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Abstract

The migration of growth cones on substrates consisting of naturally occurring cell adhesion molecules has been extensively studied in
cell culture. However, relatively little is known about how growth cones contact the substrate or how the patterns of contact change as
growth cones move forward. We have examined the interactions of chick retinal ganglion cell growth cones with laminin, merosin,
N-cadherin, L1 and poly-L-lysine by time-lapse interference reflection microscopy (IRM) using a laser scanning confocal microscope. In
images obtained by IRM, areas of a cell that are closely apposed to the substrate appear dark whereas areas that are farther away appear
light. Growth cones on laminin and merosin were almost uniformly light, indicating that very little of the membrane was in close contact
with the substrate. Growth cones on N-cadherin had a mottled appearance with some relatively large dark gray areas. The proximal
portions of filopodia often were dark, in contrast to those on laminin and merosin which were light. In addition, growth cones on
N-cadherin had numerous dark gray punctate regions of close association with the substrate. Growth cones on L1 had darker regions than
growth cones on other substrates and these comprised a larger fraction of their area. There also were differences in the temporal dynamics
of growth cone interactions with different substrates and these differences correlated with differences in rates of growth. None of the

contacts observed in growth cones were as dark or stable as focal contacts of fibroblasts.
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1. Introduction

Growth cones are guided to their targets by many
different types of environmental signaling molecules, both
soluble and bound [21]. Over the past decade some of
these molecules have been found to serve as substrates for
neurite growth. Prominent among these substrates are cell
adhesion molecules (CAMs) found on the surfaces of
neurons and glia. These include L1 and N-cadherin, which
are also present on the surfaces of the growth cones [35].
Adhesion of growth cones to L1 and N-cadherin on neu-
rons and glia involves homophilic binding [12,31] as well

" Corresponding author. Present address: Department of Neuro-
sciences, Case Western Reserve University, Cleveland, OH 44106-4975,
USA. Fax: +1 (216) 368-4650. E-mail: vxl@po.cwru.edu

! MPEG movies of growth cones imaged with interference reflection
microscopy are available at http: //neurowww.neur.cwru.edu /teach/
movies.htm.

as heterophilic receptors [22]. Additional substrates include
extracellular matrix (ECM) molecules such as laminin and
fibronectin. Growth cones bind to ECM components via
cell surface receptors, most commonly integrins. The adhe-
sive interactions between the growth cones and their sub-
strates are believed to be essential for axonal outgrowth
and guidance.

The influence of purified extracellular matrix molecules
and cell adhesion molecules on growth cone morphology
and cytoskeletal organization has been widely studied in
cell culture. However, relatively little is known about
which regions of growth cones bind to these molecules or
how the binding changes as growth cones migrate. A
technique well suited for examining such interactions is
interference reflection microscopy (IRM). IRM reveals by
colors or shades of gray the spatial separation between a
cell and its substrate. This technique has been widely used
to study fibroblast adhesion and locomotion {1,36,50] but
less extensively used for studies of neurons

0165-3806,/97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.

PII S0165-3806(97)00041-2



184 J. Drazba et al. / Developmental Brain Research 100 (1997) 183-197

[19,23,33,34,45,46,53]. The development of laser scanning
confocal (LSC) microscopes with highly efficient illumina-
tion and detection systems has made it possible to obtain
IRM images with substantially improved image quality
compared to those obtained with conventional microscopes
(3]

We have used LSC-IRM to observe retinal ganglion cell
growth cones growing on substrates composed of four
naturally occurring adhesion molecules: L1, N-cadherin,
laminin and merosin, and an artificial substrate, poly-L-
lysine. Growth cones on these various substrates exhibited
distinctive patterns of apposition and the patterns were
highly dynamic. The striking differences in the spatial and
temporal patterns of growth cone-substrate provide some
clues as to how growth cones respond to different environ-
mental cues in vivo.

