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In the mammalian retina, multiple mechanisms are re-
sponsible for guiding retinal ganglion cell axons to the
optic fissure. In the present study we have used time-
lapse videomicroscopy to show that, within the center of
the retinal neuroepithelium, growth cones use a scaffold
of previously formed axons as a substrate for guidance.
High magnification time-lapse videomicroscopy of normal
growth ¢ones in the midretina have shown that they have
the ahility to alter their shape from long, streamlined forms
that hug other axons to more flattened forms that move
between axons or neuroepithelial endfeet. In studies on
the role of specific cell interactions in these events, Fab
fragments against L1 and NCAM, administered either
alone or in combination, were found to have dramatic and
distinct effects on retinal ganglion cell growth cones. Anti-
£1 Fab fragments severely disrupted radia! growth cone
orientation and rate of outgrowth. The anti-L1-treated
growth cones initially stalled for 2 h, then changed direc-
tion and, thereafter, resumed an elongation rate twice as
fast as in control preparations. By contrast, anti-NCAM
Fab did not affect growth cone direction, but caused sub-
sets of growth cones to speed up initially, then to dramati-
cally increase in size, stall, and eventually hait. These re-
sults imply that L1 and NCAM play different roles in the
prometion and direction of axon growth and, along with
repulsive molecules and physical channels, provide es-
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sential information for the unidirectional growth of retinal
axons into the optic fissure.

INTRODUCTION

During developmental stages, ganglion cell axons
from all radial positions within the cup-shaped retinal
neurcepithelium unerringly navigate a trajectory that
will bring them to a small opening in the posterior pole
of the eye. This opening, known as the optic fissure, is
the sole doorway that allows axons to exit the retina
and join the optic nerve (Mann, 1969). The intraretinal
projection is not built simultaneously but, rather, by a
wavelike progression of axon initiation that begins at the
optic fissure and ends at the retinal periphery (Goldberg
and Coulombre, 1972; Halfter ef al., 1985). It has been
suggested that one link in the chain of events that orches-
trates this unique radiating sequence in embryonic rats
involves the center-to-periphery regression of a proteo-
glycan-containing matrix that sweeps over the immature
ganglion ceils and may play a role in grossly constraining
the path of their axons away from the retinal periphery
(Snow et al., 1991; Brittis et al., 1992; Brittis and Silver,
1995). It is equally important to identify those positive
outgrowth cues on the central side of the repulsive inter-
face that help to promote growth of the retinal axons
with such remarkable fidelity toward the optic fissure
(Halfter and Fua, 1987).

The neuroepithelial cells that channelize the walls of
the optic fissure could help lead pioneering fibers in the
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proper direction toward their targets (Suburo ef al., 1979;
Silver and Sidman, 1980; Krayanek and Goldberg, 1981;
Brittis and Silver, 1995). However, for the overwhelming
majority of axons that originate farther distally in the
retina, the only substrata that are oriented in the direc-
tion of the fissure are the previously formed axons them-
selves. Thus, it is possible that growth-promoting axon-
axon interactions, together with repulsive cues from the
extracellular matrix, could play synchronous roles in
generating the radial paiiern of the infraretinal nerve
fiber layer. A body of evidence, largely from studies of
invertebrates, has convincingly shown the importance
of fiber—fiber interactions mediated by specific adhesion
molecules during formation of the complex network of
nervous system tracts (Raper et al., 1983; Bastiani et al.,
1985; Easter and Taylor, 1989; Chitnis and Kuwada, 1950;
Wilson et al., 1990). In vertebrate nervous systems, evi-
dence that axons can guide other axons, either by posi-
tive (Lander, 1987; Landmesser ef al., 1988; Doherty and
Walsh, 1989; Bixby and Jhabvala, 1990; Kim et al., 1991)
or negative influences (Kapfhammer and Raper, 1987;
Godement ef al., 1990, 1994; Sretavan ef 4!., 1994}, has also
been presented. In the developing retina, axon deflection
experiments have demonstrated that growth cones tend
to faithfully reiterate the radiating trajectory of the resi-
dent axon scaffold even when growing in the wrong
direction (Halfter and Deiss, 1986; Brittis and Silver,
1995). With regard to normal development, this observa-
tion not only reinforces the need for a repulsive force in
the retinal periphery that would disallow the potential
for wrong-way growth, but also suggests that, once
growth cones are headed in the correct direction, growth-
promoting interactions between retinal axons may con-
stitute an essential means for guiding the contingent of
follower axons out of the eye.

I.1 (Lindner et al., 1983; Moos ¢t al., 1988) and the neu-
ral cell adhesion molecule (NCAM) (Burskirk et al., 1980;
Cunningham et al., 1987}, both members of the immuno-
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globulin gene superfamily, are abundantly expressed on
axons. In addition, NCAM is often found in the glial
environment (Silver and Rutishauser, 1984). In vitro, L1
and NCAM can promote retinal ganglion cell axon
growth {Drazba and Lemmon, 1990). As these two CAMS
have been localized to the early developing mammalian
visual pathway, they are good candidates for mediating
critical interactions during axonal growth and guidance
(Silver and Rutishauser, 1984; Lemmon and McLoon,
1986, Hankin and Lagenaur, 1994). In this article we have
used specific adhesion-blocking anti-L1 and anti-NCAM
Fab’s to investigate the potential role of L1 and NCAM in
providing precise unidirectional radial signals for axon
outgrowth in the intact mammalian retina.

Immature retinal ganglion cells and their precursors,
which span the entire retinal neuroepithelium, can be
labeled with Dil from the ventricular endfoot surface
in living rat retinal wholemounts without disrupting or
contaminating the pial surface along which their axons
grow. With the use of high resolution time-lapse video-
microscopy of living preparations, we were able to fol-
low the course of normal ganglion cell axons as they
elongate adjacent to the glial limitans within the center
of the retina. Following the application of Fab’s against
L1 and NCAM, both separately and in combination, we
have been able to document with time-lapse videomi-
croscopy various types of altered growth cone behaviors.
We present evidence to show that, within the center of
the retinal neuroepithelium, L1 and NCAM play simulta-
neous but different roles in directing and stimulating the
forward progress of growth cones.

