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Growth Cone Configuration and Advance: A Time-Lapse Study Using
Video-Enhanced Differential Interference Contrast Microscopy

John M. Aletta® and Lloyd A. Greene*

Department of Pharmacology, NYU Medical Center, New York, New York 10016

We have analyzed the dynamics of growth cone configu-
ration using video-enhanced contrast differential interfer-
ence contrast microscopy. Regenerating neurites from NGF-
treated PC 12 cells and sympathetic neurons were observed
in real time during their elongation and reviewed by time-
lapse video recordings. This technique provided a high-res-
olution view of motile growth cone elements including filo-
podia, microspikes, lamellipodia and ruffles. On the basis of
our observations, a multistage model for growth cone ad-
vance is proposed. Elongation commences with lamellipo-
dial spreading. If the newly extended lamellipodium does
not retract or lift off the substrate in the form of a ruffle, a
second phase—consolidation-—occurs, in which the lamel-
lipodium thickens as it fills with cytoplasm and organelles.
The consolidated area then undergoes further transforma-
tion into an area of neuritic shaft as new lamellipodia form
at the leading and peripheral zones of the distal process.
We never observed filopodia or microspikes contracting to
propel the growth cone forward. We also noted that elon-
gating tips generally had large varicosities within 20 um of
their leading edges. These may play a role in neurite out-
growth and in the formation of smaller, synaptic vesicle-
containing varicosities. The dynamic behavior of the growth
cone was under the control of NGF. Withdrawal of NGF re-
sulted in the disappearance of motile structures and ces-
sation of growth, while readdition of NGF triggered the rapid
reappearance of these structures and the resumption of
growth.

The high-resolution video microscopy of living growth
cones provides necessary baseline information, as well as
a bioassay paradigm, for future studies on the molecular
mechanisms of nerve growth.

Growth cones, the motile endings of growing nerve fibers, wend
their way through the complex microenvironment of the de-
veloping organism toward their targets by means of largely un-
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known mechanisms. During elongation of the axon in primary
cell culture, new surface membrane is incorporated mainly in
the region of the growth cone (Bray, 1970; Pfenninger and May-
lie-Pfenninger, 1981). The sequence of events leading from this
incorporation to increases in neurite length and to the dynamic
behavior of the growth cone have been difficult to discern di-
rectly. For example, it is not entirely clear whether the increase
in fiber length occurs in conjunction with tension generated on
the cone by its filopodia or microspikes (Bray, 1982; Bunge et
al., 1983) or with the bulk flow of cytoplasm “‘pushing” forward
from the neuritic shaft (Weiss and Hiscoe, 1948; Lasek, 1981;
Bunge et al., 1983). Bray and Chapman (1985) have proposed
a direct role for microspike/filopodial movement in the advance
of the growth cone. Recently, Goldberg and Burmeister (1986)
have argued, on the basis of observations of cultured molluscan
neurons made using R. D. Allen’s video-enhanced contrast dif-
ferential interference contrast microscopy (AVEC-DIC), that the
role of filopodia in the elongation phase of growth is more likely
one of structural support than one of active contraction or short-
ening against an adhesive substrate.

In addition to the mechanism of growth cone advance, another
issue of importance is the regulation of growth cone properties
and behavior by neurotrophic factors. Although NGF is clearly
capable of influencing the direction of growth (Gundersen and
Barrett, 1980) and the shape of neurite endings (Seeley and
Greene, 1983; Connolly et al., 1987), it has not been possible
to observe the dynamics of these events in living cells with high
resolution, nor has it been altogether clear how such growth
cone actions of NGF are related to neurite elongation. Whether
specific features of growth cones are likely to play active or
passive permissive roles in neurite elongation can best be an-
swered by analyzing the dynamic aspects of growth cone shape
and advance.

We have, therefore, extended the analysis of NGF-dependent
growth cone configuration and motility using a high-resolution
AVEC-DIC system (Allen et al., 1981). This system offers sev-
eral advantages for microscopic examination of growth cones.
For instance, it allows observation of neuritic growth in living
cells in real time and by time-lapse with an optical resolution
and contrast just below that of scanning electron microscopy.
In addition, by optically sectioning through the growth cone, a
plane of focus suitable for viewing intracellular organelles can
be obtained. In the present study, we have observed the growth
cones of NGF-responsive rat sympathetic neurons and PC12
cells. In the presence of NGF, both cell types grow and maintain
long, branched neurites. PC12 cells are of particular interest
because they can be easily cultivated in large quantitites for
future correlative biochemical studies of the molecular mech-
anisms of neurite growth (Greene and Tischler, 1976).
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Our present results provide a model for the dynamics by
which forward advance of growth cones occurs and further char-
acterize the role of NGF in this process (Seeley and Greene,
1983; Connolly et al., 1985, 1987). Growth was also correlated
with the presence of neuritic expansions or “varicosities” 10-
20 um proximal to the leading edge of the growth cone. Some
of the data contained in this study have been previously pre-
sented in abstract form (Aletta et al., 1986).

