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Topographic projections of the nervous system are essential to 
numerous brain functions. They arise during development as a 
result of encounters between projecting growth cones and 
particular target cells. Cellular localization of guidance cues can 
indicate the sequential processes involved in establishment of 
such topography. The map formed by retinal ganglion cells on 
their target nuclei has served widely as a model system to 
investigate mechanisms underlying the highly precise and ste- 
reotypic connectivity of the nervous system. To investigate 
cellular localization of guidance cues in the developing retino- 
tectal system, a three-compartment chamber was created to 
delimit areas where cultured embryonic chick retinal ganglion 
axons and tectal cells encounter one another and guidance 
behavior could be readily assessed. Whereas explants from 
nasal retinae extended fibers across their natural target popu- 
lation, fibers from temporal regions of retinae failed to invade 
areas of growing posterior tectal cells. This preservation of 

relevant guidance information on living cell populations enabled 
an evaluation of retinal ganglion cell growth cone behavior after 
encounter with individual tectal cells. Posterior tectal neurons 
appeared selectively repulsive for temporal retinal ganglion cell 
growth cones, causing growth cone collapse and retraction. On 
the contrary, neuroepithelial cells from all regions of the tectum 
attenuated retinal ganglion axon extension, without inducing 
sudden retraction. Nasal growth cones traversed or tracked 
more often along neuroepithelial cells from their natural target 
area, potentially indicating a second set of guidance cues 
possibly localized to posterior glia. Together, these differential 
interactions suggest that development of retinotectal topogra- 
phy critically depends on cell-specific cues, which are distrib- 
uted selectively on particular populations of target cells. 
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In the developing visual system, processes regulating establish- 
ment of topography guide growth cones of retinal ganglion cells 
on their target nuclei and govern synaptic and arbor remodeling 
until a highly stereotypic projection is formed (Udin and Fawcett, 
1988; Constantine-Paton et al., 1990; Mey and Thanos, 1992). In 
the projection from retina to optic tectum, retinal ganglion axons 
form connections such that the two-dimensional topography of 
the retinae is distributed across the tectum, e.g., axons from 
temporal and nasal retinae map onto anterior and posterior tecta, 
respectively. Guidance cues distributed across the tectum may be 
the first process in directing retinal ganglion cell growth cones on 
the tectum toward their ultimate target areas, either by attracting 
axons in “correct” directions or repelling them from “incorrect” 
directions (Sperry, 1963; Bonhoeffer and Gierer, 1984; Gierer, 
1987; Fraser and Perkel, 1990; Sanes, 1993; Kaprielian and Patter- 
son, 1994). Tectal guidance cues initially may slow outgrowth 
(Harris et al., 1987), then limit the exploratory area of retinal 
ganglion axons by the presence of components in posterior tecta, 
which are aversive to retinal ganglion axons from temporal retinae 
(Stahl et al., 1990b; Walter et al., 1990a). Repulsive guidance 
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component(s) are found in posterior tecta in numerous species 
(Walter et al., 1987a; Godement and Bonhoeffer, 1989; Johnston 
and Gooday, 1991; Vielmetter et al., 1991; Simon and O’Leary, 
1992; Bastmeyer and Stuermer, 1993; Drescher et al., 1995) and 
could prevent temporal axons from extending far past their ante- 
rior tectal targets. Further guidance cues may provide support for 
directed outgrowth toward target layers (Yamagata and Sanes, 
1995). In the chick, radial glia may provide the cues that enable 
retinal ganglion cell growth cones to turn and track along radial 
processes toward deeper retinorecipient layers of the tectum 
(Vanselow et al., 1989). 

A major obstacle to understanding the mechanisms underlying 
retinotectal guidance has been the lack of cellular and molecular 
resolution of the influential developmental processes. Recently, 
candidate guidance molecules have been cloned (Cheng et al., 
1995; Drescher et al., 1995), which certainly will lead to a more 
rapid understanding of retinotectal development. Still, the cellular 
substratum for activity-independent guidance cues remains un- 
known. For example, none of the assays using tectal membrane 
fragments that demonstrated the presence of repellent compo- 
nents in posterior tecta can indicate in which cells such compo- 
nents are expressed. Guidance cues may be provided by neuronal 
and/or non-neuronal target cells. Furthermore, it is unclear 
whether other guidance mechanisms might be masked by such 
repulsive factors when presented simultaneously in membrane 
fragment preparations (Simon and O’Leary, 1992; von Boxberg et 
al., 1993). Clearly, to localize guidance components in the visual 
system with cellular resolution, a single, functional system must be 
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Figure 1. A Teflon-insert was used to define areas within an otherwise 
uniform culture dish in which retinal explants or dissociated tectal cells 
were placed. Laminin is coated across the entire culture surface before 
chamber placement. The chamber is then mounted to the culture surface 
by a thin layer of vacuum grease. A top view of the chamber indicates the 
three compartments, defined by glass coverslips, which are slid along 
greased edges until contacting the surface. Dissociated tectal cells are 
plated into the relatively leak-tight center compartment. After placing 
retinal explants into each side compartment, typically one from nasal and 
one from temporal regions of the retinae, the glass coverslip is raised or 
entirely removed to prevent physical hindrance to the elongating retinal 
ganglion axons. The ability to raise or remove the barrier represents the 
biggest advantage of the present chamber, although the relatively narrow 
width of the glass coverslip increases the probability of axon transversal 
and is virtually transparent. 

examined with both neuronal and non-neuronal target cells 
present. 

Coculture techniques that promote interaction of projecting 
axons with target cells enable direct examination of target-derived 
guidance. In the present investigation, a coculture method is 
devised such that embryonic chick retinal ganglion cell axons 
extend and subsequently encounter dissociated cells isolated from 
particular regions of optic tecta. Unequivocal expression of com- 
ponents repulsive for afferent fibers from temporal retinae are 
discovered in dissociated cultures from posterior tecta. Time- 
lapse recordings of retinal ganglion cell growth cone encounters 
with individual tectal cells reveal that different cell classes from 
posterior tecta elicit distinct growth cone behaviors, suggesting 
that distinct guidance cues are localized to the different cell types. 

MATERIALS AND METHODS 
Chamberpreparation. To preserve and present as many cellular guidance 
components as possible on embryonic optic tectal cells to elongating 
retinal ganglion fibers, a chamber was developed to allow elongating 
retinal ganglion axons to contact tectal cells in a consistent and predict- 
able manner. The three-compartment chamber was designed by amal- 
gamation of unique features of Campenot chambers (Campenot, 1977) 
and Klostermann chambers (Klostermann, 1993) and allowed separation 
of retinal and tectal cell cultures in an otherwise uniform culture dish 
(Fig. 1). A Teflon ring with an outer diameter of 2 cm was cut with Teflon 
guides. A small amount of grease (high vacuum; Dow Corning, Midland, 
MI) is spread at the edge of glass coverslips (No. 1) in alignment with the 
Teflon guides to allow the coverslips to remain attached to the Teflon 
insert and slide vertically along the guides. Thus, when coverslip barriers 
are positioned at their lowest extreme, three isolated compartments are 

created and different cells can be placed in each. After construction, 
chambers are autoclaved and ready for use. In most experiments, disso- 
ciated tectal cells were placed in the center compartment and retinal 
explants were then positioned in each side. Coverslip barriers were used 
to delimit areas of the culture dish during cell preparation and were 
removed before retinotectal encounters. 