RESULTS
Normal Growth Cone Pathfinding within the
Center of the Retina

In an effort to better understand the changes in axon
growth caused by L1 and NCAM antibody perturba-

FIG. 1. Time-lapse sequence of normally growing retinal ganglion cell axons as they traverse the retinal neuroepithelium from the far retinal
periphery to the optic fissure in E14.5 retinal wholemounts. {Cartoon) Schematic of a whele-mounted retina demonstrating the location of the Dil-
labeled fibers at the time when the first frame was collected. The optic fissure is located at the bottom of the diagram (heavily shaded region).
The box shows the camera area where the first frame was collected. Large arrows in the top right corners signify that the camera (i.e., boxed area)
was moved in the indicated direction to continuously track the growth cones. Time elapsed from the first image in minutes is shown in the bottom
right corners. The axons originated from cell bodies that were labeled from the ventricular surface of the peripheral neuroepithelium, Ail of the
axons observed grew continuously, without any lengthy stops or retractions, with a linear trajectory toward the optic fissure. The growth cones
consistently alternated between slim spadelike Jamellipodial shapes, which lacked definitive filopodia (as seen at 47 and 105 min}, and lamellipodial
forms with short, forwardly directed, filopodial projections (as seen at 200 min, small arrow). There was little evidence of large movements across
fascicle boundaries and, for the most part, the overall trajectories of individual axons were parallel. Oftentimes, axons grew on top of other axons
that had preceded them (as seen at 231 min). As some of the growth cones approached the optic fissure they defasciculated (as seen at 285 and
326 min, small arrow). In this preparation nasal (arrowhead at 285 min), central, and temporal axons were labeled at the same time. All of the
axons arrived at the optic fissure at the same time. As the growth cones approached the fissure they became larger and slowed down (as seen at
326~481 min, small arrows). The area of the optic fissure was marked by a fluorescent bead {arrowhead at 341 min). Scale bar represents 10 pm.
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tions, we compared these effects with the results ob-
tained from control preparations which were grown in
media alone (r# = 30 retinas}, nonspecific goat anti-mouse
IgG (500 pug/ml, n = 25 retinas), or anti-laminin Fab
fragments (500 pg/ml, n = 30 retinas). Axons which were
grown in media alone (Fig. 1) were tipped with small
streamlined growth cones with an area of 51 * 21 pym?®
(mean * SEM) (Fig. 7B). The rate of outgrowth of axons
grown in media alone, goat anti-mouse [gG, or anti-lami-
nin Fab’s was 45 + 9,48 £ 1, and 51 * 8 um/h, respec-
tively (mean + SEM) (Fig. 7A). There were no lengthy
stops or retractions and all of the growth cones studied
grew with pinpoint accuracy toward the opfic fissure
(Figs. 1 and 8A). As the growth cones traversed the mid-
dle of the retinal neuroepithelium they remained within
the same focal plane near the pial surface. They consis-
tently alternated between slim, spadelike lamellipodial
shapes, which lacked definitive filopodia, and lamelli-
podial forms with short {no longer than 10 ym) for-
wardly directed, filopodial projections (usually no more
than two) (Figs. 1 and 8A). At these early stages, there
was little evidence of large movements across fascicle
boundaries and, for the most part, the overall trajectories
of individual axons were parallel (Fig. 8A).

High Magnification of Growth Cone-Axon and
Growth Cone-Growth Cone Interactions

Time-lapse imaging at high magnification revealed
that retinal ganglion cell growth cones grew very close
to previously established axons. When time-lapse movies
(n = 4 movies) were viewed frame by frame there was
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a repeating sequence of growth cone morphologies (Figs.
2A-2F). One type of growth cone morphology that was
very difficult to detect, and not apparent at lower magni-
fications, was a flattened lamellipodial shape that con-
tained no visible filopodia (Figs. 2A and 2B). It fit exactly
to the contour of the labeled axon over which it grew
and, in still frame, it appeared to be tightly associated.
When viewed by time-lapse microscopy, such stream-
lined growth cones had the ability to project one visible
fingerlike, filopodial projection which was approxi-
mately 10 gm long (Fig. 2D). As these filopodia projected
straight ahead, the shaft of the filopodia showed little
affinity for the other axon except for the tip which usually
anchored itself to the axon with which it was associated
(Fig. 2D}. Sometimes the filopodium left the parent axon
to move onto a close neighbor. In either case the filopo-
dium then expanded into a larger streamlike veil (Fig,.
2E). When growth cones such as these moved more later-
ally, the lamellipodia could become more pancake-
shaped (Fig. 2F). Importantly, in every case examined,
the proximal portion of the axon always stayed fixed to
the parent axon. Two axons could elongate on each other
in tandem. However, when this occurred, growth cones
always stayed at least one growth-cone-length apart. If
the trailing growth cone caught up with the other and
made contact from behind, it remained active but ceased
forward progress until the lead growth cone was well
ahead (Fig. 2C). The follower growth cones that were
observed never passed those ahead of them. This entire
sequence of axon-axon interactions (Figs. 2A-2F) re-
peated itself as the growth cones made their way to the
optic fissure.