Materials and Methods

Cell culture. Holes, 12 mm in diameter, were punched in 50 x 9 mm
plastic petri dishes (Falcon 1006) and #1 glass coverslips (Fisher) were
attached to them with paraffin to create a microwell cell culture system.
The glass was then coated with a mixture of poly-L-lysine hydrobromide
(Sigma; 5 ug/ml) and collagen (Bornstein, 1958), 1:75, in 30% ethanol
and dried overnight. Coverslips were rinsed once with sterile deionized
water, allowed to dry, and were either used immediately or within 3 d.
Preliminary experiments on glass coverslips coated with Matrigel (Col-
laborative Research) yielded similar results.

PC12 cells were grown on collagen-coated plastic dishes for 1 week
or longer in the presence of NGF (50 ng/ml; Mobley et al., 1976), as
described previously (Greene and Tischler, 1976). These cells were trit-
urated from the plastic dishes, replated in RPMI medium (Gibco) con-
taining 10% donor horse serum, 5% fetal calf serum (KC Biological),
and 50 ng/ml NGF on the glass coverslips described above, and allowed
to regenerate their neurites for 12 hr to 4 d in a 7.5% CO, incubator at
35°C before microscopic examination.

The source of rat sympathetic neuron growth cones was either explants
of superior cervical ganglia (postnatal day 2 or 3) or dissociated cell
cultures of several postnatal day 3 superior cervical ganglia. All were
cultured under the same conditions used for PC12 cells, except that
some cultures were treated for 1-3 d with 10 uM cytosine arabinoside
to reduce the non-neuronal cell population. Observations using AVEC-
DIC microscopy were made 2-10 d after plating.

Video microscopy. Immediately prior to the microscopic examination,
another #1 glass coverslip was placed over the microwell culture, which
was then sealed with silicone grease. The microscope stage was main-
tained at 36 = 1°C with an air curtain (Yellow Springs Instruments
Model 72) and, judging from the pH dye indicator in the RPMI medium,
pH control was also maintained in the sealed well for at least 12 hr.

We used an inverted light microscope (Zeiss IM) equipped with No-
marski differential interference contrast optics, a 50 W mercury arc
lamp, infrared filter, 63 x (1.4 N.A.) oil-immersion Planapochromat
objective, and a 1.4 N.A. oil-immersion condenser. The microscope
image was projected to a Hamamatsu Model C1965-01 video camera
containing an analog circuit for contrast enhancement. The image was
displayed on a Sony television monitor (PVN-122; 1000 lines of hor-
izontal resolution) for real-time observation. Video images were re-
corded either on a laser-operated, monochrome, high-resolution optical
disc recorder (Panasonic TQ-2025F; 450 lines of horizontal resolution)
or by an NEC U-matic video cassette recorder (VC9507) connected to
the Sony monitor. When using the optical disc recorder, images were
generally recorded once every 4 sec. With the videotape recorder, con-
tinuous video records were made at time compressions of either 1:9 or
1:18. Further details pertaining to this particular imaging system can
be found in a recent publication (Edmondson and Hatten, 1987). Access
to this equipment was generously provided by Dr. Mary E. Hatten,
Department of Pharmacology, NYU School of Medicine. The photo-
graphs presented in this report were taken directly from the monitor
screen on 35 mm technical pan film (Kodak; Estar-AH Base 2415). The
direction of optical shear in all the micrographs is perpendicular to the
bottom edges of the figures.

Recording protocols. During our experiments, we came to the pro-
visional conclusion that uninterrupted exposure of growth cones to the
light source for longer than 30—40 min, even with heat-reducing filters,
could be deleterious to these structures. After this time, many growth
cones became much less motile and only sometimes regained their
activity after several hours without illumination. Given these circum-
stances, growth cones were, therefore, observed under either one of 2
protocols. Short-term observations of motility and shape changes were
generally for 30 min or less. Each experimental field was observed in
real time, as well as recorded in time-lapse for later analysis. Most
experiments were recorded on optical discs at 1 frame/4 sec. A distinct

advantage of this system is that it permits us to view the frames of any
sequence either individually, in quick succession, or played back at
speeds equivalent to, less than, or greater than the real time in which
the action was recorded. Long-term observations over the course of
several hours were also carried out to study the extensive shape changes
that occur during growth. In these cases, the cones were exposed to the
light source at intervals of 20 min or more for only the short period
needed to record either single images (approximately 1 min) or examples
of interesting motile behavior (less than 5 min).

