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Expressed by Prernigratory and Migrating Retinal Ganglion Cells 
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A monoclonal antibody, RA4, was developed that recognizes 
retinal ganglion cell axons in the mature retina. Between 
embryonic days 3 and 9, the RA4 antigen was associated 
with cell bodies in certain regions of the retina in addition 
to the ganglion cell axons. The RA4-positive cells were of 3 
types: an apolar cell adjacent to the ventricular surface, a 
bipolar cell that spanned the thickness of the retina, and a 
monopolar cell in the ganglion cell layer. Evidence suggests 
that these cells are premigratory and migrating retinal gan- 
glion cells. The expression of the RA4 antigen is the earliest 
indicator of ganglion cell differentiation yet reported. The 
existence of RACpositive apolar cells along the outer sur- 
face of the retina suggests that the ganglion cell phenotype 
is expressed as soon as the cell becomes postmitotic. Ap- 
proximately 20% of the migrating ganglion cells were in pairs. 
The paired cells most likely arose from the terminal division 
of a germinal cell. One possibility suggested by these data 
is that a ganglion cell-specific germinal cell arises from a 
pluripotent germinal cell. 

lmmunoblots and other analyses revealed the RA4 antigen 
to be a 140 kDa cytoplasmic protein in the retina. RA4 also 
recognized many long tract axons in the brain. In the brain, 
the RA4 epitope was observed on proteins with at least 7 
different molecular weights. Evidence suggests that differ- 
ent cell types may express the RA4 antigen with slightly 
different molecular weights. 

The sequence of ganglion cell differentiation in the vertebrate 
retina has been fairly well described (Ramon y Cajal, 19 11, 
1929; Morest, 1970; Hinds and Hinds, 1974; Prada et al., 198 1). 
In the scheme currently most accepted, a ventricular cell, ad- 
jacent to the retinal ventricle or external surface, undergoes 
mitotic division. This gives rise to apolar cells. An apolar cell 
extends a process through the thickness of the retina that joins 
the inner limiting membrane. * This results in a bipolar cell. The 
nucleus moves within the process towards the inner surface of 
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I The inner limiting membrane of the retina is continuous with the external 
limiting membrane of the rest of the CNS. The outer surface of the neural retina 
lines a ventricle during development, and this ventricle is continuous with the 
ventricular system of the brain. 

the retina. The bipolar cell breaks its attachment with the ven- 
tricular surface and extends an axon from its vitreal process into 
the optic fiber layer. Once the ventricular process is retracted 
the cell becomes a monopolar cell with its nucleus positioned 
in the developing ganglion cell layer. Finally, the monopolar 
cell extends dendrites becoming a multipolar ganglion cell. 

The point in this developmental scheme at which a ventricular 
cell first becomes committed to the ganglion cell phenotype or 
when the first ganglion cell characteristics are expressed remains 
unclear. Hinds and Hinds (1974) in an electron microscopic 
study of the developing mouse retina, reported that the migra- 
tion of the centrioles, which corresponded in time with the 
detachment of the ventricular process by the bipolar cell, was 
the first morphological change that could be definitively attrib- 
uted to differentiation of a ganglion cell from a ventricular cell. 
Morest (1970) went so far as to suggest that interaction of a 
ventricular cell with the inner limiting membrane at the vitreal 
surface may be required for development of the ganglion cell 
phenotype. 

A monoclonal antibody, RA4, that recognizes a retinal gan- 
glion cell antigen in chick is described here. RA4 appears to 
bind to retinal ganglion cells as early as their apolar stage of 
development. This suggests that ganglion cells begin to differ- 
entiate immediately after their last cell division. Certain results 
also suggest that at least some dividing ventricular cells may be 
committed to a ganglion cell lineage. 

The presence of the RA4 antigen was also examined by im- 
munohistochemistry and immunoblot in the developing chick 
brain. The antigen is expressed by most, if not all, long tract 
axons, although it may have a different molecular weight on 
different axons. 

Materials and Methods 
Animals. Fertilized chicken eggs, pathogen-free White Leghorn crossed 
with Rhode Island Red, were obtained from the University ofMinnesota 
Poultry Research Center. Eggs were incubated at 37°C in an egg incu- 
bator. Some embryos were removed from the shell after 3 d of incubation 
and placed in culture chambers (McLoon, 1985). Cultured embryos had 
both eye vesicles destroyed with a microcautery. The eyeless embryos 
were maintained in a forced-draft tissue culture incubator at 37”C, 95% 
relative humidity, and 1% CO,. 