2. Materials and methods

2.1. Substrate preparation

The cell adhesion molecules L1 and N-cadherin were
isolated from embryonic chicken brain membranes by
immunoaffinity chromatography. Chicken L1 [32] was pu-
rified using monoclonal antibody 8D9 [32]. N-cadherin
(100 pg/ml) was purified using monoclonal antibody
NCD-2 [5,25]. Laminin (1 mg/ml) was purchased from
Upstate Biotechnologies, merosin (1 mg/ml) from Telios
Pharmaceuticals and Gibco and poly-L-lysine from Sigma.
The attachment of substrate molecules to acid cleaned
glass coverslips was facilitated by the use of protamine
sulfate (Sigma). Coverslips were incubated in a sterile 1%
protamine sulfate solution in water at 37°C for 24 h. After
extensive washing with sterile water the coverslips were
allowed to air-dry in a laminar flow hood. Substrates were
applied by spreading 20 ul of purified protein over the
central two-thirds of the coverslip followed by incubation
in a humid atmosphere at 37°C overnight. The substrates
were washed twice with Ca®* /Mg?** free Hank’s buffer,
blocked with 5% BSA /PBS for 15 min, and then pre-in-
cubated in plating medium at 37°C, 7% CO,, 95% air
while retinal explants were prepared.

2.2. Cell culture

Chick retinal explants from 7-day embryos were pre-
pared as described previously [12,24]. Briefly, neural retina
dissected from E7 chick eyes were flattened, photorecep-
tor-side down, onto nitrocellulose membrane filters made
adhesive by treatment with concanavalin A. The retina and
attached filters were cut perpendicular to the optic fissure
into 0.45-mm strips that were then inverted onto the
prepared substrates, ganglion cell layer in contact with the
substrate. The ganglion cells of these explants produced
neurites that were morphologically similar to axons and
exhibited axonal markers such as phosphorylated neurofil-
ament protein, TuJ1 [52], and L1 [32]. Explants plated on
prepared substrates were incubated in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal
bovine serum (Gibco), 5% chick embryo extract, and
penicillin /streptomycin /fungizone (Gibco). Cultures were
maintained at 37°C in 7% CO,, 93% air in a humidified
atmosphere.

2.3. Interference reflection microscopy (IRM)

Interference reflection imaging was performed with ei-
ther an upright BioRad MRC-600 or an inverted Zeiss
LSM 410 laser scanning confocal microscope. Images
were obtained in both cases using the 488 nm line of a
Krypton/Argon laser, a reflection mirror in place of the
dichroic beam-splitter, a fully open pinhole, and a 100 X
/1.3 NA oil-immersion Neofluor lens. In the Zeiss micro-
scope the second dichroic beam-splitter was removed from
the light path. Specimens for the upright microscope were
prepared by inverting and sealing coverslips with attached
explants onto chambers consisting of a 1 mm rubber
spacer attached to a glass slide. The chamber was filled
with warm medium, identical to the growth medium, but
supplemented with 25 mM HEPES to maintain the pH.
Cultures for the inverted microscope were prepared by
attaching a glass coverslip over a hole in the bottom of a
60-mm tissue culture dish. The explants were grown on the
coverslip which had been coated with various substrates
[7]. The temperature of the chambers in both cases was
maintained at approximately 36°C with a Nikon air-stream
incubator (NP-2).

Fig. 1. Patterns of substrate contact visualized by interference reflection microscopy of a fibroblast on laminin (a) and growth cones on laminin (b),
merosin (c), N-cadherin (d), L1/8B8 (e) and poly-L-lysine (f). The fibroblast has numerous dark streaks representing focal contacts (arrows). None of the
contacts of growth cones were as dark as the focal contacts of fibroblasts. Growth cones on laminin (b) were predominantly light gray with small medium
gray regions. Their filopodia were predominantly light. Growth cones on merosin {(c) had larger medium gray regions that either comprised the entire
central region of the growth cone extending back into the axon or appeared as patches within a lighter gray surround (Fig. 3). Growth cones on N-cadherin
(d) had large areas of medium gray and small areas that were very dark gray (arrows). Growth cones on L1 /8B8 (e} were predominantly dark with a few
light regions at their leading edge. Growth cones on poly-L-lysine (f) were less spread out than growth cones on other substrates and had numerous dark
gray streaks. The alternating bands at the leading edge of growth cones in b, d, and e probably do not represent areas of close attachment to the substrate,