Withdrawal and readdition of NGF. NGF was removed from PC12
cell cultures by a series of washes over several hours (Seeley and Greene,
1983). In order to reintroduce NGF to growth cones during continuous
observation in the sealed chamber, culture dishes were modified slightly
by constructing a small grooved aperture on the edge of the microwell
into which was glued (Devcon Epoxy) a short segment of 0.25 mm i.d.
polyethylene tubing. By attaching a 10 ul syringe (Hamilton) filled with
prewarmed, pH-adjusted NGF (2.5 ug/ml) in RPMI culture medium
plus sera, it was possible to reliably deliver 5 ul of the NGF solution to
the culture (containing a total volume of approximately 200 ul). The
precise final concentration of NGF was not clear, owing to inefficient
mixing. On the basis of several trials with dye injections, which showed
that the low-molecular-weight solute remained localized mainly around
the site of delivery for at least 15 min, we studied only growth cones
within 2-4 mm of the tubing inlet.

Results

Growth cones of NGF-treated PC12 cells and sympathetic neu-
rons exhibit a remarkable variety of shapes and activities, rang-
ing from simple, quiescent club-shaped endings to rather ornate,
highly motile endings that either change configuration without
forward locomotion or that actively advance. Retraction, too,
sometimes occurs (n = 8 of 113), although these cases are not
considered here. Because of this variety, we have analyzed the
behavior of a relatively large number of growth cones (PC12
cells, n = 95; sympathetic neurons, #» = 18). Keeping in mind
this variability, we describe below the most distinctive features
of the neurite endings observed. Generally, there was little dif-
ference between the form and behavior of PC12 cells and of
sympathetic neuron growth cones, and the descriptions given
here refer to both unless specifically noted.

Elements of the neurite ending

Growth cone. As viewed by AVEC-DIC, the growth cone proper
(see Fig. 1) consists of 2 operationally defined areas. The prox-
imal portion is spread several microns in diameter and is well
attached to the substrate, but can be displaced during elongation.
This area contains intracellular organelies and is relatively non-
motile; in contrast, the more distal reach of the cone is much
thinner, more motile, and organelle-poor (see Figs. 1, 2). Highly
motile lamellipodia, microspikes, and ruffles (described more
fully below) are the most prominent features of this more distal
area. However, both regions of the growth cone can display
microspikes and longer, highly motile filopodia.

The cone is capable of remodeling and assuming a variety of
shapes (Figs. 2, 3). Such changes can occur within intervals of
tens of minutes. For example, cones displaying a predominantly
lamellipodial form can evolve into cones with many more fil-
opodia and microspikes (Fig. 2) and vice versa. Other structures
are interchangeable. Ruffles can transform into lamellipodia (Fig.
4) and varicosities can migrate forward and merge with the cone
(not shown), or the cone may form and leave behind a varicosity
as elongation proceeds (Fig. 3).

Filopodia/microspikes. Motile, thread-like projections fell into
2 extreme categories of length. We have arbitrarily designated
projections of less than 10 um in length as microspikes, and
those longer than 10 um as filopodia (cf. Fig. 2). On this basis,



Figure 1. Growth cone elements. The actively elongating PC12 cell
neurite shown here consists of a neuritic shaft (S) leading into a neuritic
varicosity () and the growth cone proper (C). Extending from the latter
are lamellipodia (L), and microspikes (M). Calibration bar, 8 ym.

the majority of projections are microspikes, most of which are
less than 7.5 um long (92%; n = 347). As previously observed
(cf. Nakai and Kawasaki, 1959), motile microspikes are formed
and resorbed in large numbers at the growth cone, particularly
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at the lateral margins and leading edge of the distal cone region,
and relatively infrequently at neuritic shafts and varicosities.
The average lifetime of 10 randomly chosen microspikes (+=SD)
was 3.2 + 1.5 min, with a range from 0.5 to 5 min. Like filo-
podia, microspikes can sometimes extend off the substrate.

Filopodia generally range from 10 to 25 um in length (the
longest observed here was 34 um) and can be seen in real time
to extend or retract within seconds. The average length (+SD)
of 41 filopodia was 16 + 7 um. These projections do not appear
to be particularly well attached to the substrate, and usually
move in and out of the plane of focus, probing the environment
in all 3 dimensions (cf. Figs. 2, 5). In general, filopodia are longer
lived than microspikes (18.9 + 12.2 min, with a range from 3.5
to 38 min; n = 8). A growth cone may have up to 10 filopodia
or none at all, and this number is not static, often changing over
the course of seconds to minutes because of the interchangeabil-
ity of microspikes and filopodia.

We saw no evidence that filopodia or microspikes exert ten-
sion on the growth cone, thereby resulting in forward locomo-
tion. However, in several instances, filopodia were observed to
attach to, and pull on, neuritic shafts, but the direction of sub-
sequent growth did not necessarily follow the filopodial attach-
ment (data not shown).