Coculture preparation. Cultures were prepared either on plastic dishes 
(35 mm. NUNC: PGC Scientific. Gaithersbure. MD) or glass inserts (No. 
1; Carolina Supply, Burlington,’ NC) placed\nder’ a bile (2.2 cmj cut 
through the center of the culture dish and coated with laminin (20 pdrnl; 
Gibco, Gaithersburg, MD) for OS-3 hr. Plastic dishes were scratched with 
a micro-comb made of insect pins (Fields et al., 1990) in approximately 
half of the experiments used in the “chamber assay.” The Teflon and glass 
insert was positioned approximately in the center of each dish, and glass 
barriers were lowered until contacting the bottom of the dish. 

Optic tecta were removed from embryonic chickens [embryonic days 
5-11 (E5-Eli)] and separated into three sections. The middle section 
was discarded, and the anterior and posterior sections were mechanically 
dissociated in calcium-, magnesium-free Hanks’ buffered salt solution 
(HBSS; Gibco) and subsequently concentrated by centrifugation and 
resuspended to a density of 4.5 X 10” cells/ml in DMEM/F12 medium 
(Gibco) with additional 10% fetal calf serum (Gibco). Dissociated cells 
(100 yl) from either anterior or posterior tecta were dispersed into the 
center compartment and allowed to settle in the incubator (37°C 10% 
CO,) for 0.5-l hr. Before positioning retinae, side compartments were 
rinsed with medium to remove any contaminating tectal cells. 

Retinal explants were prepared according to previously established 
methods (Halfter et al., 1983; Wizenmann et al., 1993; Baier and Klos- 
termann, 1994). Briefly, retinae were removed from embryonic chickens 
(E5-EY), flat-mounted onto nitrocellulose filters (Sartorius, Bohemia, 
NY), and then cut into strips 0.40 mm wide along the dorsal-ventral axis 
to provide retinal explants specifically from either nasal or temporal 
retinae. Only retinal strips from the peripheral one-third of the retinae 
were used for experimentation; strips from the central one-third were 
discarded. Retinal strips were then positioned in the side compartment 
-2-3 mm from and parallel to the coverslip barrier. Subsequently, -4 ml 
of medium were added to ensure that medium topped the chamber, and 
coverslip barriers were raised or removed. Tetrodotoxin (‘FIX; 1 PM) was 

added at this point in some preparations, as noted. Dishes were main- 
tained in a humidified incubator at 37°C 10% CO,. In experiments 
evaluating the effect of molecules anchored by glycosyl phosphatidylino- 
sitol (GPI), phosphatidylinositol phospholipase C (PI-PLC; Boehringer 
Mannheim, Indianapolis, IN) was applied on the first and second day 
after explantation. To establish the effects on retinal and tectal cultures 
separately, 5-100 mu/ml PI-PLC was applied 24 hr after explantation, 
and outgrowth was assessed 4 and 24 hr later. In coculture experiments, 
some dishes received 5 mu/ml, whereas other dishes received 60-100 
mu/ml. In these latter dishes, however, the PI-PLC was diluted to 20 
mu/ml after -4 hr. These concentrations were chosen to maximize 
enzyme activity while minimizing effects on outgrowth per se; therefore, 
the enzyme was diluted as soon as direct effects on retinal ganglion cell 
growth cones were observed. This paradigm exposed the cells for a 
limited time to relatively high concentrations of enzyme and allowed 
continued retinal outgrowth. 

To visually asses the invasion of retinal ganglion cell axons into areas 
of dissociated tectal cells, retinal ganglion axons were subsequently la- 
beled with Di-I&(3) (Molecular Probes, Eugene, OR). A stock solution 
of Di-I&(3) (5% in dimethyl sulfoxide) was diluted 1:l with HBSS and 
dried onto nitrocellulose filters, then cut on a tissue chopper (0.2 mm 
wide). Di-IC,,(3) strips were placed adjacent to the retinal explant 
directly on top of axons -48 hr after explantation. These dishes were then 
returned to incubate for an additional 18 hr and after fixation were 
viewed with epifluorescence illumination (see Immunohistochemistry). 

Video microscopy. Cultures to be used for time-lapse microscopy were 
transported from the incubator and placed forthwith onto the stage of an 
inverted microscope (Nikon Diaphot, Melville, NY) previously warmed 
to 37°C. Approximately 10% CO, was blown through a stage insert 
(Medical Systems, Greenvale, NY) around the lower portion of the dish 
to rise along the edge of the dish and under the lid and maintain medium 
pH. Phase-contrast microscopy and Hoffmann modulation contrast mi- 
croscopy wet-e performed with 20 or 40x objectives and long working 
distance condensers. Images were collected via a charge-coupled device 
camera [Panasonic WV-BD404 (Secaucus, NJ), enhanced with a 
Hamamatsu DVS-3000 (Hamamatsu City, Japan)] at rates dependent on 
the media used to record them: every l-4 set if recorded onto a 
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time-lapse video cassette recorder (Panasonic AG-6730), every 15-180 
set if rccordcd directly onto a Macintosh computer via a frame grabber 
(LG3; Scion, Frederick, MD) using image analysis software (National 
Institutes of Health lmagc version 1.55, Wayne Rasband). For analysis 
and publication, image contrast and enhancement were performed using 
image software. Chi-square statistics were performed to assess growth 
cone responses after cncountcr with individual tectal cells. 

Immunohistocllemist. To distinguish between neuronal and non- 
neuronal cell types in the dissociated cultures, a number of antibodies 
were applied. Fragment C of tetanus toxin (Calbiochem, La Jolla, CA) 
and monoclonal antibody 18.2.12.6 (dcscribcd in Kenimer et al., 1983) 
was provided by W. Habig, Food and Drug Administration. Monoclonal 
antibodies 3A7 to vimentin-associated antigens and 8DY to avian Ng- 
CAM developed by V. Lemmon (Lemmon and McLoon, 1986) were _ . 
obtained from V. Lemmon. A second monoclonal antibody to avian 
NE-CAM (12-I-4E-311) (Charm et al.. 1990) was obtained from F. 
Rathjen. Monoclonal antibody RS to vimentin’ developed by U. Drlger 
(Drager et al., lY84) was obtained from U. Drager and B. Schlosshaucr. 
Monoclonal antibodies developed by J. Sanes (H5 to vimentin; Herman 
et al., 1993) and J. Wood (RT-97 to neurofilament; Wood and Anderson, 
1981) were obtained from the Dcvclopmcntal Studies Hybridoma Bank 
maintained by the Dcpartmcnt of Pharmacology and Molecular Scicnccs, 
Johns Hopkins University School of Medicine, Baltimore, MD, and the 
Department of Biological Scicnccs, University of Iowa, Iowa City, IA, 
under contract NOl-HD-2-3144 from the National Institute of Child 
Health and Human Dcvclopmcnt. Blocking scra and Iluorcsccnt sccond- 
ary antibodies wcrc ohtaincd from Jackson Immunor-cscarch (West 
Grove, PA). 

