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Elimination of the Transient lpsilateral Retinotectal Projection Is Not 
Solely Achieved by Cell Death in the Developing Chick 

Cheri V. Williams and Steven C. McLoon 

Department of Cell Biology and Neuroanatomy, University of Minnesota, Minneapolis, Minnesota 55455 

During development of the projection from the retina to the 
brain in the chick, a transient ipsilateral retinotectal projec- 
tion forms and disappears. This disappearance is coincident 
with a wave of ganglion cell death in the retina. The contri- 
bution of cell death to the disappearance of this projection, 
as opposed to another mechanism such as axon retraction, 
was examined. Retinal ganglion cells with a projection to the 
ipsilateral tectum were retrogradely labeled by injection of 
long-lasting fluorescent dyes into the tectum prior to the 
onset of ganglion cell death. Large injections of fast blue 
labeled approximately 1800 ganglion cells in the ipsilateral 
retina before the period of cell death began. If  the injected 
embryos were allowed to survive past the peak period of 
ganglion cell death, the average number of labeled ganglion 
cells in the ipsilateral retina was reduced by somewhat more 
than half. It is possible that the remaining labeled ganglion 
cells projected only to nontectal visual nuclei and were la- 
beled by fast blue that had diffused out of the tectum. This 
was tested by repeating the study using very localized in- 
jections of I,1 ‘-dioctodecyl-3,3,3’,3’-tetramethylindocarbo- 
cyanine perchlorate or fluorescent microspheres into the 
tectum. These small injections confirmed that cells with tran- 
sient projections to the ipsilateral tectum survived past the 
elimination of this projection. Thus, ipsilaterally projecting 
ganglion cells have, at most, a slightly greater propensity 
for death than the average ganglion cell, and elimination of 
the transient ipsilateral retinotectal projection in chick can 
be explained only, in part, by the mechanism of cell death. 
These data contrast with the results of similar studies in 
rodents, which suggest that cell death is largely, if not solely, 
responsible for eliminating transient retinal projections. 

Considerable attention has focused on elucidating the mecha- 
nisms by which the mature pattern of neuronal connections 
develops. Recent work has clearly established the transient na- 
ture of certain early axonal projections (e.g., Clarke and Cowan, 
1976; Land and Lund, 1979; Innocenti, 1981; McLoon, 1982; 
O’Leary et al., 1986). These transient projections are present in 
the developing nervous system, but are not found in the mature 
system. These projections are most likely eliminated by one of 
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2 mechanisms: the cells giving rise to these axons degenerate, 
or the cells withdraw these axons (Cowan et al., 1984). 

The majority of transient projections studied so far suggest 
that axon retraction is the predominant mechanism by which 
these projections are eliminated. This phenomenon was first 
demonstrated for certain cortical neurons that exhibit a transient 
callosal projection early in development (Innocenti, 198 1; 
O’Leary et al., 1981; Ivy and Killackey, 1982). These neurons 
retracted their callosal axons, while they maintained collaterals 
to other cortical regions. 

An exception to the generality of axon retraction of transient 
projections is the elimination of the transient retinotectal pro- 
jection in rodents. At birth, numerous ganglion cells across the 
entire retina project to the ipsilateral tectum (Land and Lund, 
1979). In the mature rodent, however, the major projection from 
the retina is to the contralateral tectum, with only a small ip- 
silateral retinotectal projection, primarily from the lower tem- 
poral crescent of the retina. Studies with long-lasting fluorescent 
dyes suggest that cells outside the lower temporal crescent of 
the retina with axons to the ipsilateral tectum are eliminated by 
cell death during the first 2 weeks of life (Cowan et al., 1984; 
Insausti et al., 1984). These studies and others have led to the 
suggestion that cell death is the means by which transient retino- 
fugal projections are eliminated. However, these studies are 
difficult to interpret. The ipsilateral projection does persist in 
rodents, albeit in a reduced form. In these studies, we cannot 
distinguish between ganglion cells with a persistent ipsilateral 
retinotectal projection and those that survived but lost their 
axon to the ipsilateral tectum. 