Lamellipodia. Another prominent feature clearly delineated
by AVEC-DIC is the lamellipodia (Abercrombie et al., 1970;
Porter and Fitzsimons, 1973), which appear as excrescences of
very thin sheets of membrane and cytoplasm at the growth
cone’s leading edges (cf. Figs. 1, 2, 5). Lamellipodia form rapidly,
over a time course of, at most, tens of seconds, by the forward
flow of the cone’s membrane, which results in a gentle gliding
across the substrate (Fig. 5). This lateral gliding motion suggests
that the substrate attachments formed by the lamellipodia are

Figure 2. Lamellipodial filling by influx of cytoplasm and organelles. The relative time of recording (in min) of the same growth cone is denoted
in the lower-right corner of each panel. A cluster of debris marked by the large white triangle serves as an invariant reference point. The upper
sequence shows the filling of an area denoted by the 2 small arrows. In the lower sequence, filling occurs between the 2 large filled arrowheads. An
area of the proximal cone in the process of undergoing conversion to neurite (“stabilization™) is indicated by the unfilled arrowhead.
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Figure 3. Transfigurations of PC12 cell neuritic dilations (varicosities) and growth cones during long-term observation. Two instances in which
cones transform into varicosities are indicated by the arrowheads and curved arrows. The lower 4 frames document the gradual metamorphosis of
2 large varicosities into smaller swellings. An invariant reference point in the fields of views is marked on the photographs (arrow). During the first
6.5 hr of observation, an elongation of 67 pum occurred (mean rate, 10 um/hr). Periods of quiescence were interposed with others of extension more
rapid than the overall average (maximal rate, 39 pm/hr). The growth cone was observed periodically for short times, as described in Materials and
Methods. The intervals between successive frames in this and subsequent figures can be deduced from the actual clock times at the upper right-

hand corners. Bar, 20 um.

transient. Lamellipodia do not appear to contain visible, par-
ticulate organelles, and it is likely that exceedingly little cyto-
plasm is present in such thin structures. Often, lamellipodia
appear to form between microspikes (Figs. 1, 2, 5); sometimes
they form between the bases of adjacent filopodia or, rarely, at
the ends of single filopodia. In most cases, lamellipodia are
withdrawn or resorbed back into the growth cone. During the
active gliding phases of a lamellipodium’s formation, all or part

of its leading edge can frequently detach from the substrate and
form a ruffle (Fig. 4) or what others have called “unattached
veils” (Tosney and Wessells, 1983).

Ruffles. AVEC-DIC was particularly effective for visualizing
the dynamics of growth cone ruffles (see also Abercrombie and
Ambrose, 1958; Bray and Bunge, 1973; Connolly et al., 1985,
1987). From our observations, ruffles can be classed into 2
groups. The more typical (type I) is that seen at the leading edge
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Figure 4. Ruffles. A, Leading-edge ruffle. This sequence demonstrates the formation and lamellipodial fate of a PC12 cell ruffle at the growth
cone’s leading edge over the course of 6% min. Arrowheads mark the margins of the nascent ruffle at 79:47:32, and the arrow in the next panel
points out a portion of the ruffle in an optical plane well above the substrate level of the dish. The bottom panel shows the transformation of the
ruffle into an enlarged lamellipodium with numerous microspikes. Bar, 15 um. B—D, Funnel-shaped ruffle. Rarely observed structures, these PC12
cell surface ruffles (arrows) were highly mobile but were never associated with forward locomotion. B, Made with the plane of focus at the neurite’s
exposed surface; C, with focus above the plane of the neurite through the midsection of the ruffle; D, well above the neurite at the top of the ruffle.
All 3 frames were taken within less than 1 min of time. Bar, 10 um.
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of, or just behind, lamellipodia (Fig. 44). These form when
portions of lamellipodia lift off the substrate (Ingram, 1969).
These structures can extend vertically for considerable distances
and can either reattach to the substrate to reform lamellipodia,
be slowly resorbed into the cone, or fold backwards lengthwise
to collapse rapidly back into the cone. Such changes can occur
within 30 sec to several minutes. This again exemplifies the
interchangeability among growth cone elements.

The second type of ruffle (type II) was much more rarely
observed. These are much larger than the first group and are
sometimes wider in diameter than both the neuritic shaft and
the growth cone itself. They appeared to be funnel-shaped (Fig.
4, B-D) or sometimes had tightly wrapped membranes in a
flowerlike configuration. Because the latter structures were so
large, it was difficult to observe them in a single optical plane
(see Fig. 4), and consequently they were best observed while
focusing through them in real time. Both forms of type II ruffle
originated on the surface or leading edge of growth cones and
were relatively long-lived (20-30 min). Type I ruffles were often
seen during PC12 cell and sympathetic growth cone advance,
but type II ruffles were seen only on PC12 cell growth cones.