Except for tetanus toxin fragment C, which was applied to living 
cultures, all cultures wcrc lixcd at room tcmpcraturc with frcxhly prc- 
pared 4% paraformaldchydc (Mallinckrodt, Paris, KY) for 22 hr, washed 
several times with PBS (Gibco), and incubated 10 min with IO%> normal 
goat serum to block nonspecific antibody binding. Membranes wcrc 
permeabilizcd with ice-cold methanol (10 min at 4°C) when RT-Y7, 
anti-vimcntin (HS and RS), or 3A7 antibodies wcrc used. Primary anti- 
bodies were added at their appropriate dilution in PBS for 21 hr at room 
temperature. In cultures stained with more than one primary antibody, 
another wash with blocking solution was made before addition of the 
second primary antibody. Cultures were washed subsequently three times 
with PBS and a blocking solution to match the secondary antibody, either 
10% normal goat or 10% normal donkey serum, for 230 min before 
addition of appropriate Ruorescent secondary antibodies. The following 
dilutions proved to bc suitable for the identification of cell types: SD9 was 
used at 1:250; RT-Y7 and anti-vimentin (H5 and RS) supernatant were 
used at full strength; and 3A7 was used at 1:lOOO. 

To stain with fragment C, cultures were washed in a minimal salt 
solution [(in tnM): 145 NaCI, 4.5 KCI, 1.X CaCI,, 0.X MgCI,, 10 glucose, 
and 10 HEPES] containing 2% bovine serum albumin (RMIBSA) and 
incubated on a rocker platform in a mixture of fragment C (final con- 
centration, 1.3 wg/ml) and 18.2.12.16 (1:2000; 4 Fg/ml) in RM/BSA for 30 
min at room temperature. After rinsing, CY3-labeled goat anti-mouse 
IgG (Jackson Immunorcscarch) was added to the cultures for 30 min. 

Cultures were rinsed and stored in glycerol containing 20% n-propyl 
gallate to prevent fluorescence photobleaching (Giloh and Sedat, 1982). 
Stained cells were viewed and photographed using a Zeiss Photomicro- 
scope II and TMAX (3200 ASA) film (Kodak, Rochester, NY). Cultures 
stained with more than one primary antibody showed limited “bleed 
through” of brightly stained material, which can give the false appearance 
of slight positive staining. 

RESULTS 

Temporal retinal ganglion fibers avoid dissociated 
posterior tectal cells 

To investigate cellular interactions that result in directed guidance 
of retinal ganglion axons during development of the topographic 
retinotectal projection, fibers extending from retinal explants were 
forced to encounter living, dissociated tectal cells (from either 
anterior or posterior regions) dispersed in the center compart- 
ment of a three-compartment chamber. A single retinal explant 
was placed in one side compartment, and a second retinal explant 
from the opposite portion of the same embryonic retinae was 
placed in the remaining side compartment. Each dish thus con- 

tained two retinal explants (one from temporal and one from 
nasal regions of the retinae) and dissociated tectal cells from 
either anterior or posterior regions of the tectum (Fig. 1). Physical 
barriers between these compartments were removed after plating 
but before outgrowth, so the three “compartments” simply rep- 
resented three areas of an otherwise uniform culture dish. Retinal 
ganglion fiber extension into dissociated tectal cell areas was 
assessed by bright-field and fluorescent microscopy. 

Consistent with previous studies using alternate techniques 
(Walter et al., 1987a; von Boxberg et al., 1993; Baier and Klos- 
termann, 1994), fibers from temporal retinae did not invade 
posterior tectal cell areas, whereas other combinations of cell 
types allowed substantial invasion (Fig. 2). In >100 dishes, fibers 
from temporal retinae stopped at the edge of dissociated posterior 
tectal cells, whereas in the same dish fibers from nasal retinae 
grew well into the same tectal cells. When dishes were fixed 48 hr 
after explantation, -24-30 hr after the first contact with dissoci- 
ated tcctal cells, temporal retinal ganglion fibers appeared highly 
fasciculatcd, terminating in large bulbous endings as much as 
SO-100 pm from the posterior tcctal ccl1 boundary (Fig. 24,B). A 
few individual fibers and/or mcmbranc material stretched from 
these bulbous endings to the posterior tcctal cells, suggesting 
contact with tcctal cells followed by tibcr retraction. On the 
contrary, when anterior tectal cells were in the center compart- 
mcnt, temporal retinal ganglion fibers appeared less fasciculated 
and showed no indications of stopping at the boundary (Fig. 
24’,C). Indeed, the outgrowth and invasion of temporal fibers into 
anterior tectal cells appeared very similar to that from nasal 
explants in which substantial extension occurred (>l mm) across 
posterior or anterior tectal cells (Fig. 2QE). Thus, the failure of 
retinal ganglion cell axons from temporal retinae to invade pos- 
terior tectal cells was strikingly different from the outgrowth 
pattern of all other combinations examined. 

Avoidance is independent of embryonic age 

To determine whether the striking difference in outgrowth pattern 
observed in these chamber experiments was dependent on the 
embryonic age from which retinal and tectal cells originated, 
tissues of different ages were combined and assessed for retinal 
ganglion penetration of tectal areas. The embryonic ages exam- 
ined span the developmental period in which retinal ganglion 
axons encounter the tectum in viva and begin to sort out according 
to activity-independent guidance cues. Retinal explants prepared 
from E6, E7, and E8 (n = 23, 10, and 7, respectively) displayed 
consistent outgrowth patterns; axons from temporal retinae 
stopped at the boundary of posterior tectal cells, whereas in 
the same dish axons from nasal retinae extended into the same 
tectal cell areas. Tectal cells dissociated from ES/6, E8, and 
ElO/l 1 (n = 6, 29, and 5, respectively) caused no deviation from 
the normal pattern of retinal outgrowth, i.e., retinal ganglion cell 
fibers from temporal retinae stopped at posterior tectal cell 
boundaries regardless of their embryonic age. Thus, of the com- 
binations of retinal and tectal ages cultured, none displayed tem- 
poral retinal ganglion fibers invading the dissociated posterior 
tectal cells. 