FIG. 2. High-magnification time-lapse sequence of growth cone—axon interactions. Criginal black and white image is on the left side of the
figure. Growth cones were manually separated and pseudocolored to better illustrate the different growth cone morphologies. (A and B) Growth
cones {yellow~green) which were closely apposed to other axons (red) were streamlined in shape and almost undetectable, (C) The yellow-green
growth cone began to lift off the red axon (D) and then extended one visible filopodia and made what appeared to be a small discrete contact
with the red axon. (E} The lead filopodia then became more lamellipedial in shape and had more surface area. (F) The one-time, heavily fasciculated
growth cone lifted its lamellipodia and shaft off the axon into a different focaj plane (presumably onto the overlying endfeet). In (F), notice the
relatively large space between the growth cone (along with its most distal axen portion) and the other axon. The distal axon remained fixed in
position in tandem with the other axon (yellow area). In successive frames (not shown) the growth cone again became streamlined as shown in
{A) and resumed growth along the same axon. These frames illustrate that growth cones can quickly alternate between substrates in vivo. Time
between images equals about 10 min. Scale bar, 10 zm.

FIG. 8. Graphs and images illustrating changes in growth cone rate, directionality, and morphology over time, Three representative growth
cones representing each category, chosen from nine different retinal preparations, were tracked. The growth cones or axons which traversed the
neuroepithelium first were falsely colored red, whereas newly arriving growth cones were colored green. (A) Changes in growth cone rate in
control preparations. As the streamlined growth cones followed a linear trajectory toward the optic fissure their rate of outgrowth remained
relatively constant. (B) Growth cones incubated in the presence of L1 Fab fragments were drastically perturbed. At first these growth cones were
very active, became large and lamellipodial in shape, and traveled only small distances. After about 3 h the growth cones became more spadelike
in shape and traversed the retinal neuroepithelium with increased rates at oblique angles. (C) At first, Fab fragment binding to NCAM caused the
growth cones to increase their speeds. Over time, the perturbed growth cones became very large and lamellipodial in shape and decreased their
rate of outgrowth. Perturbation did not affect axon guidance. Large growth cones were often seen growing on top of other axons which had a
linear orientation.
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Anti-L1 Perturbation Causes Profound Changes in
the Direction and Rate of Axon Outgrowth

To assess the degree to which L1 contributes to radial
axon guidance in the midretina, presumptive retinal gan-
glion cell bodies in E14.0 living retinal wholemounts
were labeled with Dil and incubated in the concentration
of anti-L1 Fab's (500 ug/ml, n = 25 retinas) that best
allowed for antibody tissue penetration (see also Experi-
mental Methods). The effects of antibody perturbation
on axon guidance were assayed within an area approxi-
mately 200 ym dorsal to the optic stalk (Figs. 3 and 7A,
cartoon). Eighty percent of the 100 randomly selected
growth cones incubated in the presence of anti-L1 Fab
fragments displayed striking abnormalities (Figs. 3 and
4; see Experimental Methods for the criteria used to select
the growth cones).

Anti-L1 incubation caused an obvious disruption of
the usual pattern of axons in every retina that was exam-
ined. In the presence of anti-L1 Fab, the onset of pertur-
bation took place within 3 h following antibody addition.
At E14.5, the developmental stage of antibody treatment,
there was a previously formed central core of axons
which was also Dil labeled. The newly formed growth
cones, which grew through the more mature central core,
gradually became very large (Fig. 7B) and eventually

stalled (Fig. 3, see frames from 0 to 119 min, and Fig. 4,

see frames from 0 to 283 min). Stalled growth cones had
a flattened lamellipodial shape (Fig. 8B} and were usually
facing the optic fissure. The perturbed growth cones
were very active and, thus, had the ability to extend
and retract their lamellipodia. This type of growth cone
behavior resulted in no net forward progress of the axon.
Anti-L1-treated growth cones remained in this stalled
transitory conformation for about 2 to 4 h (Fig. 8B) until
they became more streamlined in shape, made perpen-
dicular turns (Fig. 3, see frames from 126 to 150 min, and
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Fig. 4, see frames from 355 to 685 min) and increased
their rate of migration (Fig. 8B). The aberrantly directed
growth cones were either the same size or smaller than
normal growth cones. They continued to traverse the
neuroepithelium albeit at a faster-than-control rate and
orthogonal to the previously formed central core of axons
(Fig. 3, see frame at 128 min, and Fig. 4, see frames at
423, 438, 469, and 488 min, and Fig. 8B). A smaller popu-
lation of axons made an abrupt 180° turn and grew to-
ward the retinal periphery (Fig. 4, see frames at 355 and
400 min). As a result of this growth cone misrouting, the
resultant nerve fiber layer became progressively disorga-
nized (Fig. 4, see frame at 685 min). Although the initial
fanlike pattern could still be distinguished in treated reti-
nas (Fig. 4, see different focal plane in last frame at 685
min}, many of the newly added axons formed a com-
pletely random network across the entire neuroepi-
thelium.

In control preparations lacking anti-L1, the entire
nerve fiber layer was always very stable and never
shifted its position within the retinal neuroepithelium
{Fig. 1). Conversely, the patterns of labeled axons estab-
lished before antibody treatment appeared to slowly shift
laterally after incubation in anti-L1 Fab (Fig. 3, note frame
of reference does not change during the entire sequence).
This slow movement was most unusual and was not
simply the result of the entire specimen shifting because
some reference growth cones remained stationary at a
fixed point while other neighboring fascicles moved lat-
erally.