Growth and consolidation

Observations of many growth cones, either in real time or by
examination of video time-lapse recordings at a variety of play-
back speeds, have led us to conclude that, under the conditions
studied, NGF-promoted neurite extension always commences
with the formation of lamellipodia at the leading and peripheral
edges of the growth cone (Figs. 2, 5). If these structures are not
resorbed or do not lift off the substrate to form ruffles, they
appear to thicken, apparently through the flow of cytoplasm
from more proximal portions of the cone and neurite (Figs. 2;
5, row C). The entry of visible organelles has been the most
reliable sign that resorption or ruffling is unlikely and that stable
advancement of the growth cone will occur. When this “filling”
takes place, the lamellipodia become less motile and become
part of the proximal, well-attached area of the cone. The trans-
formation of motile, transitory lamellipodia into a thickened,
well-attached cone is termed by us “‘consolidation,” and rep-
resents the means by which neurite growth occurs. As consol-
idation proceeds, the distal portions of the cone continue their
motile and exploratory behavior and form new lamellipodia
(Fig. 5, row G). Each increment of consolidation adds 2-5 um
to the length of the neurite. Lamellipodial additions can occur
in rapid succession, producing elongation at rates of up to 70
wm/hr. The average rate (+SEM), obtained from 50 advancing
PC12 cell growth cones (extrapolated from observation periods
of 17-30 min) was 20 + 2 um/hr. For sympathetic neurons, the
value was quite similar; 18 + 4 um/hr (n = 11). As has pre-
viously been documented (Argiro et al., 1984), neurite growth
was saltatory, in that periods of rapid advancement were inter-
spersed with periods of relatively little or no elongation.
While numerous microspikes were often present at the edges
of advancing growth cones, neither these structures nor filopodia

—
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were ever observed to produce elongation via the generation of
tension. The numbers, distributions, and length changes of mi-
crospikes and filopodia on the growth cone were quite variable,
precluding a discernible mechanism involving extension via a
concerted shortening of longitudinally oriented filamentous pro-
cesses. Lamellipodial outflow and consolidation occurred, in
many instances, on areas of the cone with few microspikes. In
other cases, microspikes formed at the cone’s edge just prior to
the formation of lamellipodia between them (Fig. 5, row A),
and on still other occasions, microspike-like outlines became
apparent within lamellipodia only after these thin sheets of
membrane were formed (see, for instance, Fig. 5, rows B and
O). In any case, the neurite did not appear to be pulled forward
by microspikes and/or filopodia, but, rather, advanced by the
accrual of new material via consolidation of lamellipodia.

While lamellipodial consolidation and advance of the neurite
take place toward the distal portion of the growth cone, a trans-
formation also occurs at the more proximal cone area. Ulti-
mately, this region, which is still somewhat motile, plastic in
shape, and well spread, changes form and comes to be part of
the nonmotile, cylindrical neuritic shaft (Figs. 2, 5). We have
termed this cone-to-shaft transition “stabilization,” since it rep-
resents the last discernible step in neurite elongation.

The growth events that occur at the distal and proximal areas
of the cone must involve changes in adhesion to the substrate.
Attachment of lamellipodia is transient, i.e., on the order of
seconds, unless consolidation is accomplished. The consolidated
areas of the cone, by contrast, appear to adhere well to the
substrate. On the other hand, the neuritic shaft, into which the
proximal cone transforms, appears to be the least well-attached
portion of the cell. One consequence that reflects these differ-
ences is that, whereas the growth cone may follow a meandering
path as it advances, the neurite shaft, being poorly adherent,
follows a generally straight line between the cone and attachment
sites closer to the cell soma (Fig. 3).

Varicosities and neurite elongation

As observed by AVEC-DIC (cf. Figs. 1, 3, 6), 1-3 swellings or
“varicosities” are typically present along the shaft of the neurite
just proximal to the growth cone proper (average distance =+
SEM = 13 + 5 um behind the leading edge; n = 82). Other
dilated regions, along the more proximal neuritic shaft at irreg-
ular intervals and in varying quantities, were of considerably
smaller caliber (Fig. 3, last panel). The most characteristic di-
lation encountered near the growth cone is an ellipsoidal struc-
ture (Fig. 1). This form, however, is not static, and besides
increasing or decreasing its axial dimensions, it can undergo
gradual transfigurations (Figs. 3, 6) into a variety of other shapes
(i.e., triangles, diamonds, or spindles). Such varicosities can
translocate at several microns per hour along the shaft of the
neurite in either direction. In addition, intracellular organelles
(see below) were frequently observed within varicosities. Al-
though such particles can exit these areas and move toward
either the growth cone or the cell body, one or more large clusters