but instead higher order interference fringes [27]. Scale bar = 10 um.
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The parameters of the laser scanning system were ad-
Jjusted using fibroblasts so that focal contacts appeared
black and had pixel values of 0—40 and some other regions
of the cell were white with pixel values of 255. The
parameters were also adjusted so that the background gray
level averaged 128. This procedure produced images of
fibroblasts similar to those obtained with conventional
IRM and permitted comparison of data obtained from
different experiments.

For each substrate, representative images of growth
cones were stored in digital format on a Panasonic LF-7010
erasable optical disk drive. These images were used for
illustration and for analyzing pixel intensity distributions.

For time lapse movies, images were collected at inter-
vals between 0.5 and 10 s (typically 8”) and stored on a
Panasonic LF-7010 erasable optical disk drive or a Pana-
sonic optical memory disk recorder (OMDR TQ 3031-F).
Images were collected for as long as 10 h with no apparent
adverse change in the morphology or growth rate of the
growth cone being observed.

The movement of dark gray spots on growth cones
migrating on L1 was measured by tracing consecutive
images from the video screen onto acetate sheets.

2.4. Pixel intensity measurements

Pixel intensities were measured from IRM images of
live growth cones that were enlarged 2800 X and stored in
digital format. The Image-1 image analysis program (Uni-
versal Imaging Corp.) was used to trace the perimeter of
each cell or growth cone thereby selecting regions of
interest for generating pixel intensity data. With our sys-
tem the intensities ranged from a value of O for black to a
value of 255 for white. Data of the pixel intensities in each
range were averaged for fifteen growth cones from each
substrate.

Brightness versus time analysis was performed using
time-lapse images collected at 8-s intervals. A thirty-frame,
time-lapse video sequence was selected for analysis from
each substrate. For each sequence the Image-1 image
analysis program was used to define two 2 X 2 pixel boxes
that were located on the central region of the growth cone
at the beginning of the analysis and remained on the
growth cone in all frames. Average pixel intensity data
from each box was collected from each image and plotted
against time.

3. Results

3.1. Interference reflection images of growth cones on
different substrates

Growth cones on all substrates had a highly motile
leading edge, consisting of lamellipodia and filopodia and
a central domain that changed less rapidly over time.
Growth cones on each substrate produced characteristic
interference reflection images (Figs. 1-6). On laminin
(Figs. 1 and 2), growth cones were predominantly light
indicating substantial separation of the membrane from the
underlying substrate. Central regions of the growth cones
and axons were light gray with numerous, punctate areas
of medium gray that were less than 0.5 pum in diameter.
Most of the medium gray spots were transient, disappear-
ing within 8 s or less. However, a few were slightly more
persistent, remaining stationary relative to the substrate for
up to 30 s. The lamellipodia at the leading edges of these
growth cones were predominantly light gray or white but
sometimes developed large, medium gray bands or patches.
The intensity of these areas changed rapidly over time
suggesting that they were moving up and down relative to
the substrate (Fig. 2, compare ¢ =0 to ¢ = 1:03). Filopodia
were light along most of their lengths with occasional dark
spots at varying locations.

Growth cones plated on merosin (Figs. 1 and 3), a
molecule structurally related to laminin [14], resembled
growth cones on laminin in that they were predominantly
light gray with some areas of medium gray. However, they
had larger medium gray patches than growth cones on
laminin. These patches occurred in central regions of the
growth cone as well as near the leading edge, were either
surrounded by lighter gray areas (Fig. 3) or comprised the
entire central region of the growth cone extending back
into the axon (Fig. 1c). Some of these areas remained
stable relative to the substrate as the growth cone moved
forward (Fig. 3), while others, in time-lapse movies, moved
centrifugally.