Balb/c mice, 4-6 weeks old, were obtained from the University of 
Minnesota’s colony and used in the production of monoclonal anti- 
bodies. 

Monoclonal antibody production. Tecta were dissected from eyeless 
chick embryos at 10 d of incubation (E 10) and homogenized. Two mice 
received a 0.1 ml injection of the homogenate into a tail vein and a 0.4 
ml intraperitoneal (i.p.) injection of the homogenate mixed 1:l (vol/ 
vol) with Freund’s complete adjuvant. Two days later the mice received 
an i.p. injection of cyclophosphamide (40 mg/kg) (Matthew and Sand- 
rock, 1987). After 2 weeks the mice were immunized with tecta from 
normal El0 chick embryos administered as described above for the 
eyeless tecta. The mice were boosted twice at 3 week intervals. Three 
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d after the final booster, the spleens were removed from the mice. 
Hybridomas were prepared with NS- 1 myeloma cells according to stan- 
dard protocols (Kohler and Milstein, 1976; Lemmon and McLoon, 
1986). Hybridoma culture supematants were screened by immunohis- 
tochemistry on sections of’ El0 chick retina and brain. The antibody, 
RA4, was selected for further analysis based on its selective binding to 
ganglion cell axons. The I&44-producing colony was subcloned twice 
by limiting dilution and then expanded in 75 cm2 flasks. Culture su- 
pematant was harvested, and the antibodies were partially purified from 
the medium by ammonium sulfate precipitation. After desalting in a 
Centricon (Amicon), the antibody was dissolved in PBS at 10x its 
original concentration. This was used at a 1: 100 dilution in all the 
following procedures. 

Immunohistochemistry. Chicks of various ages from E6 to adult were 
perfused with 4% paraformaldehyde in phosphate buffer. Embryos on 
E34 were fixed by immersion in the same fixative. The eyes and brains 
of the chicks were cryoprotected in 20% sucrose/phosphate buffer over- 
night, embedded in a homogenate of brain, and sectioned at 12 pm in 
a cryostat. The sections were mounted on glass slides, rinsed in PBS, 
and blocked with 10% normal goat serum/0.3% Triton X- 1 OO/PBS. The 
tissue was then incubated for 1.5 hr in RA4/PBS, rinsed in PBS, and 
incubated for 1 hr in goat anti-mouse IgG conjugated to fluorescein 
isothiocyanate (Cappel). The slides were examined and photographed 
with an epifluorescence microscope. 

Adjacent sections were processed as controls. These sections were 
incubated in fresh culture medium in place of the primary antibody and 
processed as described above. No fluorescence significantly above back- 
ground levels was observed in these sections. 

Sections adjacent to some of those processed for immunohistochem- 
istry were also stained for 3 min with 0.000 1 O/a Nuclear yellow (wt/vol) 
in PBS to allow counting of mitotic figures in the region of RA4-positive 
cells. 

Retinal explant cultures. Retinas were dissected from E6 chick em- 
bryos. The retinas were cut into pieces approximately 0.5 mm2 in F12 
medium (Gibco). The fragments of retina were transferred to laminin- 
coated glass coverslips (Kapfhammer et al., 1986) in F12 medium sup- 
plemented according to Bottenstein (Bottenstein et al., 1980) with the 
addition of 2 mM glutamine and 0.005 mg/ml gentamicin. The cultures 
were maintained at 37°C and 5% CO,. After 2 d in culture, the explants 
were processed for immunochemistry. The RA4 antibody was added 
to half the cultures for 1.5 hr. These explants were then rinsed in medium 
and fixed with 4% paraformaldehyde/phosphate buffer (pH 7.3). The 
other half of the cultures were fixed with paraformaldehyde, perme- 
ablized in 0.3% Triton X-lOO/PBS for 10 min. and incubated in RA4 
for 1.5 hr. All cultures were rinsed in PBS and’incubated in secondary 
antibody as described above. 

Live cultures stained with the RA4 antibody were negative, and thus 
served as controls. 

Immunoblots. Retinas or tecta were dissected from embryos at 2 d 
intervals from E4 to El 8 and from an adult chicken. Whole adult chicken 
brain lacking the tecta was also used. The tissue was homogenized in 
an SDS sample buffer that contained 6% 2-mercaptoethanol, boiled for 
5 min, and run on a 5% SDS-PAGE (Laemmli, 1970). The proteins 
were transferred from the polyacrylamide gel to nitrocellulose electro- 
phoretically (Towbin et al., 1979). Strips of the blots were blocked with 
10% B&A/PBS, incubated for 2 hr in RA4/PBS, rinsed in PBS, and 
incubated in aoat anti-mouse IaG coniuaated to HRP (Siama) for 2 hr. 
After rinsing in PBS, the blot st;ps were incubated in diaminobenzidine 
and hydrogen peroxide. A mixture of prestained proteins with known 
molecular weights from 84 to 180 kDa (Sigma) was run in a parallel 
lane of each gel. 