Anti-NCAM Perturbation Causes Subsets of
Growth Cones to Decrease their Rate of
Outgrowth

Twenty-five living retinas were grown in the presence
of anti-NCAM Fab fragments (500 pg/ml). Thirty per-

FIG. 3. Time-lapse sequence of two growth cones perturbed by anti-L1 Fab fragments. The first image was acquired 3 h after antibody treatment
was begun. In this sequence of images the boxed area did not move during image acquisition. Growth cones incubated in the presence of anti-L1
Fab fragments displayed striking abnormalities. At E14.5, the developmental stage of antibody treatment, there was a previously formed central
core of axons which were also Dil labeled (bottom of frames). Both the stalled growth cones (see first frame to 119 min) had a flattened lamellipodial
shape, One was almost perpendicular to the other labeled fibers while the other remained parallel. The perturbed growth cones were very active
but there was no net forward progress of the axon, Anti-L1-treated growth cones remained in this stalled transitory conformation until they became
more streamlined in shape {see frames at 84 min and from 126 to 150 min) and increased their rate of migration. At this stage of the perturbation,
many of the aberrant growth cones were either the same size or smaller normal growth cones. They continued to traverse the neuroepithelium
albeit at a faster-than-control rate and orthogonal to the previously formed central core of axons. The other perturbed growth cone, which grew
lateral to the more mature central core of Dil-labeled fibers, was very large but still followed the natural progression of axons. At 43 min, while
still migrating, the growth cone projected a flat filopodium in the direction of the misrouted growth cone (arrew at 4¢3 min). It repeated this one
meore time at 66 min and then retracted its lateral filopodia and redirected them to the front of the growth cone (see frames at 66, 69, 72, 78, and
84 min). Shortly thereafter, the growth cone became streamlined and centinued to progress in a linear fashion toward the optic fissure. Notice
how the pattern of labeled axons at the bottom of the frame, established before antibody treatment, appeared to slowly shift out of the field of
view {(move down the frame) throughout the entire movie. Scale bar represents 10 um.
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cent of the 63 randomly selected axons were affected by
anti-NCAM incubation (Figs. 5 and 7). Perturbed growth
cones were found within every anti-NCAM-treated ret-
ina. However, for rate analysis of our randomliy selected
sample, we only used those growth cones which could
be traced for at least 60 min. It should also be stressed
that the localized application of Dil only allowed us to
visualize small axonal subpopulations within each ret-
ina. All of the anti-NCAM-perturbed growth cones were
very different from those found in each of the control
groups. At first, but only briefly, perturbed growth cones
with streamlined morphologies moved faster than nor-
mal along other fibers (Fig. 8C). Shortly thereafter they
became very sluggish (Figs. 7B and 8C} and gradually
took on a lamellipodial shape with few visible filopodia
(Fig. 8C). Initially, the lamellipodial veils did not spread
out but were contained (Fig. 5, see frames from 0 to 134
min), Within hours, the growth cones grew larger than
those found in either the control or the anti-L1 group
(Fig. 7B) and became more pancake-shaped (Fig. 5, see
frames from 181 to 494 min). It appeared as though the
lamellipodial veils of affected growth cones were unable
to make stable contacts with the substratumn. At this stage
of the perturbation, very few visible filopodia were ex-
tended even though the veils remained highly active.
Thus, like those axons initially affected by the anti-L1
treatment, anti-NCAM Fab-treated growth cones re-
mained motile but did not make any forward progress
(Fig. 8C). Unlike the Ll-treated axons, the anti-NCAM-
treated axons never changed their direction of growth
and always faced the optic fissure. These growth cones
became larger and larger as they progressively filled with
Dil-labeled membrane. In addition, it was not uncom-
mon to see a pair of axons that were extending over each
other (Fig. 8C) in which the leading growth cone began
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to enlarge but neither its forward growth rate nor its
linear trajectory were impeded (Fig. 5, see frames from
134 to 234 min). In turn, the fasciculating growth cone
took on the aforementioned phenotypes and stopped
(Fig. 8C). Once stalled, these perturbed growth cones did
not leave the other axon (Fig. 5, see frames from 134 to
494 min). Lateral shifting of the nerve fiber layer was not
observed in the anti-NCAM-treated preparations.

Anti-L1 and Anti-NCAM Administered Together

To learn whether or not axon growth could still occur
when both CAMs were perturbed, retinal neuroepithelial
preparations were incubated in both Fab preparations at
the same time (n = 5 retinas). Although it was impossible
to attribute the resultant perturbation to one or the other
antibody, some general observations could be made. In
each preparation the anti-L1-like effect predominated
over the anti-NCAM-like effect on axon growth and
guidance (Fig. 6). That is, most of the observed growth
cones became large and eventually changed their orien-
tation of outgrowth. Growth cones that did change direc-
tion did so with smoother, curving trajectories than oc-
curred with anti-L1 alone. In addition, axons could be
seen within the same field that remained idle and made
no net forward progress during the duration of the ex-
periment (Figs. 6B-6D). Interestingly, these axons were
tipped with small growth cones which were lamellipod-
ial in shape and lacked definitive filopodia. These lamel-
lipodial forms were neither as large nor as active as those
seen in the anti-NCAM-treated preparations.

DISCUSSION

By observing growth cone movements of fasciculating
axons with high magnification time-lapse videomicros-