The developing chick visual system presents a number of 
advantages for studying this problem. In an earlier study using 
anterograde transport techniques, we demonstrated the presence 
of a transient ipsilateral retinotectal projection (McLoon and 
Lund, 1982). Subsequent anterograde and retrograde transport 
studies have confirmed and further characterized the presence 
of this projection (O’Leary et al., 1983; Thanos and Bonhoeffer, 
1984). The ipsilateral axons first appear in the tectum on em- 
bryonic day 7 (E7), are present in peak numbers on ElO, and 
are completely absent by E16. The mechanism by which this 
projection is eliminated is not known; however, cell death seemed 
likely. There is a massive wave of naturally occurring cell death 
in the retinal ganglion cell layer during chick development (Ra- 
ger and Rager, 1978; Hughes and McLoon, 1979). Based on 
counts of axons in the optic nerve, approximately 40% of the 
ganglion cells degenerate (Rager and Rager, 1978). The peak 
period for cell death in the ganglion cell layer is from El 1 to 
E16, the same period in which the ipsilateral projection dis- 
appears. 
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Figure 1. Timetable of experiments described. This figure graphically depicts the period of ganglion cell death and the presence of the ipsilateral 
retinotectal projection during embryonic development of the chick relative to the injection of fluorescent dye into the tectum and processing of the 
embryos in 3 of the experimental paradigms. The numbers represent days of incubation. 

This study tested the hypothesis that, during the peak period 
of developmental cell death, the transient ipsilateral retinotectal 
projection is eliminated by selective death of the ganglion cells 
that give rise to this projection. It was found, however, that a 
significant proportion of ipsilaterally projecting cells did survive 
the period of cell death. Thus, cell death alone cannot account 
for the disappearance of the transient ipsilateral retinotectal 
projection. 

Materials and Methods 
Fertilized chicken eggs (pathogen-free White Leghorn crossed with Rhode 
Island Red) obtained from the Universitv of Minnesota Poultrv Center 
were incubated in an egg incubator at 37°C. After 3 d of incubation, the 
embryos were removed from the shell and transferred to embryo culture 
chambers (Dunn and Boone, 1976). The cultured embryos were main- 
tained in a forced-draft tissue culture incubator at 37°C with 95% rel- 
ative humidity and 1% CO,. 

Five different groups of embryos received injections of retrogradely 
transported, long-lasting fluorescent dyes into a tectum. These dyes are 
taken up by the axons, are transported retrogradely to the cell body, 
and remain detectable within the cell body even after long postinjection 
survival times (Bentivoglio et al., 1980; Katz et al., 1984; Thanos and 
Bonhoeffer, 1987). The first 3 groups received multiple injections of fast 
blue in the right tectum in an effort to retrogradely label all the ganglion 
cells projecting to that tectum. 

The first group received fast blue injections into the right tectum on 
E9. This corresponds to the time when most retinal axons have entered 
the tectum. The retinas and brains were removed and processed for 
histological examination when the ipsilateral projection is at a peak, 
between El 1 and E12. 

The second group also received fast blue injections on E9, but these 
embryos were processed on E18, well after the disappearance of the 
ipsilateral projection. 

The third group received fast blue injections on E 16 and was processed 
on El 8. This was done to verify the absence of the ipsilateral projection 
after the period of naturally occurring cell death. The protocol for these 
3 groups in relation to certain developmental events is summarized in 
Figure 1. 

The large injections used in the first 3 experimental groups often 
spread into visual nuclei other than the tectum. Thus, it is pos;ibie that 
some of the ipsilateral ganglion cells labeled in this procedure projected 
to these other visual nuclei. Some of these other nuclei are known to 
receive ipsilateral retinal projections after development is complete 
(O’Leary et al., 1983). For- this reason, a fourth group of embryos re- 
ceived sinale small iniections of l,l’-dioctodecvl-3.3.3’.3’-tetramethvlin- 
docarbocianine perchlorate (DiI;’ Thanos andVBonhoeffer, 1987) or flu- 
orescently labeled latex microspheres (Katz et al., 1984) into the right 
tectum on E9 and was processed on E 11 or E 18. In contrast to fast blue, 
DiI and the fluorescently labeled latex microspheres provided very lo- 
calized dye injections with virtually no spread of dye into nontectal 
visual nuclei. This was done in an effort to definitely identify ganglion 
cells projecting to the ipsilateral tectum. However, this method by no 
means labels all the ipsilateral ganglion cells projecting to a tectum in 
an individual animal and is therefore not a reliable method for quan- 
tifying the amount of cell death. 