Avoidance is independent of neuronal activity 
To determine whether fibers from temporal retinae stop at pos- 
terior tectal cell boundaries as a result of activity-dependent or 
activity-independent mechanisms, chamber experiments were pre- 
pared in the presence of TTX, which blocks Nat-dependent 
action potentials. In eight separate preparations, no difference 
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Figure 2. Examples of retinal ganglion cell outgrowth patterns as their axons intersect areas with dissociated tectal cells obtained from either anterior 
or posterior regions of the tectum. The barrier has been removed immediately after positioning of the retinal explant (to the left of photomontages) in 
each example, and the tectal cell boundary is aligned in all photomontages. A, Phase-contrast images showing axons from temporal retinal explants (E6) 
approaching dissociated cells from posterior (A) and anterior (A’) regions of the tectum (ES). Axons extending from a temporal retinal explant 
characteristically fail to invade cells dissociated from posterior tecta (A), but in parallel experiments show no signs of stopping at anterior tectal cells (A’). 
B-E, Forty-eight hours after axons extend from retinal explants, a Di-IC,,-soaked strip of nitrocellulose filter paper is placed directly on the axons t’just 
to the left of the field of view). Outgrowth is allowed to continue for another 24 hr to enable complete labeling. Temporal axons clearly fail to invade 
dissociated posterior tectal cells (B), while extending up to millimeters across cells dissociated from anterior tecta (C). Nasal axons show similar, abundant 
invasion across cells dissociated from posterior (0) or anterior (E) tecta. Scale bar, 0.2 mm. 
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Figure 3. Retinal ganglion axons from temporal regions invade dissociated posterior tectal cells in the presence of PI-PLC, but not in the absence. These 
cultures were prepared side-by-side, and the photomontages were aligned such that the tectal cell boundaries align vertically. A, In control cultures, 
temporal axons stop at the boundary of posterior tectal cells. B, Addition on days 1 and 2 of 100 mu/ml PI-PLC, then diluted to 20 mu/ml after 4 hr, 
enabled significant temporal fiber extension across posterior tectal cells (B), which never occurred in control cultures (A). Scale bar, 0.1 mm. 

could be detected between the outgrowth pattern observed in the 
presence of TTX (1. PM) versus control dishes, which were pre- 
pared simultaneously and equivalently except for the omission of 
TTX. All fibers from temporal retinae stopped at the posterior 
tectal cell boundary, whereas nasal fibers in the same dishes 
continued to elongate into the posterior tectal cells. Thus, this 
difference in outgrowth pattern and inability of temporal fibers to 
penetrate posterior tectal cell areas represents an activity- 
independent process. 

Avoidance is dependent on contact 
In the present experiments, guidance could have occurred by 
diffusible factor(s) released from posterior tectal cells (causing 
temporal retinal ganglion fibers to stop prematurely) or by fac- 
tor(s) that required retinal ganglion fibers to contact the posterior 
tectal cells and subsequently stop and retract. Examination of 
fixed preparations revealed thin membranous material connecting 
retinal ganglion fascicles to dissociated tectal cells, which sug- 
gested that contact had occurred. To determine unequivocally 
whether contact was evident during the exclusion of temporal 
fibers from posterior tectal areas, time-lapse recordings were 
made of chamber experiments. In five of five such preparations, 
intimate contact between retinal ganglion fiber tips and posterior 
tectal cells appeared before cessation and retraction of temporal 
retinal ganglion cell outgrowth. Long-term (4-12 hr) recordings 
allowed an assessment of hundreds of retinal ganglion axons 
encountering tectal areas. Encounters and retractions continued 
throughout the entire recording period and appeared to account 
for subsequent fasciculation and the bulbous endings of fascicles. 
Because small, thin retraction fibers often appeared to remain 
attached to tectal material, these may account for the stretched 
membrane material spanning the gap between bulbous fascicle 
endings and the tectal cell boundary observed in fixed prepara- 
tions. Thus, contact appears to be involved in the exclusion of 
temporal fibers from posterior tectal areas. Taken together with 
previous results, contact-dependent, activity-independent guid- 
ance appears sufficient to account for the most prominent out- 
growth patterns displayed by retinal explants cocultured with 
dissociated tectal cells. 

Avoidance is sensitive to PI-PLC 
To evaluate whether proteins attached to tectal cell surfaces via 
GPI anchorage (Ferguson and Williams, 1988; Cross, 1990; 
Englund, 1993) were determinant of the outgrowth patterns ob- 
served in the present experiments, PI-PLC was applied to the 
living cocultures before and during the period of contact between 
extending retinal ganglion axons and living tectal cells. PI-PLC 
treatment removes proteins attached via GPI structures (Sundler 
et al., 1978; Low and Saltiel, 1988; Stahl et al., 1990a). In the 
present experiments, we first assessed whether PI-PLC directly 
affects outgrowth from retinal explants or dissociated tectal cells. 
Addition of PI-PLC 24 hr after explantation caused growth cones 
to collapse at concentrations greater than -10 mu/ml, but this 
collapse was transient and growth cones recovered spontaneously 
after durations of l-24 hr in continuous exposure to ~50 mu/ml 
PI-PLC. Concentrations sustained at 250 mu/ml caused rela- 
tively permanent changes in axonal morphology (blebbing and 
kinking of established axons). Addition of PI-PLC (1100 mu/ml) 
did not visibly affect the morphology of dissociated tectal cells. 

In retinotectal cocultures, outgrowth of retinal ganglion axons 
after encounter with dissociated tectal cells was found to be 
sensitive to treatment with PI-PLC. PI-PLC was added 24 and 48 
hr after explantation, and retinal ganglion fiber extension across 
tectal cells was assessed at -64 hr. The response of temporal 
retinal ganglion fibers at the border of posterior tectal cells was 
affected in each of the dishes receiving PI-PLC (n = 21). Fibers 
from temporal retinae appeared to maintain their contact and 
show less evidence of retraction from the posterior tectal cell 
boundary when treated with as little as 5 mu/ml PI-PLC. In dishes 
receiving higher concentrations of PI-PLC (60-100 mu/ml for 4 
hr, then diluted to 20 mu/ml), temporal axons actually extended 
across posterior tectal cells (Fig. 3). Such extension had never 
occurred in countless control experiments (n > 100) over a 16 
month period using several different media and a variety of 
surfaces. The temporal fiber extension across posterior cells in 
PI-PLC was substantial (467 r+_ 106 pm) and significant 0, 5 
0.005), whereas side-by-side control dishes showed nearly no such 
temporal extension (62 2 47 pm). Extension of temporal axons 
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across anterior tectal cells and nasal axons across posterior tectal 
cells appeared unaffected (n = 9). In only a few dishes receiving 
PI-PLC was temporal fiber outgrowth across posterior tectal cells 
as substantial (>l mm) as that across anterior tectal cells or nasal 
fiber extension across either population of tectal cells. This limited 
outgrowth suggests that residual repulsive components may be 
constantly active in these cultures. 

Cellular identification of tectal cells responsible for 
guidance of retinal ganglion axons 
Seven different antibodies indicated the presence of two general 
classes of cell types within dissociated tectal cell cultures (Fig. 4). 
Even after only 48 hr in culture, nearly all tectal cells with 
processes (290%) stained positive for neuronal markers such as 
polyphosphorylated neurofilaments (RT-97) and tetanus toxin 
fragment C (Neale et al., 1988) (Fig. 4B). All cells with processes 
in cultures older than 48 hr were positive for neuronal markers. 
These cells also stained positive with two different monoclonal 
antibodies to Ng-CAM. These cells displayed neuronal pheno- 
types and often had major processes of >lOO pm. Their cell 
bodies were small (~1.5 pm) and round and possessed between 
one and three major processes. Shorter, thin, more tortuous 
processes emanated from their cell bodies, although these were 
much more common in older cultures (24 d). These cells also 
were negative for a number of non-neuronal markers, such as 
anti-glial fibrillary acidic protein (anti-GFAP) and anti-vimentin 
(Fig. 4C,E). The faint appearance of these cells in Figure 4C is a 
result of inadequate optical separation. No anti-vimentin staining 
of these cells was observed in cultures that were not previously 
well labeled with neuron-specific antibodies (Fig. 4D,E). Thus, 
according to morphological and immunohistochemical criteria, 
these cells will be referred to as neurons. 