FIG. 4. Another time-lapse sequence of growth cones perturbed by anti-L1 Fab fragments. The first frame was collected 4 h after antibody
addition. The boxed area moves as the camera follows the growth cones to the optic fissure. Growth cones incubated in the presence of anti-L.1
Fab fragments displayed major changes in axon routing. At E14.5, the developmental stage of antibody treatment, there was a previously formed
central core of axons which were also Dil labeled. Some of the newly formed growth cones maintained a linear trajectory toward the fissure as
they grew over other fibers while passing through the camera field. However, even these axons could have very large growth cones (see small
arrow at 183 and 400 min). The majority of the newly formed growth cones, which grew through the more mature central core, gradually became
very large (small arrow at 66 min) and eventually stalled. Stalled growth cones had a flattened lamellipodial shape which remained very active
and, thus, had the ability to extend and retract their lamellipodia (as marked by the small arrow at 204 min). This type of growth cone behavior
resulted in no net forward progress of the axon. Anti-L1-treated growth cones remained in this stalled transitory conformation for about 2 to 4 h
until they became more streamlined in shape, made perpendicular turns, and increased their rate of migration. At this stage of perturbation, many
of the aberrant growth cones were either the same size or smaller than normal growth cones. They continued to traverse the neuroepithelium
albeit at a faster-than-control rate and erthogonal to the previously formed central core of axens (small arrow at 66, arrowhead at 204, 238, 400,
and arrow at 423 min, and notice the cohort of misguided fibers at 469 and 488 min). A smaller population of axons made an abrupt 180° turn
and grew toward the retinal periphery (see growth cone marked by small arrow at 238 and follow it up to frame at 400 min; notice the axon
marked by the arrowhead at 355 min). As a result of this growth cone misrouting, the nerve fiber layer became progressively disorganized (see
final frame of sequence at 685 min). Although the initial fanlike pattern could still be distinguished in treated retinas, many of the newly added
axons formed a completely random network of intersecting axons across the entire neuroepithetium {see different focal plane of last frame in third
column at 685 min). Scale bar represents 10 pm.
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copy, we have begun to appreciate the role of axon-axon
interactions not only in the generation of fiber-bundling
patterns but also in providing precise guidance informa-
tion. Rapid, saltatorylike growth cone movements along
other axons were typical of fasciculating fibers. This phe-
nomenon was initiated by the protrusion of a single
streamlined filopodium that tightly hugged the profile
of the lead axon. This behavior was followed by expan-
sion of the filopodium into a typical growth cone which
could either project a single forwardly directed filopo-
dium or leave the parent axon and move a short distance
laterally. This “inchwormlike’” behavior was repeated as
the fasciculated growth cone moved along its neighbors.

Molecules that mediate cell-cell interactions contrib-
ute to various aspects of growth cone behavior. The re-
sults presented here suggest that intraretinal ganglion
cell axon growth and/or guidance can be severely al-
tered by antibodies to 1.1 and NCAM, two abundant and
well-characterized components of axons and the imma-
ture neurcepithelium. When either or both of these
CAMs were perturbed by antibodies, growth cones
within the midretina underwent a series of characteristic
behaviors that revealed a change in substrate affinities.
The consequences of these perturbations and substrate
alterations led to both transient and long-lasting growth
cone shape changes as well as pathway errors. Although
perturbation was observed with both CAM antibodies,
the type of alteration obtained was very different in each
case. This suggests that L1 and NCAM appear to play
distinct rather than redundant roles. Also the ditferent
effects of the two antibodies help to indicate that the
possibility of steric hindrance, due to the antibody con-
figuration on the surface of the axon, was not a key deter-
minant in the altered growth behaviors.

Various experimental paradigms have shown that L1
can strongly promote neurite growth in culture (Lagen-
aur and Lemmon, 1987; Doherty and Walsh, 1989; Asou
et al., 1992; Lemmon ¢t al., 1992; Miura ef al., 1992; Hankin
and Lagenaur, 1994), and antibodies to an Li-like mole-
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cule in chicken have caused disruptions in axon path-
finding (Schlosshauer and Dutting, 1991). However, the
ability of 1.1, or L1-like molecules, to guide precise recti-
linear growth of one axon upon another, in addition to
their role in fiber bundling (Stallcup and Beasley, 1985;
Landmesser ef al., 1988), has not been extensively ad-
dressed. Our data suggest that L1 may function in wivo
to direct filopodia tightly along other axons by focusing
cytoskeletal components in order to ensure linear growth
cone routing. Various investigators have shown that L1
can be positioned at points of axon—axon (Kobayashi et
al., 1992; Brittis and Silver, 1995) or axon-glial contact
(Martini ef al., 1994) and have speculated that these “hot-
spots” may serve to stabilize and reinforce points of
growth cone adhesion (also see Smith, 1994). The notion
that L1 may, in part, serve to stabilize or constrain retinal
axon growth along a straight line, parallel to other axons,
is supported by our observations that perturbation of L1
not only results in a meandering fiber pattern but also
eventually increases the rate of axon outgrowth.

After treatment with L1 antibody, ectopic growth cones
were more expanded and no longer traversed the neuroepi-
thelium by projecting a single, slender filopodium. It is
possible that perturbation of this particular CAM un-
masked an innate tendency of the growth cone to turn
or, alternatively, that turns may be stimulated by other
substrate elements located on or between the neuroepithe-
lial endfeet. Experiments designed by Overton (1979) have
shown that growth cones are able to “perceive” physical
contours with which they make frequent contact. In these
studies when cultured growth cones were confronted with
aligned collagen lattices in whole-mounted basal laminae
they usually grew perpendicular to them. Perhaps anti-L1
made axon surfaces molecularly unrecognizable to growth
cones thereby unlocking such a physical tendency to grow
in a nonaligned fashion among the retinal ganglion cells.
1t is also possible that in the absence of L1 function, other
molecules, such as cadherins, integrins (Reichardt et al.,
1989; Redies and Takeichi, 1993), or other Ig-class receptors,