The fifth group of embryos, a control group, received large fast blue 
injections into the forebrain on E9 and was processed on El 1 or E18. 
This controlled for nonspecific labeling of ganglion cells and for labeling 
of ganglion cells via the ventricular system. 

A 2% suspension of fast blue (Sigma) in saline was injected into the 
embryos via a pulled glass pipette attached to an oil-filled Hamilton 
syringe. Latex microspheres in a dilution as supplied by the distributor 
(LumaFluor Inc.) were injected with a similar apparatus. Crystals of DiI 
(Molecular Probes) were inserted into the tectum through the skin via 
a sharpened sewing needle dipped in dye. The first 3 groups of embryos 
received multiple injections of fast blue along the rostroinferior margin 
of the right tectum (Fig. 2). It is in this region that the retinal axons 
enter the tectum from the optic tract (Goldberg, 1974; McLoon, 1985). 
Injections were made tangentially along this border to ensure that the 
maximum number ofretinal axons entering the tectum would be labeled. 
A total ofbetween 0.5 and 1 .O ~1 fast blue was injected into each embryo. 
(The amount of dye injected does not reflect the actual amount delivered 
to the tectum, because some dye escaped into the amniotic cavity along 
the injection tract.) The fourth group of embryos received a single small 
injection of a dye slightly above the rostroinferior margin of the right 
tectum. Approximately 0.25 pl of the latex microspheres was injected 
in each embryo or a single stab of a needle dipped in DiI. Control 
embryos, group 5, received a 1.0-2.0 ~1 injection of fast blue into the 
right forebrain. 

Retinal whole-mounts were prepared from these embryos by first 
removing the eyes to phosphate buffer (pH, 7.4). The retinas were then 
dissected from the eyes and placed in 4% paraformaldehyde in phos- 
phate buffer. After 1 hr of fixation, the retinas were mounted whole 
onto glass slides and coverslipped in an aqueous mounting media. The 
retinas were examined with a microscope equipped for epifluorescence 
with a 100-W mercury bulb and filters appropriate for the particular 
tracers used. 

The distribution of labeled cells in the ganglion cell layer of retinal 
whole-mounts was plotted onto enlarged tracings of the retinas (e.g., 
Fig. 3). This was accomplished by means of an x-y plotter interfaced 
with the stage of the microscope. The position of the microscope stage 
relative to the cross hairs in the oculars was indicated by the position 
of the plotter pen. Retinas contralateral to the injected tecta were an- 
alyzed to determine the extent of the dye injections. Retinas ipsilateral 
to the injected tecta were analyzed to determine the total number and 
distribution of labeled cells. The density of cells was calculated in the 
central retina, a 3-mm circle (real retina size) just above the optic fissure, 
and in each peripheral retinal quadrant. Areas for the density calcula- 
tions were measured with a Bioquant Image Analysis System. All num- 
bers presented in the Results represent the mean of counts from at least 
8 retinas. Standard deviations were calculated for all means. 

Figure 2. Diagram of E9 chick brain. The approximate position of the 
fluorescent dye injections (Xs) and the direction of ingrowth of the optic 
axons (arrow) are indicated. 
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Figure 3. Plots of retinal whole- 
mounts from 3 embryos. The retinas 
on the left are ipsilateral to a tectum 
injected with fast blue. The dots indi- 
cate fast-blue-labeled cells in the gan- 
glion cell layer. The retinas on the right 
are contralateral to an injected tectum. 
The shaded areas represent areas with 
a high concentration of labeled cells. A, 
Retinas from an embryo injected on E9 
and fixed on E 11. B, Retinas from an 
embryo injected on E9 and fixed on El 8. 
C, Retinas from an embryo injected on 
El6 and fixed on E18. Scale bar, 5 mm. 