Figure 5. Growth and consolidation. This 3 min time-lapse sequence of a growing PC12 cell neurite was taken from an optical disc recording.
One frame was recorded every 4 sec. A-E, Each successive frame, at 4 sec intervals, from 1 min, 40 sec of the sequence. F, G, Every other frame
from the next 1 min, 20 sec (at approximately 8 sec intervals). Progressive lamellipodial spreading between microspikes is shown in 4 and B.
Thickening and consolidation of the newly extended lamellipodium can be seen from B, 5 through C, 5. Consolidation continues, and by frame
F, 5 the once flattened, well-spread area of the cone has narrowed in caliber and taken on more of the character of a neuritic shaft. The cycle begins
again in G with another round of lamellipodial spreading at the tip of the neurite. The arrow marks an invariant reference point. Bar, 10 pm.
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Figure 6. Remodeling of a sympathetic neuron growth cone-associated varicosity. The varicosity (arrowhead) fuses with its growth cone (B), after
which it maintains its position while the growth cone continues its forward migration (C). An invariant landmark is circled in A-C. Bar, 10 pm.

of organelles were always present in the varicosity during elon-
gation.

The varicosity appears to be intimately associated with the
advancing growth cone. As noted above, this structure can mi-
grate along with and behind the moving cone (data not shown).
Alternatively, as consolidation occurs, the more proximal region
of the cone can become separated from the advancing distal
cone and take on the characteristics of a varicosity. Thus, at
least some of the varicosities arise directly from consolidated
portions of growth cones. Figure 3 contains a sequence that
illustrates several varicosities forming from the advancing cone
over a time course of several hours.

Our observations also suggest that varicosities present in as-
sociation with growth cones could play a role in neuritic growth.
While elongation is occurring, material can be seen, in real time
and in time-lapse, moving from the varicosity, which often
changes in size and shape during the advance. Often, the vari-
cosities get much thinner, as if they were supplying material for
the advancing edge and consolidating cone. On some occasions,
these structures even diminish completely, so that only shaft
remains where a varicosity had been located (data not shown).
When this occurs, motility and advancement of the cone typi-
cally cease until a new varicosity forms.

To test the association between neurite elongation and the
presence of a varicosity, these 2 characteristics were scored for
67 PCI2 cell neurites (Table 1). A varicosity was present within
20 um of over 90% of the cones that advanced. In contrast,
growth did not occur in more than 60% (7/11) of the cases in
which varicosities were absent. Evaluation of these data by the
chi-squared exact test for 2 x 2 tables revealed that this differ-
ence is significant at p < 0.01.

Table 1. Chi-squared exact test for 2 x 2 tables®

(+) Varicosity (—) Varicosity

(+) Growth 46 4
(—) Growth 10 7

All video recordings of growth cones of PC12 cells that spanned 30 min from the
onset of each observation were submitted to this analysis. Neurites that elongated
4 um or more during this period are included in the (+) Growth bins. Those
neurites found in the (—) Growth bins did not elongate significantly (less than or
equal to 2 pm) during the observation period. Neurites that possessed at least one
varicosity, as described in the text, are included in the (+) Varicosity bins, those
without, in the (—) Vericosity bins. n = 67, df=1; p < 0.01.

< Bailey (1959).

A smaller number (18) of sympathetic neuron growth cones
was also reviewed for the presence of varicosities. Dilated re-
gions, as described above and within 20 um of the growth cone,
were observed in 10 cases (see, for example, Fig. 6). Of these,
9 advanced 3 um or more within 30 min of observation. Of the
remaining 8 without clear growth cone-associated varicosities
during the recording period, only 4 underwent similar growth.
The average lifetime of varicosities associated with sympathetic
neuron growth cones appeared to be less than that in the case
of PC12 cells. This was particularly so for the neurons within
the first day or two after plating. As a consequence of this tran-
sient nature, a much smaller proportion of neurons in the early
cultures was observed to possess varicosities at any given mo-
ment.

Response to NGF withdrawal and readdition

To further examine the dynamic aspects of NGF’s regulatory
action on growth cone structure and function at the high reso-
lution afforded by AVEC-DIC, growth cones were examined in
real time and in time-lapse recordings after NGF deprivation
for 7 hr or more, and then upon and for 20 min or more after
NGF readdition. In the NGF-deprived cultures, nearly all the
neurites examined were blunt-ended (Fig. 7, 4, B) and, except
for a few filopodia and microspikes, were not motile and never
locomotive. When NGF was reintroduced into the culture me-
dium in the vicinity of the growth cones, motility was observed
within 45 sec to 3 min. This included the formation of micro-
spikes, lamellipodia, and ruffles at the process tip (Fig. 7; see
also Fig. 4, which comes from a sequence 5-11 min after read-
dition of NGF). Elongation, as characterized above, also com-
menced within several minutes of NGF readdition. As previ-
ously indicated by either phase- or scanning-electron microscopy
(Seeley and Greene, 1983; Connolly et al., 1985, 1987), mi-
crospike activity transiently appeared along the neurite shaft
after NGF was readded (Fig. 7, D-F). Finally, the movement
of intracellular particles within the neurite shaft did not appear
to be affected by either NGF withdrawal or readdition.