Growth cones on N-cadherin (Figs. 1 and 4) formed
closer and more stable contacts with the substrate than
growth cones on either laminin or merosin. The central
portions of the growth cones were darker overall, with
patches of varying shades of gray. Some of the medium
gray patches were more stable than similarly dark regions
of growth cones on laminin or merosin, lasting for minutes
instead of seconds. Within the medium gray patches there

Fig. 2. Time-lapse interference reflection images of a growth cone on laminin. Elapsed time is given in minutes and seconds. At ¢ = O the growth cone had
a large medium gray area at its leading edge (arrow). At 1:03 this dark patch disappeared and another patch formed. Small, punctate dark areas
(arrowheads) were similarly transient. The filopodia (short arrows) were predominantly light. Scale bar = 10 pm.
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were punctate, darker gray areas. These punctate dark
areas were transient, usually lasting for less than 8 s (Fig.
4, t =0, t = 3:05 and Fig. le), but they sometimes repeat-
edly appeared in the same place. Dark lines extended from
the leading edge or from the bases of filopodia toward the
central region of the growth cone. The trajectories of these
dark lines corresponded with those of the actin filament
bundles that form the cores of filopodia (Lewis and Bridg-
man, 1992). Lamellipodia were predominantly light with
transient patches or bands of gray, thereby resembling
lamellipodia of growth cones on laminin or merosin. Re-
gions of dark gray sometimes appeared to move centrifu-
gally, away from the leading edge when viewed in time-
lapse movies.

Growth cones growing on L1 (Figs. 1 and 5) had even
larger areas of close apposition to the substrate than growth
cones on N-cadherin. They had areas of dark gray along
their leading edges and their filopodia as well as under
their central domains. Some of these areas remained dark
for many minutes (Fig. 5). They also had areas that were
light gray or white. While many of the lighter areas at the
leading edge extended and retracted rapidly, some light
areas located in more central regions remained stable
relative to the substrate as the growth cone advanced. The
dark and light areas often appeared as alternating bands
oriented parallel to the leading edge. Fig. 5, t=3:07 to
5:04, shows a series of such bands that remained in
approximately the same location over a 3-min period. The
growth cones on L1 also had prominent, radially oriented
bands of dark gray aligned with filopodia (Fig. 5, =0
and le) similar to those observed on N-cadherin. Axons of
neurons growing on L1 differed from those of neurons on
other substrates in that they were flatter and uniformly
dark gray.

Axon outgrowth of retinal ganglion cells on poly-L-
lysine was very poor compared to all other substrates. The
axons grew out very slowly, often as a mat of tangled
fibers whose growth cones were very small and spiky with
few lamellipodia (Figs. 1 and 6). Both axons and growth
cones had numerous dark gray areas that remained dark for
the entire observation period. They also had areas that
were lighter and very dynamic, but moved forward very
slowly.

3.2. Analysis of pixel intensities

IRM images of fibroblasts were used to help interpret
IRM images of growth cones. The focal contacts of fibrob-
lasts, which are believed to represent areas that are sepa-
rated from the substrate by less than approximately 15 nm
[50], had pixel intensities ranging from O to approximately

40 and appeared black. Focal contacts typically were sur-
rounded by very dark gray areas with pixel intensities of
up to approximately 85. The latter areas probably corre-
spond to close contacts [50]. The mean pixel intensity was
139.3 + 12.7.