FIG. 5. Anti-NCAM preparation. The first frame was collected 4 h after antibody addition. In this sequence of images the boxed area did not
move during image acquisition. All anti-NCAM-perturbed growth cones were very different from those found in the anti-L1 and contro} groups.
At first, perturbed growth cones with streamlined morphologies briefly moved faster than normal along other fibers (see frames from the start to
56 min), They then became very sluggish and gradually took on a lamellipodial shape with few visible filopodia (small arrow at 37 min}. Initially,
the lametllipodial veils did not spread out but were contained (see frames from ¢ to 134 minj. Within hours, the growth cones became more
pancake-shaped (see frames from 181 to 494 min). At this stage of the perturbation, very few visible filopodia were extended even though the
veils remained highly active. The anti-NCAM-treated axons never changed their direction of growth and always faced the optic fissure. These
growth cones became larger and larger as they progressively filled with Dil-labeled membrane {large growth cones from 318 to 454 min}. Some
perturbed growth cones began to enlarge but neither their forward growth rate nor their linear trajectory were impeded (see frames from 134 to
234 min}. The growth cones fasciculating on these axons also becamie large but eventually slowed down (small arrow at 181 min}. Once stalled,
these perturbed growth cones did not leave the other axon (see frames from 134 to 494 min). Notice the unperturbed streamlined growth cone
(small arrow at 204 min) that passed through the same area where other larger growth cones traversed (from 204 to 234 min; compare the growth
cone and axon marked by small forked arrow). Scale bar represents 10 gm.
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FI1G. 6. Time-lapse sequence of growth cones incubated in both ani-
L1 and anti-NCAM. {A) Schematic of a whole-mounted retina demon-
strating the location of the Dil-labeled fibers at the time when the first
frame was collected. In this sequence of images the boxed area did not
move during image acquisition and the boxed region shows the camera
area where the frames were collected. The anti-L1-like effect predomi-
nated over the anti-NCAM-like effect on axon growth and guidance.
Most of the observed growth cones became large (arrowheads in B)
and everitually changed their orientation of outgrowth (arrow in C}.
Growth cones that did change direction did so with smooth, curving
trajectories (small arrows in B and C). Notice the axons that grew or-
thogonal to the other axons (small arrows in B). Some growth cones,
though still active, remained idle and made no net forward progress
during the duration of the experiment {marked by star in B and appar-
ent in C and D). These axons were tipped with small growth cones
which were lameilipodial in shape and lacked definitive filopodia. Scale
bar represents 10 pm.

assumed priority in promoting neurite growth, albeit sinu-
ously and in a haphazard direction. Alternatively, anti-
L1 antibodies might have generated signals that lead to
alterations in the function of other substrate recognition
systems (Doherty and Walsh, 1992). Earlier work on retinal
ganglion cells has shown that anti-L1 antibodies alter fas-
ciculation in a manner most easily explained by disruption
of multiple CAM functions (Cervello et al., 1991) rather
than alterations in the expression of CAM levels. As the
function of integrins and cadherins can be modulated by
second messenger systems, it is plausible that they might
mediate the renewed advance of growth cones in the pres-
ence of anti-L1 antibodies.

Many of the L1-affected growth cones were very active
for about 4 h without gaining any forward progress. This
type of stalling phenomenon has also been seen in in vitro
experiments which have shown that when approached
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from a non-L1 substrate, growth cone contact with a border
of L1 usually caused a pause or collapse of the growth
cone followed by renewed growth over the border (Bur-
den-Gulley et al., 1995). In vivo, the transient nature of the
arrest, followed by resumed growth in the presence of L1
antibodies, could be explained in several ways. One expla-
nation of the stalling phenomenon could be that Fab incu-
bation restricts L1-L1 homophilic interactions which then
triggers an upregulation of other receptors capable of sup-
porting renewed outgrowth. The 4-h growth cone stalling
period might be sufficient time to reinsert new receptors
at the growth cone surface. Such an upregulation of an
alternative growth-supporting receptor, namely integrin
83, has been observed in axons in response to a step gradi-
ent of a growth inhibitory proteoglycan in combination
with laminin (Condic et al.,, 1993). The highest step achieved
by growth cones can have a concentration of inhibitory
chondoitin sulfate proteoglycan (CSPG) that would have
repelled laminin-dependent neurite outgrowth had the ini-
tial step onto this surface been more steep (Snow and Le-
tourneau, 1992). This type of receptor upregulation re-
sponse could allow growth cones to utilize laminin more
efficiently. However, the response for such a mechanism
would likely occur more slowly than might have occurred
if there had been receptor modification via a signal-cas-
cade-induced phosphorylation event. Receptor upregula-
tion may also play an important role in normal pathfinding
when substrates change in different topographical locations
and where growth cones stall for relatively long periods
of time, such as at the entrance to the optic fissure (see Fig.
1} or at the pelvic girdle during peripheral nerve develop-
ment (Tosney and Oakley, 1990). Another possible way
to account for transient growth cone arrest is that anti-1.1
antibodies, in addition to disrupting cell adhesion, also alter
levels of intracellular second messengers that could affect
growth cone or neural behaviors at the cytoskeletal level.
There is evidence that anti-1.1 antibodies alter intracellular
Ca™ levels (Schuch ef al., 1989; Vonbohlen ef al., 1992} and
can alter phosphorylation patterns of growth cone cytoskel-
etal components {Atashi ef al., 1992; Schachner and Maness,
1992). Taken together these experimenis indicate that anti-
body binding to L1 or L1-L1 binding itself can generate
signals that might transiently stop or start growth cone
movements, A final possibility we do not favor is that there
is a decrease in the efficency of the antibody with time.
Different growth cones continued to stop and restart
throughout the entire experiment, suggesting that sufficient
antibody titers were always present. Moreover, the anti-
bodies were used at relatively high concentrations and for
durations shorter than those used in other experiments
where the antibodies had prolonged effects (Drazba and
Lemmon, 1990; Smith ef al,, 1990; Barami et al., 1994),
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FIG.7.  Graphs illustrating average growth cone rates and area. See
Experimental Methods for the criteria used to select the growth cones.
(A) Average growth cone rate (mean 5.E.M.), the number (n) of growth
cones sampled, and the percent affected in the absence of antibodies or
in the presence of either anti-L1 or anti-NCAM function blocking Fab
fragments as they traversed the center of the retinal neuroepithelium
over approximately 200 um (as marked by red box in schematic). The
conitrol rate of outgrowth of axors grown in geat anti-mouse IgG, or
anti-laminin Fab was 48 = 11 ym/hr, and 51 * §um/hr (mean + S.EM.),
respectively. (B) Average growth cone arca (mean S.EM.) in the absence
of antibodies or in the presence of either anti-L1 or anti-NCAM during
the growth cone stalling phase. A model growth cone for each corre-
sponding category is above each column. Scale bar represents 10um.