Discussion

The aim of the present study has been to observe the dynamic
features of growth cones in living cells under high resolution in
order to better understand the sequence of events that leads to
neurite elongation. Though many of the individual elements
seen here have been described before (cf. Nakai and Kawasaki,
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Figure 7.

Motile features of elongating PC12 cell neurites are dependent on NGF. NGF was withdrawn from these PC12 cell neurites for 10 hr.

None of the highly motile features of typical NGF-treated growth cones were evident (4). NGF was rapidly readded at 22:41:00 (B, and within 1
min motile elements began to reappear (C, arrowheads). Microspikes appeared along the neurite shaft (arrowheads in D, E), but were present

transiently (F). Bar, 15 um.

1959; Johnston and Wessells, 1980), the use of high-resolution
AVEC-DIC observations and time-lapse recordings has per-
mitted a dynamic, integrated account of their roles in process
outgrowth, In particular, these findings support a protrusive
model for elongation and call attention to the interaction of
large varicosities with advancing growth cones. They also show,
at high resolution, that the dynamic features, and thereby ad-
vancement, of the cone may be rapidly controlled by a neuro-
trophic agent.

Growth cone shape

The overall morphology of individual growth cones was re-
markably variable. This was true both for different growth cones
as well as for the same growth cone at different times. Char-
acteristic growth cone shapes have been demonstrated to be an
intrinsic property of certain identified adult invertebrate neu-
rons in culture (Haydon et al., 1985). Our results suggest that
at least some vertebrate postnatal neurons may possess a less
uniform growth cone phenotype. This is in consonance with in
vivo studies of growth cone shape along pathways to synaptic
targets (Tosney and Landmesser, 1985; Bovolenta and Mason,
1987).

Varicosities

In addition to lamellipodia, ruffles, and microspikes (cf. John-
ston and Wessells, 1980), one or more neuritic expansions, or
“varicosities,” were also consistently associated with forward
locomotion (Table 1). These structures appear similar to the
varicosities along axons regenerating from goldfish retinal ex-

plants (Koenig et al., 1985) and to the focal swellings of postnatal
rodent cerebellar axons (Gravel et al., 1986). Both in the present
study and in that of Koenig et al. (1985), varicosities were ca-
pable of bidirectional migration along the neurite. Using AVEC-
DIC, we also directly observed movements of organelles from
the varicosity into the growth cone. On the basis of this obser-
vation and of the correlation between elongation and the pres-
ence of a varicosity within 20 um of the advancing growth cone,
we propose that these structures may serve as reservoirs of
material necessary for neurite growth. The large clusters of or-
ganelles seen in growth cone-associated varicosities may be anal-
ogous to the large irregular refractile body (LIRB) described by
Goldberg and Burmeister (1986) in cultured Aplysia neurons.
Varicosities similar to the type described here may also be
involved in functions other than elongation. For instance, re-
trieval of material from the distal neurite to a nascent varicosity
during neurite retraction has been described (Koenig et al., 1985).
Disruption of cytoskeletal elements with microtubule-destabi-
lizing drugs also produces swollen regions along the neuritic
shaft (Horie et al., 1983; Jacobs and Stevens, 1986), which may
signify that neurite retraction at least partially recapitulates the
events of growth in reverse. An additional possible role for
growth cone-associated varicosities is to develop into the ves-
icle-containing regions we have observed by transmission elec-
tron microscopy along the shaft of the neurite (Greene and
Tischler, 1976; J. M. Aletta and K. R. Brown, unpublished
observations). These varicosities, located much more proxi-
mally along neuritic shafts, resemble the presynaptic elements
of en passant synapses formed by the autonomic nervous system
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and appear to be considerably smaller than the varicosities at
growth cones (cf. Fig. 3, bottom right photo).

Neurite elongation

On the basis of observations made with AVEC-DIC, we propose
a multistage model of neuritic outgrowth that may be sum-
marized as follows: (1) membrane addition in the form of motile
lamellipodia and/or ruffles, (2) consolidation of the newly added
area of membrane by inflow of axoplasm and organelles and
loss of motility, (3) progressive modification of substrate at-
tachment by various areas of the growth cone (see below), and
(4) transition of consolidated regions into neuritic shaft (i.e.,
stabilization).