The distribution of pixel values was determined for 15
growth cones on each substrate. These data were analyzed
to determine the average intensity (pixel value) for each
growth cone. The pixel intensity distribution of growth
cones on laminin was narrower than the distribution for
fibroblasts (Fig. 7). A large percentage of the total area
(69.7%) of these growth cones was in the medium-light
gray range and 22.2% of the total area was in the light
gray range. Growth cones on laminin did not exhibit
intensities in the range of the focal contacts or close
contacts of fibroblasts. The mean pixel intensity for 15
growth cones on laminin was lighter than the mean for
fibroblasts (153.7 compared to 139.3). Growth cones on
merosin had an even narrower range of intensities than
growth cones on laminin (Fig. 7) and the mean intensity
was darker (138.8 as compared to 153.7).

Growth cones on N-cadherin had a broader range of
intensities than growth cones on laminin or merosin (Fig.
7). They also differed in that they had intensities in the
dark gray range (43-85), the range corresponding to fi-
broblast close contacts. However, only 0.4% of the total
area of the growth cones was dark gray. Most of the dark
gray pixels were located in transient, punctate areas, such
as the one indicated by the arrowhead in Fig. 4. Growth
cones on N-cadherin also had pixels in the white range,
unlike growth cones on other substrates. The mean pixel
intensity on N-cadherin was 146 + 6.2.

Growth cones on L1 had a larger percentage of pixel
intensities within the dark gray range of close contacts
than growth cones on N-cadherin (6.2% for growth cones
on L1), but had fewer pixel intensities in the light gray and
white ranges. White regions occurred primarily at the
leading edges of lamellipodia. Approximately 75% of their
total area was in the medium dark gray range, the largest
proportion of any of the growth cones studied. The mean
pixel intensity on L1 was 111.5 + 4.6.

Pixel intensities for growth cones on poly-L-lysine were
predominantly within the medium—dark and medium-light
gray ranges. A small percentage (1.6%) of pixels was in
the dark gray range of close contacts. The mean intensity
(128.2 + 7.1) was darker than for growth cones on laminin,
merosin and N-cadherin, but not as dark as for growth
cones on L1.

An analysis of variance revealed that the perceived
differences observed of growth cones on different sub-
strates were highly significant. Using a Fisher’'s PLSD

Fig. 3. Time-lapse interference reflection images of a growth cone on merosin. Many of the large medium-gray patches were transient (arrowheads), but in
this sequence one remained stable relative to the substrate as the growth cone advanced from ¢ = 0 to 3:58 (arrows). Scale bar = 10 pum.
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ANOVA it was found that each pairwise combination was
different at least at the p =0.001 level and that for 9 of
the 10 pairs the p < 0.0001. This shows that the closeness
of apposition of the growth cone membranes to different
adhesion molecules varies in a reproducible and consistent
manner.

3.3. Analysis of time-lapse movies

When growth cones growing on laminin (n = 135),
merosin (n = 69), N-cadherin (n=159) and L1 (n = 187)
were observed in time-lapse IRM movies, it was apparent
that the intensity of individual patches of membrane rapidly
fluctuated. Portions of the growth cone that appeared dark
at one moment could suddenly become light and vice
versa. Growth cones on poly-L-lysine (n =21) did not
exhibit such rapid changes. To compare the temporal
dynamics of growth cone interactions with different sub-
strates, we monitored the pixel intensity values at small
(2 X 2 pixel) locations within the central domain of growth
cones. Twenty random points were selected in a represen-
tative growth cone on each substrate and the fluctuations
of intensity with time were measured. The variance of
intensity with time on L1, laminin, merosin, and poly-L-
lysine were similar (8.33 £ 2.16, 9.03 + 1.69, 7.81 + 2.03,
and 8.71 £ 3.25 respectively (mean variance + S.DD.) but
they were less than the mean variance on N-cadherin
(12.54 £ 3.85). ANOVA analysis showed no differences in
the variance between L1, laminin, merosin or poly-L-lysine
at p <0.1 level. However, the variance on N-cadherin
was highly significantly different than the other 4 sub-
strates ( p <0.0001). The large changes in intensity on
N-cadherin indicate that the spatial separation of the mem-
brane from the N-cadherin substrate varied more over time
than on other substrates.