Four retinal whole-mounts ipsilateral to a tecta injected with fast blue 
from group 2 embryos were removed from the slides and sectioned. 
The retinas were sectioned frozen at 8 pm. Sections were mounted on 
glass slides and counterstained with acridine orange (Schmued et al., 
1982). Fast-blue-labeled cells were located in the sections. Then, the 
microscope filters were switched to reveal the acridine-orange-stained 
cells. Acridine orange stains all of the cells in the retina. In this way, it 
was determined whether or not the fast-blue-labeled cells were in the 
ganglion cell layer. 

To determine the extent of the fluorescently labeled injections in the 
brain, all injected embryos were perfused through the heart with 4% 
paraformaldehyde in phosphate buffer after the removal of their eyes. 
The brains of the embryos were sectioned frozen, and the sections were 
mounted in serial order onto glass slides. These were also examined 
with a fluorescence microscope. Only embryos in which the injection 
was confined to one side of the brain were used in this study (except 
for group 5 embryos, in which laterality was not important). A total of 
over 150 embryos were analyzed in this study. 
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Figure 4. Photomicrographs of cells labeled with fast blue in the center of retinal whole-mounts. The photomicrographs on the left are ipsilateral 
to an injected tectum, and those on the right are contralateral. A and B are from an embryo injected on E9 and fixed on El 1. C and D are from 
an embryo injected on E9 and fixed on El& Scale bar, 50 pm. 

Results 
Fluorescent labels (fast blue, DiI, or fluorescently labeled latex 
microspheres) injected into the optic tecta retrogradely labeled 
ganglion cells in both retinas. The number and pattern of labeled 
cells varied with the different paradigms. The data for each of 
5 experimental groups are presented separately. 

Group I 

Embryos that were injected on E9 and fixed on El 1 had a high 
density of labeled cells in the ganglion cell layer of the retina 
contralateral to the injected tectum (Figs. 3A, 4B). Very few 
labeled cells were present in the most peripheral areas of the 
retina in these embryos. By El 2, the high density of labeled 
cells covered the entire retina. In a few cases, the labeling was 
incomplete in some regions of the retina. Only animals with 

labeled ganglion cells across the entire retina were included in 
the analysis of the ipsilaterally projecting ganglion cells. 

Embryos that were injected on E9 and fixed on El 1 had an 
average of 1550 f 136 fast-blue-labeled cells in the ganglion 
cell layer of the ipsilateral retina (Figs. 3A, 4A). There was a 
marked central-to-peripheral gradient in the number of ipsila- 
terally projecting ganglion cells across the retina, with the highest 
concentration in central retina and lowest in peripheral retina 
(Table 1). If the embryos were fixed 1 d later (E12), there was 
an increase in the number of ipsilaterally labeled cells in the 
peripheral retina (primarily in the superior-nasal retina) by about 
250 cells, but there was a decrease in the central retina. Taking 
into account these additional peripheral cells, approximately 
1800 cells in the ganglion cell layer of a retina project to the 
ipsilateral tectum prior to the period of ganglion cell death. 

Based on the plane of focus, displaced ganglion cells in the 
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Figure 5. Photomicrographs of labeled cells in the ganglion ccl1 layer (arrows) of El8 retina. A, Photomicrograph of a fast-blue-labeled cell in the 
ganglion cell layer from a sectioned El8 retina. The tectum ipsilateral to this retina was injected on E9. B, The same field as in A photographed 
with different filters to reveal all the retinal cells stained with acridine orange. Scale bar, 50 pm. 

ipsilateral and contralateral retinas were also labeled by these 
injections. Displaced ganglion cells in the mature visual system 
are known to project to nontectal visual nuclei (Karten et al., 
1977). As was evident from the brain sections of these embryos, 
the dyes had spread from the tectum into other visual nuclei. 
This most likely accounts for the labeling of the displaced gan- 
glion cells. Because of the substantial variation in the number 
of displaced ganglion cells labeled, they were not included in 
any counts of ipsilaterally projecting ganglion cells. 

Brain sections of these embryos allowed easy identification 
of the dye injection sites. All embryos used in the analysis had 
injection sites along the rostroinferior margin of the tectum. The 
highest concentration of the dye was in the area around the 
injection sites, and it gradually declined away from the injection 
sites. In all brains, there was a high level of dye in the visual 
nuclei rostra1 to the tectum. Although it is not possible to iden- 
tify the effective dye uptake area histologically, it seems likely 
that some of the ganglion cells labeled by these injections ter- 
minated in regions outside the tectum. 