The remaining cells [cells that were negative for each of the 
markers that labeled tectal neurons (Fig. 4B)] labeled specifically 
for vimentin-associated molecules (3A7) and for vimentin (R.5 
and H5; Fig. 4C,E). These RS/HS-positive cells displayed large, 
flattened morphologies; most were symmetric without processes. 
R5 and H5 have been used previously to identify chick tectal 
radial glia (Vanselow et al., 1989; Galileo et al., 1990; Gray and 
Sanes, 1992; Herman et al., 1993). These cells will be referred to 
as neuroepithelial, non-neuronal, or presumptive glial cells. 
Taken together, the immunohistochemical properties of the dis- 
sociated tectal cells enabled two general types of cells to be 
classified reliably: neuronal and neuroepithelial cells. 

Examination of growth cone encounters with specific 
target cell types 
To determine whether contact with only particular classes of tectal 
cells results in the avoidance behavior exhibited by fibers from 
temporal retinae, high-resolution time-lapse recordings were 
made as retinal ganglion growth cones encountered individual 
tectal cells. Tectal cells were identified as neuronal or neuroepi- 
thelial by morphological characteristics, which were consistent 
with their immunohistochemical properties. Retinal ganglion cell 
growth cones displayed a variety of behaviors in the initial few 
minutes after encountering tectal cells, generally showing either 
stopping and retracting, pausing, or unhindered continuation of 
outgrowth. Observed growth cone behaviors were grouped into 
four distinct categories, ranging from the most aversive to the 
most affirmative, and are summarized in Table 1. The type of 
behavior a growth cone exhibited was dependent on whether the 
contacting growth cone originated in nasal or temporal regions of 

Figure 4. Dissociated tcctal cells (Eg) display two immunodistinctive cell 
types in culture. A single field of view is shown (A-C) with phase contrast, 
and immunospecific staining of neuronal and non-neuronal cells. A, A 
phase-contrast image demonstrates the dramatic difference in morphology 
between neuroepithelial cells (cells with broad, flattened morphologies) 
and neurons (cells with long, thin processes; relatively small, circular 
soma). Neurons label specifically with a number of neuronal-specific 
antibodies, including polyphosphorylated neurofilament, tetanus toxin, 
and Ng-CAM. B, Tetanus toxin/fragment C immunofluorescence demon- 
strates the absence of neuroepithelial staining, and the relatively bright 
labeling of neurons. C, Neuroepithelial cells label specifically with anti- 
vimentin antibodies, whereas neurons do not. A second field of view (0, 
E) from a 2-d-old culture of dissociated ES tecta demonstrates the spec- 
ificity of H.5 for cells with non-neuronal morphologies. Scale bars, 0.1 mm. 
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Table 1. Retinal ganglion cell growth cone response after encounter 
with particular tectal cells 

Retinae -+ Tecta 
Cell Type (n) Retract Attenuate Track Traverse 

Temporal + Posterior 
Neuron (69) 57 0 12 
Neuroepithelia (59) 6 4: I 4 
Temporal + Anterior 
Neuron (10) 0 0 1 9 
Neuroepithelia (10) 1 7 0 2 
Nasal + Posterior 
Neuron (13) 0 0 0 13 
Neuroepithelia (21) 1 9 5 6 
Nasal + Anterior 
Neuron (10) 0 0 10 
Neuroepithelia (35) 2 3: 3 0 

Growth cones of embryonic chick retinal ganglion cells responded to encounter with 
optic tectal cells according to their respective origin in retinae (Temporal or Nasal 
regions) or in tecta (Posterior or Anterior regions). Growth cone behavior ranged 
from negative interactions causing sudden collapse and retraction (Retract) to more 
positive interactions involving attenuation of outgrowth (Attenuate), turning along- 
side (Track), or direct extension on top of or across (Traverse) encountered optic 
tectal cells. The total number of encounters (n) and the particular type of response 
are indicated for each category. 

the retinae, whether the tectal cells originated in anterior or 
posterior regions, and specifically whether the tectal cell was a 
neuron or not. 

Encounter with tectal neurons 
Growth cones from explants of temporal retinae encountering 
neurons from posterior tecta displayed a characteristic aversive 
response: growth cones lost lamellipodia, withdrew filopodia, and 
subsequently the axon retracted (“Retract;” Fig. 5). As little as 
one filopodium from a temporal growth cone contacting a poste- 
rior tectal neuron was sufficient to cause the entire growth cone to 
collapse and retract away. The response of temporal growth cones 
to posterior tectal neurons occurred rapidly (Fig. 7&C); within 
the first minute after contact, growth cones showed signs of 
collapse and retraction. Across the growth cone, filopodia were 
lost and lamellipodia pulled back. Retraction of the entire process 
ensued rapidly within the next few minutes. The response of 
growth cones appeared severe-growth cones usually retracted 
~40 pm. Even after retraction, a remaining thin membrane often 
was left attached to the tectal cell. Occasionally, retracting retinal 
ganglion axons could reform new growth cones and resume out- 
growth (Fig. 7A). 

The repulsive behavior described was highly dependent on 
contact by temporal retinal ganglion cell growth cones with pos- 
terior tectal neurons (Fig. 8). More than 80% of temporal growth 
cones encountering posterior neurons retracted. This strong, neg- 
ative reaction represented an aversive behavior significantly de- 
pendent on the original location of the tectal cell. For example, 
more retractions occurred between temporal growth cones and 
posterior neurons (83%, n = 69) than between temporal growth 
cones and anterior cells (5%, 12 = 20; p < O.OOOl), nasal growth 
cones and posterior cells (3%, n = 34; p < O.OOOl), or nasal 
growth cones and anterior cells (4%, II = 45; p < 0.0001). Also, 
significantly more retractions occurred after temporal growth 
cone encounter with posterior tectal neurons when compared to 
contact with presumptive glia from posterior tecta (lo%, n = 59; 
p < 0.0001). It is clear that neurons from posterior tecta are 
selectively aversive to growth cones from temporal retinae. 

Figure 5. Time-lapse sequences demonstrate the response of retinal 
ganglion cell growth cones from explants of temporal regions of retinae to 
posterior tectal neurons. A-D, Temporal growth cones contacting poste- 
rior tectal neurons show a dramatic collapse and begin to retract within 
minutes. Retraction can leave temporal growth cones X0 pm from the 
tectal neuron, although often a thin, membranous material remains at- 
tached. Relative to contact, frames were recorded at -9, 1,5, and 12 min, 
respectively. A'-D', A growth cone from temporal retinae (R) encounters 
a growth cone extending from a posterior tectal neuron (If). As in this 
example, all such encounters evoked immediate retraction of the retinal 
ganglion cell growth cones. Growth cones from posterior tecta did not 
respond reciprocally, usually showing no detectable change in motility. 
The substrate is laminin-coated plastic and thus does not appear uniform. 
Relative to contact, frames were recorded at -5, 0, 5, and 15 min, 
respectively. Scale bars, 10 pm. 