In time-lapse movies of growth cones growing on L1,
irregular dark gray spots frequently appeared near the
edges of lamellipodia (Fig. 8). They then either disap-
peared or moved towards the center of the growth cone.
The appearance of the spots was often cyclical, with the
spots reappearing in the same place every few minutes.
Analysis of the leading edges of 75 moving spots in 51
different growth cones revealed they had a mean rate of
movement of 5.83 um/min (S.D.=1.76). We also ob-
served some light gray regions that remained stationary for
long periods, immediately adjacent to moving dark gray
spots.

4. Discussion

Understanding the development of specific connections
in the brain requires learning how growth cone behavior is
regulated. Molecules in the extracellular matrix and on the
surfaces of cells form substrates for axonal growth and are
believed to be fundamental factors in directing growth
cones to their targets. Learning how growth cones interact
with these molecules is essential to understanding the
molecular mechanisms of growth cone motility that are the
basis of axonal guidance and targeting. IRM has been a
useful tool for studying growth cones [19,23,33,34,46,53].
We have been able to use IRM to investigate temporal
changes of growth cone interactions with a variety of
substrates, thereby providing information about attachment
mediated by each of the three major classes of neuronal
cell adhesion molecules, i.e. integrins, cadherins and the
Ig-superfamily. Our findings indicate that growth cones on
different substrates have unique spatial and temporal pat-
terns of apposition. These results give us clues about why
different substrates produce distinctive growth cone shapes
and growth rates. They also suggest that some CAMs may
allow different types of cell—cell interactions by altering
the closeness of apposition of cell surfaces.

Information relating the intensity of IRM images of
cells to their separation from the substrate is available
from studies of fibroblasts [S0]. The focal contacts of
fibroblasts appear black by IRM and represent areas at
which the membrane is less than 10-15 nm from the
substrate. Close contacts, which appear dark gray, are
believed to represent areas that are ~ 30 nm from the
substrate. Regions of the cell that are 50 to 150 nm above
the substrate appear gray to white. Areas of a cell that are
more than ~ 150 nm above the substrate are not visualized
by IRM. The similarity of our LSC-IRM images of fibrob-
lasts to those obtained in earlier studies suggests that the
relationship between image intensity and separation from
the substrate is the same.

We found the IRM pattern of retinal ganglion cell
growth cones on laminin to be similar to images previ-
ously published for dorsal root ganglion growth cones on
this molecule [19,23]. The large lamellipodia exhibited
extensive regions of light gray, suggesting substantial sep-
aration from the substrate, with very labile patches of
darker gray usually in regions close to the leading edge. It
was interesting to contrast this IRM pattern with that
produced on merosin, a molecule structurally related to
laminin. The shapes and IRM images of growth cones on

Fig. 4. Interference reflection images of a growth cone on N-cadherin showing large, medium gray regions similar to those on merosin. While some of
these were transient, others remained stable relative to the substrate as the growth cone advanced (open arrows). Considerable variability in the patterns of
gray within these areas could be seen. Small, very dark gray punctate regions appeared transiently throughout the growth cone (arrowheads). Medium-gray
bands radiated from the bases of filopodia toward the center of the growth cone reminiscent of the actin bundles that form the core of filopodia (arrows).

Scale bar = 10 um.
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merosin and laminin were similar, but not identical. Growth
cones on merosin had much larger areas of medium gray.
Laminin and merosin have identical light chains, B1 and
B2, but are distinguished by their heavy chains, A and M,
respectively. The fact that the IRM profiles are different
could be due to structural differences in the COOH termi-
nal region of the A and M chains [14]. This region of
laminin has been shown to contain the neurite outgrowth
promoting activity [13]. Alternatively, it is possible that
binding to the two molecules involves different integrin
heterodimers, with functionally different properties, as
suggested by the observations of Cohen et al. [8] and
Reichardt et al. [11,49]. A third less likely possibility is
that laminin and merosin bind to the coverslip in different
orientations, thereby altering the presentation of the cell
binding domains.