NCAM Perturbation

Although studies have shown that anti-NCAM can al-
ter the retinal projection at the optic fissure (Silver and
Rutishauser, 1984), the intraretinal fiber pattern has most
often been reported not to change significantly in the
presence of anti-NCAM antibodies (Silver and Rutis-
hauser, 1984; Rutishauser ef al., 1985; Halfter and Fua,
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1987; Thanos and Bonhoeffer, 1987). These and our pres-
ent studies in the rat were not able to detect gross
changes in fasciculation that have been reported to occur
in chick retinal flatmounts after antibody perturbation
of the hinge region of NCAM (Pollerberg et al., 1986).
However, in the present time-lapse study, because of
our ability to record even the mest subtle changes in
individual growth cone shapes and speeds, it was possi-
ble at high magnification to document changes in small
subsets of axons that were not readily discernable in
previous experiments.

Ant-NCAM-affected growth cones first increased
their rates of outgrowth, then became sluggish and even-
tually stopped. Interestingly, the maximal rate of axon
growth after anti-NCAM treatment was similar to that
obtained after anti-L1 perturbation although the time
courses of the effects were very different. This common
effect may suggest that antibody disruptions by anti-
NCAM and anti-L1 were able to induce a similar second
messenger cascade, such as that described by Williams e
al. (1994), that leads to a maximal rate of axon extension.

Both anti-L1- and anti-NCAM-treated axons contained
very motile growth cones. However, unlike those treated
with anti-L1, lamellipodia of NCAM-perturbed growth
cones neither returned to a streamlined shape nor re-
sumed production of obvious filopodia. Because growth
cones perturbed by anti-NCAM did not “recover” their
mobility, it would appear that effects of the antibody are
dominant over other outgrowth-promoting molecules
present in the retinal anlage.

The question remains as to why only a small subset
of growth cones was affected by anti-NCAM treatment.
One possibility is that there is only a narrow time win-
dow in which growth cones are most susceptible to anti-
NCAM. While the surfaces of intraretinal endfeet do not
express L1, they are highly NCAM immunoreactive.
Thus, one of the functions of NCAM on axons may be
to help promote axon—endfoot associations (Silver and
Rutishauser, 1984). If, as previous studies suggest (Rager
and von Oeynhausen, 1979; Silver and Sidman, 1980; Eas-
ter and Taylor, 1989; Williams ¢f af., 1991), growth cones
receive information from both the endfeet surfaces and
from other axons simultaneously, it may only be possible
to interrupt axons with anti-NCAM at the precise time
that the growth cone is solely dependant upon the end-
foct for its growth-promoting information. It is interest-
ing that although this is a rare event for fasciculating
axons, the inhibition of NCAM at this precise time appar-
ently leaves the growth cone stalled at the glial limitans.

Recent studies suggest that NCAM-mediated axonal
growth depends less upon adhesion per se than it does
upon the activation of a second messenger pathway that
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results in calcium entry into neurons (Doherty and
Walsh, 1994). Although the mechanism for the NCAM-
induced halt of axons is unknown, it is conceivable that
the internal pathways responsible for controlling for-
ward progression could become improperly stimulated
in some cells, thereby leading to a decrease in axon exten-
sion. Thus, the lamellipodial “motor’” may remain active
while not allowing for elongation of the axon. This type
of growth cone behavior also supports the idea that inde-
pendent mechanisms exist which control for axon exten-
sion and growth cone motility {Goldberg and Burmeis-
ter, 1986).

Anti-L1 and Anti-NCAM Combination

The antibody combination experiments show that nei-
ther L1 nor NCAM are absolutely required for growth of
intraretinal axons. When incubated in both antisera, the
majority of axons still elongated, aibeit in a nondirectional
fashion. Previous experiments have shown that, when
forced onto the ventricular surface of the retina (a substrate
never encountered by normal growth cones) ganglion cell
axons grow randomly for long distances (Halfter, 1988;
Brittis and Silver, 1994). Thus, retinal ganglion cell growth
cones in vivo appear to be quile plastic in their ability to
use multiple substrate cues for axon growth. The most
obvious morphological change in axon growth, which dif-
fered from the addition of either anti-L1 or anti-NCAM
alone, was that axons turned off course with curving rather
than sharp angles. Thus, when NCAM and L1 function
is blocked, other factors remain that can influence axon
patterning. Altogether, these results imply that, while there
might be redundancy in the substrate requirements that
are generally growth permissive, there is a wide variety
and specificity in the effects that individual molecules have
on growth cone shape and precise fiber patterning (Payne
ef al., 1992; Goodman, 1994).

Finally, our resulfs indicating that L1 plays a more
conspicuous role in axon guidance compared to NCAM
are consistent with studies using naturally occurring and
induced genetic mutations. Although NCAM knockouts
produce alterations in cell migration during brain devel-
opment, massive disruptions in axon fiber pathways are
not found (Tomasiewicz et al., 1993; Cremer et al., 1994).
In marked contrast, human families with mutations in
the L1 gene have gross structural abnormalities in major
axon pathways such as agenesis of the corpus callosum
and absence of the corticospinal tract (Rosenthal et af.,
1992; Jouet et al., 1993, 1994; Van Camp et al., 1993; Vits
et al., 1994). The fact that several different mutations in
the L1 cytoplasmic domain cause gross brain malforma-
tions strongly implies that alterations in intracellular pro-
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cesses or signais have occurred. Understanding how
gene mutations and antibody perturbations disrupt
CAM-mediated axon guidance will continue to be an
important subject of future research.

EXPERIMENTAL METHODS

Animals

Timed pregnant Sprague—Dawley rats were ob-
tained from a commercial vendor (Zivie-Miller, Pitts-
burgh, PA).