Retinal ganglion cell growth cones that did not collapse and 
retract from tectal neurons appeared to continue with little indi- 
cation of slowing or change in growth cone motility (“Traverse”). 
This scenario describes the response of temporal growth cones to 
anterior tectal neurons (9/10 individual growth cone encounters 
assessed) and nasal growth cones to either anterior (lo/lo) or 
posterior (13/13) tectal neurons. Growth cones from temporal 
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retinae crossed posterior tectal neurons significantly less often 
(12/69; p < 0.0001). Thus, in response to encounters with disso- 
ciated tectal neurons, all but one retinal ganglion axon displayed 
either of only two types of reactions: collapse and immediate 
retraction (57/69 temporal to posterior encounters) or an un- 
abated continuation past seemingly ignored neurons (32133 of all 
other retinal-to-tectal encounters). 

Retraction from posterior tectal neurons is dependent 
on site contacted 
Growth cones originating from temporal retinae encountered 
posterior tectal neurons at particular positions along the tectal cell 
surface: at the tectal somata, along the tectal process, and even 
with tectal growth cones. Interestingly, the responses of temporal 
retinal ganglion cell growth cones to the subcellular domains of 
posterior tectal cells were not identical: tectal growth cones ap- 
peared to provoke the most repellent effects, eliciting collapse and 
immediate retraction in all encounters (20 of 20). Neuronal cell 
bodies (6 of 9) and processes (30 of 39) were less aversive to 
temporal growth cones (p < 0.02 and p < 0.01, respectively), 
although encounter with these structures still did elicit consider- 
able collapse and retraction (75% of encounters). Thus, when 
growth cones on elongating retinal ganglion axons encountered 
developing tectal neurons from posterior regions, a strong aver- 
sive response nearly always occurred, especially if contact was with 
the motile tectal growth cone. 

Interactions between retinal ganglion cell growth cones and 
tectal growth cones were a dynamic spectacle (Fig. 54’~D’). 
Contact appeared to exert a change in behavior exclusively from 
the temporal growth cone; posterior tectal growth cone motility 
continued unabated. Collapse and retraction of temporal growth 
cones appeared to occur after as little as filopodial contact, i.e., 
temporal retinal ganglion cell filopodia contacting posterior tectal 
filopodia. Because of the highly motile interaction, however, it is 
difficult to exclude the possibility of brief contact between filo- 
podia and lamellipodia by either growth cone. Such filopodial 
interaction also occurred along tectal processes, which often had 
small, filopodia-like processes emanating from along their shaft. 
Again, filopodial contact appeared extremely aversive to the tem- 
poral growth cone, which retracted immediately. 

Encounter with tectal neuroepithelial cells 
Retinal ganglion cell growth cones displayed a much different 
response after encountering non-neuronal cells compared to 
encounters with neurons from optic tecta, and the response was 
substantially less dependent on the topographic origin of the 
cells (Fig. 8). Instead of the all-or-none response (sudden 
retraction or unobstructed continuation) that was observed 
when retinal ganglion cell growth cones encountered tectal 
neurons, growth cones usually paused and “dithered” at the 
edge of the neuroepithelial cells (Fig. 64-D). Details of this 
interaction varied, but, typically, elongation of the retinal gan- 
glion axon was attenuated at the edge of the large, flattened 
cells, whereas growth cone filopodia and lamellipodia remained 
motile (“Attenuate”). This intimate association could persist 
for hours (Fig. 70; also, note the image displayed in Fig. 60 
was captured >l hr after contact and the growth cone is still 
motile). Retinal ganglion axons often extended with these 
neuroepithelial cells as the cell migrated along the dish surface. 
Filopodia continued to sweep across the cell surface, but they 
rarely attached directly to it. Eventually, growth cones often 
collapsed their filopodia to appear as more blunt endings, but 

Figure 6. Retinal ganglion cell growth cone behavior after contact with 
tectal neuroepithelial cells was neither topographically specific nor 
strongly aversive.&D, Temporal growth cones contacting neuroepithelial 
cells from posterior tecta rarely retract, but often show an attenuation of 
growth cone motility and axonal extension. Growth cone motility typically 
persists for at least several minutes and, in most encounters, for the 
duration of recording. The behavior represented in these panels is char- 
acteristic of retinal ganglion cell growth cones from either nasal or 
temporal regions contacting neuroepithelial cells from either anterior or 
posterior tecta. Relative to contact, frames were recorded at -23, 5, 38, 
and 74 min, respectively. A’-D’, After encounter with neuroepithelial 
cells, growth cones can turn and track alongside, a response that occurred 
significantly more often when nasal growth cones contacted posterior cells. 
Relative to contact, frames were recorded at -16, 1, 10, and 30 min, 
respectively. Scale bars, 10 pm. 

despite this relatively collapsed morphology, lamellipodia re- 
mained motile for up to hours. Some of the contacting retinal 
ganglion fibers eventually retracted (Fig. 71c), but this retrac- 
tion was delayed considerably: the time from contact to retrac- 
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Figure 7. Kinetics of encounters between growth cones 
from temporal regions of retinae and posterior tectal 
cells. A-C, After cncountcr with posterior tectal neu- 
rons (awowhead), temporal growth cones immediately 
collapse and retract, indicated by the negative out- 
growth rate. Retraction kinetics are similar when retinal 
ganglion cell growth cones contact posterior tectal 
growth cones (A), neuritcs (B), or somata (C). D-F, 
Contact with non-neuronal cells isolated from all rc- 
gions of tecta attenuate rclinal ganglion cell outgrowth, 
although growth cone motility continues. Elongation of 
axons can remain arrested at the edge of the ccl1 for up 
to hours (D) and, in rare circumstances, display a dc- 
layed r&action (P). 
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tion varied bctwccn 16 and 90 min. Delayed retraction after 
contact with ncurocpithclial cells did not appear well corre- 
lated with the initial contact. The response of growth concs- 
cohering at the cell edge and yet remaining motile-was ob- 
served commonly after contact with neuroepithelial cells, but 
never with tectal neurons. Such behavior accounted for 71% of 
the encounters between temporal retinal ganglion cell growth 
cones and posterior neuroepithelial cells, and generally was the 
most common response as retinal ganglion cell growth cones 
contacted neuroepithelial cells from optic tecta (Fig. 8). 