The IRM profiles of growth cones on N-cadherin was
clearly different from those on the ECM proteins. They
contained larger dark areas indicating that portions of the
membrane were closer to the substrate. IRM images of
growth cones on L1 had the darkest and most extensive
areas of medium to dark gray intensity. Axons on this
substrate were darker and flatter than those on other
substrates. This difference is consistent with the notion that
L1 is particularly important in the formation of axon
fascicles [47]. Growth cones on poly-L-lysine were small
and very irregularly shaped. Their IRM profiles consisted
predominantly of light gray areas interspersed with rela-
tively stable dark gray areas. None of the contacts of
growth cones on any substrate were as dark or stable as
focal contacts made by fibroblasts. This result is different
than that for growth cones of sensory neurons, which were
reported to have contacts similar to focal contacts [20].
That study did not use quantitative methods to examine
contact point darkness, however.

The relationship between the average pixel intensity and
the rate of axon growth on different substrates was not
consistent. Of the substrates used in the present study,
merosin promoted the fastest growth (140 wm/h) fol-
lowed, in descending order, by laminin, N-cadherin, L1
and poly-L-lysine [30]. The average pixel values on merosin
and poly-L-lysine were very similar yet these substrates
produced the fastest and slowest growth rates, respectively.
While the correlation between average pixel intensity and
growth rate is weak, our time-lapse studies suggest a
possible relationship between growth rate and temporal
stability of contacts between growth cones and substrates,
i.e. stable, close contacts correlate with slow growth. The
two substrates on which axons grew most rapidly, merosin
and laminin, were the ones on which growth cones formed

only transient areas of even medium—dark gray apposition.
Growth cones on N-cadherin had some darker contact sites
than those of growth cones on merosin and laminin but
these contact points tended to be very dynamic and tran-
sient. The largest and most persistent dark contacts were
observed in growth cones on L1 which also supported the
slowest growth rates of the four adhesion molecules tested.
Growth cones on poly-L-lysine grew very slowly and
formed numerous punctate areas of close apposition, most
of which persisted for as long as we observed them (up to
45 min).

Axon elongation is a complex process involving at least
three steps: extension of the leading edge; engorgement of
the leading edge with cytoplasm containing microtubules
and organelles; and conversion of the engorged area into a
definitive axon [18]. The rate at which any one of these
steps occurs could be influenced by the stability of mem-
brane attachments to the growth substrate. Models of cell
migration suggest that the rate at which a cell can remove
or detach receptors from a substrate has a large impact on
cell migration rates [29). Our results showing that there is
an inverse relationship between persistence of cell-sub-
strate contacts and growth rate is consistent with this idea.
However, we did not observe significant differences be-
tween the front and rear of growth cones in the closeness
of apposition of the membrane to the substrate (data not
shown).

A particularly intriguing aspect of the time-lapse video
movies was that while many dark regions were stationary
relative to the substrate there was a small subset of dark
regions that moved centrifugally from the leading edge to
the center of the growth cone at about 6 wm/min. These
moving dark zones were most apparent on L1 but were
also occasionally observed on merosin and N-cadherin.
The rate at which these spots moved is similar to the rate
of centrifugal flow of membrane that has been observed on
vertebrate growth cones with plastic beads [16,42—44] and,
more significantly, the rate of retrograde movement of
actin within growth cones [2,6,15,17,28,38,51]. The move-
ment of the actin cytoskeleton could bring the membrane
into apposition with the substrate without actually causing
attachment. If this explanation is correct then one would
expect to see retrogradely moving spots on all substrates,
including laminin. They might be more prominent in
growth cones on merosin, N-cadherin and L1 because
these growth cones attach more closely to these substrates.