Preparation for Videomicroscopy

Embryos delivered by cesarean section at E14.0 were
placed in ice-cold DMEM F-12. Eyes were removed with
the aid of a dissection microscope using bright-field optics.
The optic stalk was not disrupted and an approximate 100-
pm stump of nerve was left attached to the eyes when they
were severed from the optic nerve. The eyes were then
transferred to ice-cold calcium/magnesium-free medium
and further dissected. The lens and the vitreous body were
removed. The sclera and extraocular muscles along with
the pigmented epithelium were also removed. The retinas
were then gently whole mounted (vitreal surface facing
up) onto black filter paper (Satorious). A total of 750 retinas
were used for this study.

To timelapse retinal ganglion cells prior to and during
axonogenesis, clusters containing 2 to 10 retinal ganglion
cell bodies were labeled with the fluorescent dye Dil
(Molecular Probes). It has been previously shown that
young rat retinal ganglion cells retain a radial configura-
tion while maintaining both vitreal and ventricular end-
feet attachments to the retinal neurcepithelium (Brittis
ef al., 1992, 1995; Brittis and Silver, 1995). Thus, to avoid
damaging the nerve fiber layer, ganglion cell labeling
was achieved by manually coating finely ground Dil
powder on top of the Satorius filters before whole mount-
ing the retinas. An alternative and equally effective
method was also used. Dil previously dissolved in
DMSO was mixed into silicone grease. A microneedle
was then used to apply the Dil/grease mixture to the
ventricular side of the neurcepithelium. Immediately fol-
lowing the application of Dil, the embryonic prepara-
tions were maintained for 3 h with or without either anti-
L1 (500 pg/mi} or anti-NCAM (500 pg/ml) antibody Fab
fragments in 24-well clusters in DMEM F-12 culture me-
dium supplemented with 10% fetal calf serum in a 5%
CO; atmosphere at 37°C to allow for antibody penetra-
tion and for Dil to label the ganglion cell bodies, axons,
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and growth cones. Dil-labeled preparations were then
washed, placed in the appropriate antibody sclution for
the entire duration of the experiment, and then used for
fluorescent imaging of the ganglion cells either prior to
axon propagation or shortly thereafter.

Time-Lapse Imaging of Retinal Ganglion Axon
Pathfinding

A Zeiss 405 inverted fluorescence wmicroscope
equipped with a heated air chamber was used to view
the labeled retinal preparations. The retinal neuroepi-
thelium was viewed with a 100X oil objective. Images
were collected with an intensified CCD camera (Hama-
matsu). Because of large light intensity differences, cell
bodies and axons could not be imaged together in the
same frame. Photodamage to living tissue was mini-
mized by using neutral density filters and shutters placed
in the light path. To rule out photedamage effects, anti-
body and fissure perturbations were also carried out in
the absence of fluorescent light and checked manually
every 3 h. Minor processes were sensitive to even the
lowest light levels which greatly complicated our ability
to study them. Time-lapse images were obtained using a
UIC Image 1 system. Low light level fluorescence images
were averaged (16-32x%) and then stored on an optical
disk recorder (Panasonic). Images were obtained at 1-
min intervals {unless otherwise noted). Individual
growth cones remained healthy under these conditions
and were monitored for up to 12 h. Images were rigor-
ously checked for correct focal planes every 2 to 5 min
throughout the entire 12-h duration. Some images were
acquired twice in two different focal planes with the
highest possible neutral density filter in place. These im-
ages were later merged (summated) during image analy-
sis for greater resolution.

Image Analysis

Journals within the Image 1 system were constructed
to measure growth cone rate and area.

Criteria used to select growth cones for study/criteria
used to study perturbed growth cones. All Dil-labeled
growth cones studied were initially selected randomly
and those that could be traced for more than 60 min were
selected for further analysis.

Growth cone rate. The distance traveled by growth
cone tips was measured every 10 frames (every 10 min)
and summated.

Criteria used to define perturbed growth cones. (1)
Aberrant rate of forward progress for more than 10 min,
{2) marked directional changes in such a manner that
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axons grew away from the optic fissure, or (3} a dramatic
change in shape of the growth cone.

Growth cone area. Pixels that made up the growth
cones found in both control and experimental conditions
were threshholded. Individual thresholded growth cones
were selected and measured by stamping a premeasured
circle up to, and including, their base (stalk).

Pseudocoloring of growth cones. Growth cone se-
quences were repeatedly viewed with the Image 1 sys-
tem and, in the appropriate still frames, boundaries of
growth cone/axon borders were carefully traced. Each
axon and growth cone was falsely colored pixel by pixel
to assure the most accurate color separation.

Control and Experimental Antibody Production
and Fab Generation

The rabbit polyclonal antibody to L1 used in these
experiments was made by purifying rat L1 from P7 rat
brains using monoclonal antibody 74-5H7 (Lemmon et
al., 1989). Both the anti-laminin Fabs used for control
experiments and the experimental anti-L1 Fabs were pro-
duced according to the methods outlined by Mage (1980).
The anti-laminin antibody only stains laminin located in
the rat retinal basal lamina. When the anti-L1 Fab was
used in culture at 200 ug/ml, it completely blocked axon
outgrowth by chick retinal ganglion cells over a purified
rat L1 substrate but not on a laminin substrate (unpub-
lished observations). Goat anti-mouse IgG antibodies
(Cappel} were also used in confrol experiments in this
study. The procedures for preparation of polyclonal rab-
bit Ig and Fab's against rat NCAM along with their speci-
ficity have been previously described (Frelinger and Rut-
ishauser, 1986). The anti-NCAM Fab fragments pre-
vented rat brain wvesicle aggregation in culture
{unpublished observations). Fab’s were then tested for
their ability to penetrate the retinal neuroepithelium,
Within 3 h of incubation, Fab’s (500 ug/ml) could be
detected with fluorescent secondary antibodies on the
nerve fiber layer.
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