Group 2 
Embryos that were injected on E9 and allowed to survive until 
E 18 had a high density of labeled cells across the entire retina 
contralateral to the injected tectum (Figs. 3B, 40). Again, any 
embryos showing inconsistencies in this labeling were excluded 
from the analysis of the ipsilateral projection. 

Embryos injected on E9 and fixed on El 8 had an average of 
725 + 107 labeled cells remaining in the ipsilateral retina (Figs. 
3B, 4C). Sections of these retinas confirmed that the remaining 

labeled cells were in the ganglion cell layer (Fig. 5). A comparison 
of the change in density of labeled cells between El 1-12 and 
E 18 in individual regions of the ipsilateral retinas showed that 
all retinal areas had a similar change in density (Table 1). This 
suggests that the percent of ipsilaterally projecting cells that 
degenerate is relatively uniform across the retina. 

The brain sections of these embryos were effectively identical 
to that of group 1. 

Table 1. Fast-blue-labeled cells in the retina ipsilateral to an injected 
tectum 

Age Age 
injected fixed TotaP 

Cen- 
tral Peripheral retina* 

retinab SN IN ST IT 

Tectal injections 
E9 El1 1550 + 136 43 10 9 10 8 
E9 El2 1738 + 211 38 11 10 10 9 
E9 El8 125 t- 107 15 4 3 33 
El6 El8 2+1 0 0 0 ow 

Forebrain injections 
E9 El2 0 0 0 0 00 

0 Mean number of cells + SD from at least 8 retinas. 
b Mean number of cells per rum?. For the sake of readability, SDS are not shown, 
but are always less than 20% of the number. Data are sbowu for the superior- 
nasal (SN), inferior-nasal (IN), superior-temporal (ST), and inferior-temporal (IT) 
retinal quadrants. 
<The inferior-temporal quadrant contained the labeled cells in some of these 
embryos. However, their density was too low to be reflected iu this number. 
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Group 3 

Embryos injected on E 16 and fixed on E 18 did not show labeling 
of cells across the entire retina contralateral to the injected tec- 
turn. Examination of the brain sections revealed only partial 
filling of the tecta by the fast blue injections. We never succeeded 
in making large enough dye injections to label the entire con- 
tralateral retina in a single embryo. These injections resulted in 
a variable number of labeled cells in the ipsilateral retina. Only 
when the contralateral retina was labeled in the lower temporal 
quadrant were labeled cells found in the ipsilateral retina. When 
the contralateral lower temporal retina was labeled, between 0 
and 8 fast-blue-labeled cells were found in the ipsilateral retina, 
with a mean of 2 f 1 cells (Fig. 3C’). These cells were always 
located in lower temporal retina. 

Group 4 
Ipsilateral retinofugal projections to nontectal visual nuclei are 
believed to persist in the mature chick (O’Leary et al., 1983). 
Because the large fast blue injections, particularly in groups 1 
and 2 above, spread into nontectal visual nuclei, it seemed 
possible that the ipsilaterally projecting ganglion cells that sur- 
vived the period of cell death may never have had axons that 
reached the ipsilateral tectum. To eliminate the possibility that 
the remaining labeled ipsilateral cells were actually cells with 
axons that projected to nontectal visual nuclei, it was necessary 
to make smaller dye injections that remained entirely restricted 
to the tectum, in order to label only ganglion cells with axons 
in the tectum. Fast blue was not particularly suited for this 
because of its considerable spread away from the area of the 
injection. After testing a number of retrograde tracers, DiI and 
latex microspheres were found to remain much more restricted 
to the area of the injection. 