The darker areas under growth cones could represent
sites of adhesion produced by binding of cell adhesion
molecules in the growth cone membrane to ligands on the
substrate. It is known that some adhesion molecules accu-

Fig. 5. Time-lapse interference reflection images of growth cones on L1. Irregularly shaped medium-dark gray areas in many profiles were banded with
lighter gray areas (=0 and t = 4:02, arrows). The bands remained obvious despite considerable change in their shape and gray levels. Dark bands similar
to those on N-cadherin radiated from filopodia back toward the body of the growth cone (arrow heads). Scale bar = 10 um.
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Fig. 7. Comparison of pixel intensity profiles of fibroblasts on laminin
and growth cones on different substrates. Each profile was generated by
pooling data from 15 cells or growth cones.

mulate at sites of substrate adhesion. For example, inte-
grins are highly concentrated at focal contacts formed by
fibroblasts on fibronectin. In astrocytes growing on laminin
different o—B, heterodimers are localized to different
contact areas. While a4 B8, integrins accumulate in focal
contacts, « —f@, integrins are found at another type of
contact that is smaller than a focal contact and has been
called a point contact [48]. In growth cones growing on
laminin the B, integrin subunit is uniformly distributed
[35], although this does not preclude the possibility that
different heterodimers may have a non-uniform distribu-
tion. Indeed, 81 also is uniformly distributed in astrocytes
[48]. Immunohistochemical studies using antibodies to Ng-
CAM failed to reveal banded distributions of Ng-CAM in
chick neuronal growth cones growing on rat L1 (Drazba,

Fig. 8. Moving dark spots in growth cones on L1. A growth cone with a
selected region of interest is shown in A. Images were collected every 6
s. In B, a spot appears near the edge that moved toward the center. The
leading edge of the spot is indicated by an arrow (B-J). In J the spot had
disappeared. Shortly thereafter a new spot reappeared near the location
indicated in B and the cycle repeated itself.

Fig. 6. Time-lapse interference reflection images of a growth cone on poly-L-lysine. Note the large light areas as well as the abundance of dark gray areas.
Both are very stable with time although there is a considerable amount of fluctuation in the light areas as they try to move out between the dark areas.
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Burden-Gulley and Lemmon, unpublished observations).
This indicates that there is not a simple relationship be-
tween the IRM images and the distribution of L1 at points
of growth cone contact with the substrate.

The molecules in growth cone membranes which inter-
act with naturally occurring adhesion molecules such as
those used in the present study have cytoplasmic domains
that can interact with components of the cytoskeleton
either directly or indirectly. For example, integrin recep-
tors interact with actin filaments via molecules such as
talin, vinculin, and a-actinin [4,39]. N-cadherin, which is
present on the surfaces of growth cones and binds to
N-cadherin on the dish, also interacts with actin filaments,
but via catenins [40]. L1 can interact with the actin cyto-
skeleton via ankyrin [9,10]. The interaction of the adhesion
molecules with the actin cytoskeleton is likely to account
for both the centrifugal and centripetal movements of
beads coated with adhesion molecules that have been
observed [42]. This raises the possibility that the distinctive
patterns seen in the IRM could be produced by local
regulation of CAM interactions with the cytoskeleton.
While there is a significant body of literature showing that
cadherin interactions with the cytoskeleton is regulated by
phosphorylation, the time scale on which this occurs is not
known and may not be rapid enough to explain the rapid
changes seen in our IRM movies.

The differences in growth cone—substrate interactions
observed with different CAMs suggests that some CAMs
may be more sensitive than others to variations in the
composition of the extracellular matrix. Previously it has
been shown that L1 dependent fasciculation is sensitive to
the polysialic acid (PSA) content of NCAM [41]. If PSA is
present, axons defasciculate and if it is absent axons form
tight bundles. Our IRM images show that growth cones on
L1 make very close appositions to the substrate. This
suggests that L1 mediated adhesion may be much more
sensitive to the presence of PSA or proteoglycans [37] than
N-cadherin mediated adhesion. This could also lead to
localized alterations in the signals generated by CAM:s [26]
and, thereby change growth cone behavior in the presence
of molecules that increase the space between adjacent cell
surfaces.
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