Results 

A monoclonal antibody, RA4, was prepared that recognizes an 
antigen associated with certain cell types in the developing and 
mature retina as well as some cellular elements of the brain. 
The initial characterization of this antigen concentrated on im- 
munohistochemical localization in the primary visual system 
and a preliminary biochemical analysis. 

Retina immunohistochemistry 
The distribution of the RA4 antigen in the retina was examined 
by immunohistochemistry at approximately 3 d intervals from 

E3 to adult (2 months posthatch). Staining with the RA4 an- 
tibody was found in the retina at all ages examined, but the 
distribution of the antigen showed distinct changes during de- 
velopment. Early on E3, the R-A4 antigen was expressed on some 
round or apolar cells within the outer cell layer or mitotic region 
ofthe retina. RA4 also appeared to stain bipolar cells that spanned 
the retina from the vitreal (inner) to the ventricular (outer) sur- 
face. The nuclei of the bipolar cells were variably positioned 
between the vitreal and ventricular surfaces. Late on E3 and on 
E4, an additional RA4-positive cell type was seen (Fig. 1A). 
These were unipolar cells positioned towards the vitreal surface 
of the retina, presumably in the developing ganglion cell layer. 
These cells each had a single process that extended along the 
inner surface of the retina, which appeared to constitute the 
early optic fiber layer. All cells that expressed the RA4 antigen 
were confined to a small region of central retina at these early 
stages. No mitotic figures were encountered that were positive 
for RA4. 

A similar staining pattern as that seen in central retina on E3 
was encountered in more peripheral retina on E6 and E9 (Fig. 
1B). Round cells in the mitotic layer, bipolar cells spanning the 
thickness of the retina, and unipolar cells in the ganglion cell 
layer all expressed the RA4 antigen. In all central regions of the 
retina at these ages, the optic fiber layer was positive for RA4, 
but there was no staining on any cells or in any deeper layers 
of the retina. The very most peripheral margin of the retina did 
not stain. Again, no mitotic figures appeared positive for RA4. 

The cells that were positive for RA4 very often appeared as 
an adjoining pair (arrow in Fig. 1B). This was readily evident 
on casual inspection of the retinas, but an attempt was made to 
quantify this phenomenon. One hundred RA4-positive apolar 
or bipolar cells in each of 3 E3.5 and 3 E6 eyes (for a total of 
600 cells) were scored as paired or unpaired. Just under 2 1% of 
the RA4-positive cells were paired. There was no significant 
difference between the 2 ages. In order to determine whether 
this frequency of RA4-positive cell pairs was the result of ad- 
jacent germinal cells dividing, the incidence of paired mitotic 
figures was determined. Adjacent sections to those used in the 
RA4-positive cell count were stained to show nuclei with Nu- 
clear yellow. Paired and unpaired metaphase and anaphase cells 
in the same retinal areas that contained RA4-positive cells were 
counted. All these cells were along the ventricular surface of the 
developing retina. Slightly more than 1% of the metaphase/ 
anaphase cells were next to another metaphase/anaphase cell. 
This suggests that pairs of RA4-positive cells do not arise as a 
result of the division of 2 adjacent germinal cells. It is more 
likely that paired RA4-positive cells are the 2 daughter cells 
resulting from the division of a single germinal cell. 

RA4 staining in the retina was confined to the optic fiber layer 
at all ages examined past E9 (Fig. 1 C’). 