Although the majority of all retinal ganglion axons exhibited 
attenuated outgrowth as they encountered neuroepithelial cells, 
fewer growth cones from nasal retinae encountering neuroepithe- 
lial cells from posterior tecta resulted in such behavior. Only 43% 
of nasal growth cones encountering posterior neuroepithelial cells 
resulted in attenuation of outgrowth, but after encounter with the 
same cells from anterior tecta, extension was arrested twice as 
often (86%;~ < 0.001). The difference could be accounted for by 
growth cones continuing to elongate or track along the presump- 
tive glia: nasal growth cones exhibited a more positive response to 
neuroepithelial cells from their target area (posterior) more fre- 
quently (52%) than from their nontarget area (9%). Temporal 
growth cones paused and dithered similarly after encounter with 
neuroepithelial cells from either anterior or posterior tecta (70 
and 71%, respectively; p > 0.9). 

After encountering neuroepithelial cells, numerous retinal 
ganglion cell growth cones turned to track along the cell’s edge, 
extending along its boundary with the laminin-coated substra- 
tum (“Track”). These growth cones avoided a direct path 
across the flattened cells, but also did not pause and dither at 
the site of initial contact (Fig. ol’-D’). Tracking along a cell 
did not appear to slow retinal ganglion axon outgrowth (Fig. 
7E). Retinal ganglion cell growth cones that encountered neu- 
roepithelial cells at a more shallow angle, rather than head-on, 
appeared even more likely to exhibit this tracking behavior. 
Some growth cones did grow directly across the flattened 
portions of the neuroepithelial cells without any detectable 
change in direction or elongation rate. This traversal only 
occurred when the growth cone extended across the most 

Time (mm) Time (min) Time (min) 

flattcncd portion of the cell (i.c., away from the nucleus) and 
when the retinal ganglion ccl1 growth cone could span the 
presumptive glia in cl-2 growth cone diameters. Interestingly, 
nasal growth cones extended more frequently along or onto 
posterior neuroepithclial cells (their natural target population) 
compared with encountering anterior neurocpithelial cells (~7 < 
0.0002). Temporal growth cones tracked similarly along or onto 
anterior and posterior neuroepithelial cells (19 and 20% of 
respective encounters; p > 0.9). 

In ~11% of all encounters with neuroepithelial cells, retinal 
ganglion cell growth cones collapsed and immediately retracted. 
This infrequent retraction to neuroepithelial cells was not depen- 
dent on the topographic origin of the retinal ganglion cell (nasal 
vs temporal; 5% n = 56, 10% n = 69, respectively;p > 0.3) or the 
tectal cell (anterior vs posterior; 7% n = 45, 9% n = 80, respec- 
tively; p > 0.6). 

Thus, contact with neuroepithelial cells tended to attenuate 
retinal ganglion fiber outgrowth regardless of the original IocatKm 
of either the retinal ganglion cell or tectal cell. However, nasal 
growth cones turned and extended along or even on top of 
presumptive glia isolated from their target-matched location (pos- 
terior tecta) significantly more frequently. Retraction from neu- 
roepithelial cells was rare and independent of the origin of either 
the contacting growth cone or neuroepithelial cell. 

DISCUSSION 
Cellular localization and discrimination of guidance cues distrib- 
uted across embryonic optic tecta provide insight into the devel- 
opmental mechanisms that establish retinotectal topography. Sim- 
ilar to the well documented and striking aversion for posterior 
tectal fragments exhibited by axons from temporal retinae in other 
assays, repellent components were revealed in retinotectal cocul- 
tures and were found to be sensitive to PI-PLC. In the present 
experiments, repulsive activity was localized to individual cells 
from posterior tecta, specifically by their constituent neurons. 
Non-neuronal cells, on the other hand, failed to express repulsive 
activities. Whether from anterior or posterior tectal regions, these 
presumptive glia attenuated outgrowth of ganglion axons from 
both temporal and nasal retinae; however, nasal growth cones 
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A Encounter with Tectal Neurons 
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B Encounter with Tectal Neuroepithelial Cells EQN-+P 
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Growth Cone Behavior 

Figure 8. Histogram of encounters demonstrate the striking difference in 
growth cone responses between neurons isolated from different regions of 
retinae or tecta and between retinal ganglion fiber encounter of tectal 
neurons versus non-neuronal cells. A, Only contact between temporal 
growth cones and posterior neurons evokes a consistent collapse and 
retraction. Contact between temporal growth cones and anterior neurons 
and between nasal growth cones and either anterior or posterior neurons 
never yielded a negative response. B, Contact with neuroepithelial cells 
from all regions of the tecta by either nasal or temporal growth cones 
primarily resulted in the attenuation of retinal ganglion axon outgrowth, 
but without retraction. Nasal growth cones were more likely to continue 
elongating across or at the edge of neuroepithelial cells from posterior 
regions. T-+ P, T +A, Temporal growth cones encounter posterior (black 
bars) or anterior (gray bars) tectal cells, respectively; N -+P, N +A, nasal 
growth cones encounter posterior (zig-zag bars) or anterior (striped bars) 
tectal cells, respectively. **p < 0.0005, *p < 0.005 relative to same 
response from other regions of retinae and tecta. 

more frequently tracked along or on top of these cells when 
dissociated from posterior regions. Taken together, the results 
suggest that during development of the visual system, activity- 
independent guidance may involve multiple guidance cues dis- 
tinctly present on neuronal and non-neuronal target cell popula- 
tions. Furthermore, they demonstrate that a single tectal cell 
expresses adequate guidance information to dramatically affect 
retinal ganglion cell outgrowth. 

Aversive material in posterior tecta 
Encounters with living cells in the present assay yielded results 
consistent with previous assays using tectal membrane fragments 
(Bonhoeffer and Huf, 1982; Walter et al., 1987a,b; Cox et al., 
1990; Miiller et al., 1990; Waltef et al., 1990b; Baier and Bon- 
hoeffer, 1992; Davenport et al., 1994): components repulsive for 
temporal axon extension and sensitive to PI-PLC are expressed in 
posterior tecta at the developmental ages when optic fibers are 
extending across tecta in viva. In previous culture assays using 
tectal membrane fragments, cellular material from all constituent 

cells was combined. The present results indicate that repellent 
activity may have resulted primarily from contact with membrane 
fragments originating on posterior neurons, because only when 
growth cones from temporal retinae encountered neurons from 
posterior tecta did an extremely aversive response occur. More 
than 80% of temporal growth cone-to-posterior neuron encoun- 
ters resulted in collapse and retraction, whereas only 10% of 
encounters with posterior non-neuronal cells resulted in such 
aversive behavior-an amount not significantly more than if nasal 
growth cones encountered posterior non-neuronal cells or if tem- 
poral growth cones encountered anterior non-neuronal cells. 
Thus, previous assays examining repulsive guidance activities in 
posterior tecta primarily may have been detecting the response of 
growth cones to factor(s) expressed on tectal neurons. Because 
such a high percentage of posterior neurons evoked growth cone 
collapse and retraction in the present assay, it is unlikely that 
repulsive activity resides on only a minor subpopulation of reti- 
norecipient neurons. Consequently, the aversive guidance activity 
discovered on tectal neurons is apt to influence retinotectal 
topography during development. 

