this model is that it explains why filopodia are put under tension
when their tips attach to a substrateand why the entire cell body
moves toward the base of a filopodium that is being invaded
by cytoplasm.
The elongation of neurites also involves protrusion of cytoplasm containing microtubules and organellesinto a domain
that is composedpredominantly of actin, and models similar
to those presented here have been proposed to explain how
growth cones migrate across a planar substrate (Letourneau,
1982;Bray and Chapman, 1985; Mitchison and Kirschner, 1988;
Smith, 1988; Goldberg et al., 1991; Heidemann et al., 1991).
However, observations described here emphasize the importanceofattachment ofthe distal endsoffilopodia to the substrate
whereasmodels of growth conesdepict more extensive interactions with the substrate. Although the latter models may be
more pertinent to growth on homogeneoussubstrates,the present modelscould be applicableto the navigation ofgrowth cones
in more complex environments. For example, studiesof grasshopper neuronsdeveloping in vivo have shownthat the direction
of growing axons sometimesis determined by a single filopodium that contacts a guide post cell and then is invaded by
cytoplasm (O’Connor et al., 1990; Sabry et al., 1991).
A prediction of both models presentedhere is that actin filamentsin filopodia undergo retrograde movement prior to the
beginning of neurite formation but that this movement stops
whenthe tips offilopodia becomeanchoredto a substrate.Techniques have recently been developed that make it possibleto
visualize actin filaments directly in living cells, and thesetechniques have confirmed that actin filaments in lamellipodia of
growth cones and fibroblasts move retrogradely under some
circumstances(Wang, 1985; Okabe and Hirokawa, 1991; Theriot and Mitchison, 1991, 1992). Application of thesetechniques
to model systemslike thosedescribedhere shouldshowwhether
the dynamics of actin filaments are modulated by interactions
with the growth substrate.
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