Brain immunohistochemistry 
RA4-positive axons could be traced from the eye into the brain 
beginning as early as E4. In addition to the staining on retinal 
axons, many long tract axons in both the central and peripheral 
nervous system were RA4 positive. The analysis presented here 
is confined to the staining pattern in the optic tectum. Prior to 
E6 there was little of the RA4 antigen present in the tectum that 
could be detected by immunohistochemistry. On E6, RA4-pos- 
itive fibers were present in stratum opticum at the rostroinferior 
margin of the tectum. Presumably these were the first retinal 
axons to arrive in the tectum (McLoon, 1985). On E9 a broad 
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Figure 1. Fluorescence photomicro- 
graphs of sections from retina stained 
immunohistochemically with the RA4 
antibody. The vitreal (inner) surfaces 
are towards the top and the ventricular 
(outer) surfaces are towards the bottom 
in each micrograph. A, Central retina 
from an E3.5 embryo. An apolar cell is 
present at the far right near the ven- 
tricular surface (open arrow). Several 
bipolar cells span the thickness of the 
retina such as the one to the far left. 
Unipolar cells (closed arrows) near the 
vitreal surface appear to extend pro- 
cesses into the optic fiber layer. B, Pe- 
ripheral retina from an E9 embryo. A 
pair of RA4-positive cells is in the low- 
er center (arrow). Peripheral retina is 
towards the left; central retina is to- 
wards the riaht. C. Retina from an El2 
embryo. Thi optic fiber layer along the 
vitreal surface is RA4 positive in each 
of these sections. Scale bars, 50 pm. 

band of RA4-positive fibers was present in the inner half of surface by E9 (Fig. 2A). Their distribution over the tectum 
layer i of the tectum (tectal layers are according to LaVail and matched that of the retinal axons as demonstrated by antero- 
Cowan, 197 1). The RA4-positive fibers, which first appeared in grade tract tracing techniques (McLoon, 1985). To further sup- 
the stratum opticum on E6, had covered more of the tectal port that the RA4 antigen in the stratum opticum was associated 
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Figure 2. Fluorescent photomicrographs of sections E9 tectum from a normal (A) and an eyeless (B) chick embryo stained with the RA4 antibody. 
In the section of normal tectum the stratum opticum (at the top) is RA4 positive. In the section of eyeless tectum, the staining in the stratum 
opticum is absent. Both sections show staining in layer i deep in the tectum. Scale bar, 100 pm. 

with retinal axons, eyeless E9 chick embryos were processed for 
immunohistochemistry. The RA4 staining in the deep layer of 
tectum was present in the eyeless embryos; however, the staining 
in the optic fiber layer was absent (Fig. 2B). By E 12, there were 
3 populations of RA4-positive fibers present in the tectum (Fig. 
3). These were in layers iii, iv, and stratum opticum (or xii). 
During all these developmental ages there were some radially 
oriented bipolar cell bodies that stained faintly with RA4, but 
these cells never showed the intensity of staining exhibited by 
cells in the early retina. At least 4 distinct layers of RA4-positive 
fibers could be seen in the tectum from El8 through the adult 
(Fig. 4). From the inside towards the outside these fibers were 
in the stratum griseum periventriculare, stratum album centrale, 
stratum griseum centrale, and stratum opticum. There were also 
a few RA4-positive processes scattered through the stratum gri- 
seum et fibrosum superficiale (SGFS). However, the density of 
RA4 positive processes in the SGFS did not begin to match the 
density of retinal axons present in these layers (McLoon, 1985). 

Retinal explant immunohistochemistry 
Explants were prepared from E6 chick retina and processed for 
immunohistochemistry using the RA4 antibody. A considerable 
number of neurites grew out from the retinal explants after 2 d 
in vitro (Fig. 5, A, C’). Living explants exposed to the RA4 
antibody, then fixed and treated with the secondary antibody, 
had faint fluorescence in the explant but no staining of the 
neurites (Fig. 5B). Cultures that were fixed, permeablized with 

the detergent Triton X-100, and then stained with the RA4 
antibody exhibited bright staining in all the neurites (Fig. 5D). 
In some cases, the staining clearly extended into the lamellipodia 
at the end of the growth cones (arrow in Fig. 5D). At higher 
magnification the staining within the neurites appeared to be a 
meshwork of fine fibrils (not shown). 

Immunoblots 
Retinal and tectal tissues of different ages were processed for 
SDS-PAGE. The gels were transblotted on to nitrocellulose, and 
the blots were reacted with the RA4 antibody and a secondary 
antibody coupled to HRP (Fig. 6). Retinal tissue at all ages 
examined from E4 to adult resulted in one sharply focused RA4- 
positive band with an approximate M, of 140,000. No additional 
RA4-positive bands were found with retinal tissue at any age. 
Boiling the tissue for 20 min prior to running the gel abolished 
all staining of the transblot. Omission of the 2-mercaptoethanol 
from the sample buffer did not alter the mobility of the RA4 
antigen. The RA4 antigen was extracted from El0 retinas with 
several nonionic detergents (i.e., Tween-20, NP-P40, T&on 
X-100) or a low-salt buffer, as well as SDS. 