During development, optic fibers extend in the stratum opticum 
(Vanegas, 1984; Mey and Thanos, 1992; Yamagata et al., 1995) 
and, based on the present results, axons from temporal retinae 
would be expected to continue elongating until intimately con- 
tacting posterior tectal neurons. Indeed, temporal axons have 
been observed to overshoot their anterior targets in viva (Naka- 
mura and O’Leary, 1989). This overshoot may not reflect a gen- 
eral lack of repulsive components in vivo as has been suggested 
(Simon and O’Leary, 1992), but rather may indicate the timing of 
contact between temporal growth cones and developing posterior 
tectal neurons. If this is true, the timing of the appearance of 
tectal neuronal processes at or near the tectal surface may affect 
map generation by serving as one of the mechanisms excluding 
temporal axons from posterior tecta. 

In the chick, as optic fibers initially are projecting across the 
tectal surface, most tectal processes lie below the glial endfeet. 
Tectal processes elongating vertically toward the surface would 
first present their growth cones as the substrate for mediating 
guidance cues to encroaching optic fibers. In the present assay, 
growth cones from posterior tecta were especially repellent, caus- 
ing all of the contacting growth cones from temporal retinae to 
collapse and retract. Precise timing of retinal and tectal develop- 
ment to ensure that their respective growth cones meet head-on at 
the tectal surface may not be essential, however. Retinal ganglion 
axons display filopodia-like extensions early in development over 
a wide area of the tectum (Rager and von Oeynhausen, 1979; 
Sachs and Schneider, 1984; Thanos and Bonhoeffer, 1987; Van- 
selow et al., 1989; Simon and O’Leary, 1992). Such filopodia-like 
extensions may serve a sensory role, much like growth cone 
filopodia (Chien et al., 1993; Davenport et al., 1993) detecting 
guidance information across the axon’s projection. Given the 
present results, a functional role for the optic fiber side branches 
could encompass detection of guidance cues localized to constit- 
uent neurons, which initially may lie beyond the reach of advanc- 
ing growth cones. 

Neuroepithelial cells attenuate axonal elongation 
In contrast to their dramatic response to tectal neurons, very few 
retinal ganglion cell growth cones retracted from non-neuronal 
cells. The retractions that did occur were not selective for cells 
from anterior or posterior tecta or for growth cones from nasal or 
temporal retinae. Instead, contact with non-neuronal cells gener- 
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ally attenuated outgrowth of retinal ganglion axons. It is plausible 
that repellent guidance signaling may originate uniquely on pos- 
terior tectal neurons, whereas non-neuronal cells may serve a 
more general role. For example, non-neuronal cells may provide 
the substrate for retinal axon elongation as they extend across the 
tccta. As has been shown in chick retinae (Halfter et al., 1987; 
Stier and Schlosshaucr, 1995), recent experiments with tectal 
cryosections (Yamagata and Sanes, 1995) and tcctal glial cndfeet 
(Kriiger and NichGrster, lYY0) suggest chick radial glia serve as a 
permissive substrate without obvious repellent activity. The non- 
specific attenuation observed in the present experiments may 
explain in part the slowed outgrowth of retinal ganglion axons as 
they advance across the tecta (Harris et al., 1987). The tendency 
for later-arriving axons to fasciculate with earlier fibers (Thanos 
and Bonhoeffer, 1983; Vanselow et al., 19X9) further indicates 
that although the tectal surface may be permissive, it is not ideal 
for rapid outgrowth. Thus, attenuating retinal ganglion cell 
growth cones may represent a fundamental guidance mechanism 
and may explain, in part, why axons continue on the tectal surface 
toward their target regions rather than invading the earliest tecta 
encountered. This is especially relevant for nasal axons, which 
must extend over many millimeters to reach their target areas in 
posterior tccta. 

After reaching posterior tccta, nasal axons may respond specif- 
ically to cues expressed on non-neuronal cells. It was previously 
noted that nasal axons appear immune to the aversive material in 
posterior tecta (Walter et al., 1987a), and in fact prefer to extend 
on membrane fragments from posterior tecta (von Boxbcrg et al., 
1993). In the present investigation, nasal axons extended on or 
tracked alongside presumptive glia from their appropriate (pos- 
terior) tectal region. As a result, extension into deeper retinore- 
cipient layers in viva, which likely involves tracking along radial 
glia (Vanselow et al., 1989), may occur with a higher probability 
when nasal axons reach posterior tecta. Taken together, the 
results suggest that non-neuronal cells could affect optic fibers in 
at least two important ways: generally slowing axonal extension as 
fibers reach the tectum and serving as a substratum for appropri- 
ate axons to turn and track into deeper layers. 

A priori, we had predicted that repulsive guidance cues in chick 
tecta would be expressed especially on non-neuronal cells. This 
prediction was based primarily on two facts: (I) endfeet of radial 
glia are in direct contact with extending retinal ganglion fibers in 
viva; and (2) previous experiments using dissociated Xeno~~us 
cultures (Johnston and Gooday, 1991) discovered that temporal 
growth cones collapsed more frequently after encounter with glia 
from posterior tecta than from anterior tecta (responses to neu- 
rons wcrc not examined). Recently, a repellent axon guidance 
signal (RAGS) located in posterior chick tecta was identified and 
may be expressed in radial glia (Drescher et al., lYY5), further 
suggesting that radial glia express repellent cues. Radial glia are 
the only significant glial population in either the developing frog 
or chick tecta. Two of the antibodies (R5 and HS) that specifically 
labeled the neuroepithelial cells in our cultures have been dem- 
onstrated previously to stain selectively chick radial glia in viva 
(Vanselow et al., 1989; Herman et al., 1993). Nevertheless, be- 
cause there arc no known markers specific for cultured radial glia, 
our neuroepithelial cells may not exclusively represent this cell 
population. Further experiments will be necessary to determine 
whether these neuroepithelial cells, which did not induce growth 
cone collapse, express RAGS, other putative guidance molecules, 
and/or represent the same cell population as examined by 
Johnston and Gooday (1991). 

Initial development of retinotectal topography 

The results suggest a model in which cues on both tectal neurons 
and non-neuronal cells are used to establish retinotectal topogra- 
phy. Initially, the majority of optic fiber outgrowth continues in 
the superficial stratum opticum. Radial glia provide a substratum 
that supports attenuated outgrowth of incoming retinal ganglion 
axons. Outgrowth continues until encounter with specific guid- 
ance cues in posterior tecta: aversive cues on posterior neurons 
repel temporal fibers, whereas distinct cues on posterior glia 
attract nasal fibers into deeper tectal layers. Axons from central 
retinae would be first to encounter such cues: temporal fibers 
detecting aversive neuronal cues would be forced to invade 
deeper layers of the central, but anterior tccta; nasal fibers con- 
tacting posterior radial glia would turn and track toward deeper 
layers of central, but posterior tecta. Thus, central-temporal and 
central-nasal axons would reach their appropriate, separate target 
areas. Later, temporal axons from more peripheral regions of the 
retinae would have only more anterior regions of the tccta avail- 
able for penetration; nasal axons would continue to track down 
the earliest unoccupied, nlorc posterior regions. Togcthcr, such a 

spatially and dcvclopmcntally regulated guidance system could 
provide the basis for rudimentary topography. 
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