Small, single DiI or latex microsphere injections were made 
into the tectum of E9 embryos. These embryos were processed 
on El 1 or El 8. Examination of the brain sections confirmed 

that these injections were confined to the tectum (Fig. 6). There 
were many labeled cells in a localized region of the contralateral 
retina corresponding topographically to the injection site (Cross- 
land et al., 1974). Also, there were no displaced ganglion cells 
labeled in the retinas of these embryos. A confined area of the 
ipsilateral retina in each embryo had a small population of 
labeled cells (Figs. 7,8), in retinas examined from both El 1 and 
El 8 embryos. However, the number of ipsilaterally labeled cells 
varied considerably from embryo to embryo. For this reason, 
a quantitative analysis of the number of ipsilaterally labeled 
cells at El 1 and E 18 was not meaningful. Most importantly, 
ipsilaterally labeled ganglion cells were consistently seen in E 18 
embryos, after the main period of cell death and after the elim- 
ination of the ipsilateral retinotectal projection. This clearly 
shows that a significant population of ganglion cells that project 
to the ipsilateral tectum early in development do not die by the 
time the ipsilateral projection has disappeared. 

Group 5 
Most embryos that received fast blue injections into the tectum 
had some fluorescence within the ventricles. This was often 
present on both sides. To determine whether the presence of 
fast blue within the ventricles could lead to ganglion cell labeling, 
large fast blue injections were made into the forebrain of a 
separate group of embryos. This resulted in considerable fluo- 
rescence along the entire ventricular system, including that of 
the tectum. In no case did the forebrain injections result in 
labeled ganglion cells. This group also served as a control for 
blood-borne dye transfer and any other nonspecific labeling of 
the ganglion cells. 

Discussion 
This study showed that approximately 1800 ganglion cells in a 
retina projected to the ipsilateral side of the brain prior to the 
period of ganglion cell death. This was based on retrograde 
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A. Inject ES+Fix E 11 

B. Inject ES+Fix E 18 

labeling of ganglion cells by large injections of fast blue into a 
tectum. Because of the retrograde labeling technique used, it is 
likely that this number includes ganglion cells that do not project 
to the tectum, but rather to other visual nuclei known to receive 
a projection from the ipsilateral retina (O’Leary et al., 1983; 
Weidner et al., 1985). Small tracer injections confined to the 
tectum labeled approximately 8% fewer cells in a given region 
of the ipsilateral retina than did large injections (S. C. McLoon, 
unpublished observations). This suggests that at least 92% of 
the 1800 ipsilaterally projecting ganglion cells do project to the 
tectum. This number of ipsilaterally projecting cells is somewhat 
less than that obtained using an anterograde labeling technique. 
Eye injections of rhodamine isothiocyanate labeled approxi- 
mately 2000 axons in the ipsilateral tectum at this stage of 
development (Thanos and Bonhoeffer, 1984). It would be ex- 
pected that anterograde labeling with intraocular injections is 
more efficient than retrograde labeling with injections into the 
target field. 

Approximately 725 of the ganglion cells in a retina that ini- 
tially projected ipsilaterally survived the peak period of cell 
death. This was determined by retrogradely labeling the ipsi- 
laterally projecting ganglion cells prior to the period of cell death 
with injections of fast blue into the tectum. These embryos were 
then allowed to survive until after the period of cell death, at 
which time the surviving labeled cells in these retinas were 

Figure 7. Plots of retinal whole-mounts 
from 2 embryos. The retinas on the left 
are ipsilateral to a tectum injected with 
latex microspheres. The dots indicate 
latex-microsphere-labeled cells in the 
ganglion cell layer. The retinas on the 
right are contralateral to an injected tec- 
turn. The shaded areas represent areas 
with the highest concentration of la- 
beled cells. A, Retinas from an embryro 
injected on E9 and fixed on El 1. B, 
Retinas from an embryo injected on E9 
and fixed on E18. Scale bar. 5 mm. 