Tension generated by shortening or isometric contraction of
the microspikes or filopodia against a tightly held substrate has
been suggested as a principal means by which axonal elongation
is generated (Bray, 1973, 1982; Bray and Chapman, 1985). The
role of these structures in neurite elongation, however, has re-
cently been called into question. Marsh and Letourneau (1984)
demonstrated the growth of neurites lacking filopodia and la-
mellipodia and concluded that tension generated by these ele-
ments is not required for neurite elongation. Bentley and To-
roian-Raymond (1986) also found neurite elongation under
conditions in which filopodial formation was impaired. Another
recent study in which molluscan growth cones were observed
by AVEC-DIC indicated that filopodia facilitate elongation not
by the generation of tension, but by guiding the formation of
“veils” (lamellipodia) (Goldberg and Burmeister, 1986).

On the basis of our observations, we conclude that filopodial
contraction and generation of tension are not the means by
which NGF-responsive growth cones advance in our cultures.
We never observed microspike shortening (isotonic contrac-
tion), which could be construed as pulling the growth cone for-
ward. Lamellipodia, on the other hand, consistently surged for-
ward along and beyond microspikes. Although we cannot
categorically rule out the exertion of isometric tension, the nu-
merous instances of ruffling, in the absence of adherent micro-
spikes, with the consequent reattachment of the ruffle and its

transformation into a motile lamellipodium (Fig. 4) suggest that N

such tension is not essential for membrane addition. Thus, our
findings are consistent with the view (cf. Marsh and Letourneau,
1984; Caudy and Bentley, 1986; Goldberg and Burmeister, 1986)
that microspikes and filopodia are involved in the guidance,
rather than in the elongation of neurites. Instead of being pulled
forward in foto, the growth cone advances via a persistent cy-
toplasmic flow into a newly extended lamellipodial appendage.

Despite our negative observations regarding the role of filo-
podial tension in neurite elongation, our findings cannot nec-
essarily be taken to conclude that such a mechanism does not
operate under other conditions or in other species. For instance,
Hammarback and Letourneau (1986) have provided evidence
that filopodial contact with an area of high adhesivity can serve
as a “guidepost” enabling cultured chick dorsal root ganglionic
neurons to extend across an intervening substrate of low ad-
hesivity.

Substrate interaction

Changes in the interaction of growth cone elements with the
substrate may play an important role in the advancement pro-
cess. Our observations, in agreement with prior work (cf. Le-
tourneau, 1979), indicate that the principal attachment site of
the neurite ending is beneath the central portion of the growth
cone. Elongation commences with lamellipodial spreading and

attachment to the substrate. This is transient, being on
the order of seconds. In many cases, lamellipodia are with-
drawn or lift off the substrate to form ruffles. Only when con-
solidation occurs do they become part of the relatively stable,
well-attached portion of the growth cone. The consolidation step
itself may be, in part, influenced by interaction with the sub-
strate. That is, on a poorly adhesive substrate, lamellipodia may
be apt to withdraw or ruffle before consolidation can occur,
while, conversely, on a strongly adherent substrate, lamellipodia
may have a relatively longer lifetime and therefore a greater
likelihood of becoming consolidated.

While newly extended distal growth cone areas appear to
increase their substrate adhesion during consolidation, the prox-
imal cone area, by contrast, appears to decrease its relatively
tight apposition to the substrate during its transition to neuritic
shaft. This reciprocal relationship between the adhesion prop-
erties of different growth cone regions during elongation may
relate to recent evidence linking both serine proteases and pro-
tease inhibitors to the mechanism of neurite outgrowth (Krys-
tosek and Seeds, 1981; Monard, 1985).

Mechanistic considerations

The speed and extent of the shape changes we observed in the
growth cone suggest that posttranslational protein modifications
are likely to be involved. For example, many rapid NGF-de-
pendent changes in protein phosphorylation have been dem-
onstrated (Halegoua and Patrick, 1980; Yu et al., 1980; Greene
et al., 1983; Landreth and Rieser, 1985). Microfilaments (Fine
and Bray, 1971) and microtubules represent 2 substrates of
probable importance in the NGF-promoted elongation. Al-
though the most distal regions of growth cones contain few, if
any, microtubule bundles (Yamada et al., 1971; Bunge, 1973;
Cheng and Reese, 1985), the latter are abundant in the neuritic
shaft. Thus, the transition of growth cone to shaft during elon-
gation must include the formation of microtubules. Recent find-
ings suggest that this process occurs near the neurite tip (Bam-
burg et al., 1986). Also, NGF promotes the stability (Black and
Greene, 1982) and assembly (Black et al., 1986) of tubulin in
PC12 cells, and there is evidence that this may occur via NGF-
dependent phosphorylation of microtubule-associated proteins
(Burstein et al., 1985; Black et al., 1986). Aside from providing
structural support for the elongating neurite, microtubules are
also involved in the important function of transporting material
to the growing tip.

Future analyses of the dynamic cytoskeletal restructuring and
of the protein modifications that are likely to occur during growth
will obviously require biochemical approaches, but their power
can be greatly enhanced and their interpretations functionally
tested in conjunction with the video microscopy (AVEC-DIC)
of living cells in culture used as a biological assay system.
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