Figure 8. Photomicrograph of a cell ipsilateral to an injected tectum, 
labeled with latex microspheres in the center of retinal whole-mounts. 
Scale bar, 10 pm. 
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counted. It is unlikely that the labeled cells that remained were 
the result of a secondary transfer of dye between cells in the 
retina. Dye spilled from a degenerating cell would most likely 
be taken up by several cells in the area. Our labeled cells were 
almost always alone. Also, the dye was confined to large cells 
of the ganglion cell layer, a characteristic that would suggest they 
are ganglion cells. Spilled dye would be taken up by glial cells 
of the optic fiber layer or Mtiller cells, which span all retinal 
layers; neither of these were observed. It is possible that the 
ipsilaterally projecting ganglion cells labeled by early injections 
of fast blue into the tectum were labeled by dye that had spread 
outside the tectum. Thus, those labeled cells that survived the 
period of cell death may represent cells that never projected to 
the tectum, but rather, had sustained projections to other non- 
tectal visual nuclei (O’Leary et al., 1983). This is unlikely be- 
cause only about 8% of the 1800 cells labeled by large tracer 
injections into the ipsilateral tectum prior to the period of cell 
death projected to nontectal nuclei. Even if all 8% survived, 
which is unlikely, they could not account for the 725 labeled 
cells remaining. Furthermore, this possibility is ruled out by the 
small injections of DiI or microspheres that were confined to 
the tectum. These small injections definitively showed that at 
least some ganglion cells with early ipsilateral retinotectal pro- 
jections survived the period of cell death. 

Based on counts of axons in the optic nerve at different ages 
of development, approximately 40% of all ganglion cells degen- 
erate during the peak period of cell death in the ganglion cell 
layer (Rager and Rager, 1977). Comparison of the counts before 
and after the period of cell death suggests that about 60% of the 
ipsilaterally projecting ganglion cells degenerated during this 
time. Because of variability in labeling, it would not be wise to 
take this number too literally, but it appears that ipsilaterally 
projecting ganglion cells have, at most, a slightly greater pro- 
pensity for death than the average ganglion cell. 

The results presented here, as well as those of others (McLoon 
and Lund, 1982; O’Leary et al., 1983; Thanos and Bonhoeffer, 
1984), show that the ipsilateral retinotectal projection is vir- 
tually eliminated by E 18. Anterograde labeling studies did not 
identify even a few axons in the tectum from the ipsilateral 
retina. However, a few labeled axons could easily have been 
overlooked. In the present study, only a few ipsilaterally pro- 
jecting ganglion cells were retrogradely labeled late in devel- 
opment, and it is not completely clear that these were labeled 
from the tectum. Dye from these injections had also spread into 
nontectal visual nuclei, which may have been the source of label 
for these cells. Because many of the ganglion cells that had axons 
projecting to the ipsilateral tectum early in development sur- 
vived past the elimination of this projection, it can be concluded 
that ganglion cell death in the chick is not solely responsible for 
the elimination of the ipsilateral retinotectal projection. 

There are 5 possible mechanisms for the apparent elimination 
of the ipsilateral retinotectal projection from ganglion cells that 
survived the major wave of cell death in the chick. First, cells 
could lose ipsilaterally projecting axon collaterals while retain- 
ing contralateral branches. Such a phenomenon has been de- 
scribed with regard to the laterality of the projection of certain 
cortical cells in mammals (Innocenti, 198 1; O’Leary et al., 198 1; 
Ivy and Killackey, 1982). However, this seems unlikely to be 
the case in the present study, because ganglion cells in the chick 
retina could not be double labeled by injections of tracers into 
each tectum early in development (Thanos and Bonhoeffer, 
1984). Second, cells could retract their ipsilaterally projecting 

axons to the chiasm and regrow them into the contralateral side. 
Recent studies of the chick visual system suggest that retinal 
axons are capable of making changes in their site of termination 
within the tectum during development (Nakamura and O’Leary, 
1989). A number of retinal axons were seen to grow over the 
contralateral tectum to topographically incorrect positions, and 
then, secondarily, turn or put out collaterals to the correct region 
of the tectum. A similar but more dramatic rearrangement of 
projections could account for the loss of the chick ipsilateral 
retinotectal projection. However, it would require retraction and 
growth of several millimeters at a time in which few axonal 
growth cones are found in the optic tract (McLoon, unpublished 
observations). Third, cells could withdraw their axons from the 
ipsilateral tectum and maintain collaterals or form new con- 
nections with other visual nuclei on the ipsilateral side of the 
brain. Ipsilateral retinofugal projections persist in the adult to 
certain visual nuclei, primarily the ectomamillary nucleus and 
nucleus extemus (O’Leary et al., 1983; Weidner et al., 1985). 
Fourth, cells could lose their axons and become amacrine cells. 
There is some evidence for ganglion cells converting to amacrine 
cells in the developing mammalian retina (Hinds and Hinds, 
1983) though this is still in debate (Perry et al., 1983). Fifth, 
cells could stop transporting tracer substances and degenerate 
over a longer period than the main wave of cell death. Some 
cells undergoing degeneration are encountered in the ganglion 
cell layer past El6 (Hughes and McLoon, 1979). Also, in the 
developing mammalian visual system, degenerating optic axons 
have been observed after the peak period of ganglion cell death 
(Williams et al., 1986). Further studies are required to evaluate 
these possibilities completely. 

It is interesting that the method for elimination of the ipsi- 
lateral retinotectal projection in the chick differs from the elim- 
ination of the ipsilateral isthmoretinal projection in the same 
species. There is a projection from the isthmo-optic nucleus to 
the ipsilateral retina that also mostly disappears during chick 
development (Clarke and Cowan, 1976). Unlike the ipsilateral 
retinotectal projection, this projection appears to be eliminated 
by the death of the neurons that give rise to the projection 
(O’Leary and Cowan, 1982). 

The development and elimination of the transient ipsilateral 
retinotectal projection in the chick contrasts in several ways 
with that of the rat and hamster. In the chick, there is a graded 
central-to-peripheral distribution of ipsilaterally projecting gan- 
glion cells, with the highest density in the central retina and the 
lowest in the peripheral retina. Also, the number of ganglion 
cells that project to the ipsilateral tectum from any given region 
of the retina is proportional to all cells in the ganglion cell layer 
of that region (as suggested by comparison of the data from this 
study to that of Ehrlich, 198 1). In the rat and hamster, however, 
the highest density of ipsilaterally projecting cells is in the pe- 
ripheral margin of the lower temporal retina, and the majority 
of ganglion cells in this region project to the ipsilateral side of 
the brain (Cowan et al., 1984; Insausti et al., 1984; Sretavan, 
1990). A more significant difference between these species ap- 
pears to be in the mechanism by which the transient ipsilateral 
retinotectal projection is eliminated during development. Al- 
though there is a significant projection from the lower temporal 
retina to the rostromedial portion of the ipsilateral superior 
colliculus in the mature rat and hamster, during development 
this projection arises from much of the retina and covers most 
of the ipsilateral colliculus (Frost et al., 1979; Land and Lund, 
1979). Long-lasting fluorescent dye studies suggest that cells 
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giving rise to the expanded portion of this projection selectively 
degenerate during the period of ganglion cell death (Cowan et 
al., 1984; Insausti et al., 1984). Thus, cell death appears to be 
the mechanism by which the expanded ipsilateral projection is 
eliminated in rats and hamsters. However, interpretation of the 
results in rodents is clouded by the presence of some cells in all 
areas of the mature retina with persistent projections to the 
ipsilateral tectum. 

The factors initiating the elimination of the ipsilateral pro- 
jections may also differ between rodents and chicks. Competi- 
tion appears to play an important role in the rat and hamster. 
If one eye is removed at birth, the expanded ipsilateral projec- 
tion persists to maturity (Finlay et al., 1979; Land and Lund, 
1979; Thompson, 1979), and the death of the cells giving rise 
to this projection is almost completely prevented (Cowan et al., 
1984; Insausti et al., 1984). In the chick, removal of one eye 
very early in development results in an even larger ipsilateral 
retinotectal projection than found in the normal embryo (Raffin 
and Reperant, 1975; Thanos et al., 1984). However, it is still 
completely eliminated during subsequent development (Thanos 
et al., 1984). 

In summary, this study has 2 main conclusions. First, some- 
what more than half of the ganglion cells giving rise to the 
ipsilateral retinotectal projection are lost during the period of 
developmental ganglion cell death. This suggests, at most, a 
slight predisposition for these cells to degenerate as compared 
to the entire ganglion cell population. Second, cell death alone 
cannot account for the disappearance of the ipsilateral retino- 
tectal projection. It seems likely that some cells must withdraw 
their axons from the ipsilateral tectum in favor of some other 
termination site. 
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