Tectal tissue showed variations in the number of RA4-pos- 
itive bands in the immunoblot, variations that were dependent 
on the age of the embryo. At E4 no RA4-positive bands were 
found. At E6 a faint band at 140 kDa was variably encountered. 
At E8 and ElO, two bands were found at 140 and 125 kDa. At 
El 2 and E14, tectal tissue gave 3 bands at 150, 140, and 125 
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Figure 3. Fluorescent photomicrograph of a section of El2 tectum 
stained with the RA4 antibody. Axons in stratum opticum (layer xii) 
and layers iii and iv are R44 positive. Scale bar, 100 pm. 

kDa. One additional band just below the 150 kDa band (- 147 
kDa) was present from E 15 through the adult. The effect of 
reduction and boiling of the tectal tissue was the same as with 
retinal tissue. Antibodies eluted from the 140 kDa band of an 
immunoblot of E 12 retina recognized all 3 bands in a blot of 
El 2 tectum. This virtually eliminates the possibility that the 
antibody is polyclonal. 

The RA4 antibody recognized 7 bands in blots of whole adult 
chicken brain (that lacked both tecta). The bands had approx- 
imate masses of 150, 145, 140, 137, 128, 125, and 120 kDa. 
When processed on the same blot the 145 kDa band from whole 
brain did not match the migration of the 147 kDa band from 
adult tectum. 

Discussion 

A monoclonal antibody, RA4, was developed that recognizes 
an antigen in discrete regions of the mature and developing chick 
retina. In the mature retina, RA4 immunoreactivity was con- 
fined to the optic fiber layer. Between embryonic days 3 and 9, 
RA4 staining was associated with cells in certain regions of the 
retina in addition to the optic fiber layer. The RA4-positive cells 
were of 3 types: an apolar cell adjacent to the ventricular surface, 
a bipolar cell that spanned the thickness of the retina, and a 
monopolar cell in the ganglion cell layer. In E3-4 embryos, these 
RA4-positive cells were found in central retina. In older em- 
bryos up through E9, these cells were found in progressively 
more peripheral retinal areas. 

Figure 4. Fluorescent photomicrograph of a section of adult tee 
stained with the R44 antibody. Axons in stratum opticum (SO), stra 
griseum centrale (sgc), stratum album centrale (sac), and stratum 
seum periventriculare (sgp) are R44 positive. Scale bar, 100 pm. 

turn 
pri- 
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Figure 5. Retinal explants stained with the RA4 antibody and photographed with differential interference microscopy to show all processes (left) 
and fluorescence microscopy to show labeling with the RA4 antibody (right). The top explant (A, B) was living when exposed to the antibody and 
shows no staining. The lower explant (C, 0) was fixed and its membranes permeablized before being exposed to the antibody. It shows staining of 
the neurites, including the growth cones (arrows). Scale bar, 50 pm. 

There is little doubt that the RA4 immunoreactivity in the 
optic fiber layer was associated with the ganglion cell axons. 
The axons are the major cellular component of this layer, and 
the staining pattern was consistent with the distribution of the 
axons. The RA4-positive ganglion cell axons could also be traced 
into the brain and along the optic tract to the various visual 
nuclei. In eyeless embryos, this RA4 staining was absent in the 
visual pathway. The neurites that extend from retinal explants 
in culture originate from the ganglion cells (Johns et al., 1978) 
and these too expressed the RA4 antigen. 

The RA4 antigen in the early developing retina that was out- 
side the optic fiber layer also appeared to be confined to ganglion 
cells. Four lines of evidence support this conclusion. First, the 
developmental age and retinal position of RA4-positive cells 

outside the optic fiber layer correlates with the time and po- 
sition of retinal ganglion cell genesis and migration based on 
thymidine autoradiography (Fujita and Hoi-ii, 1963; Kahn, 1973, 
1974; McLoon, 1984). Second, the different morphologies of 
the cells, as identified by immunohistochemistry in the early 
developing retina, match those of the different stages of ganglion 
cell development as proposed by others (Ramon y Cajal, 19 11, 
1929; Mores& 1970; Hinds and Hinds, 1974; Prada et al., 198 1). 
Third, when ganglion cells are becoming postmitotic in the pe- 
ripheral retina, other cell types are becoming postmitotic and 
undergoing migration in more central areas of the retina (Fujita 
and Horii, 1963; Kahn, 1974). Outside the optic fiber layer, cells 
in these more central retinal areas are not RA4 positive. Fur- 
thermore, no RA4-positive cells are present outside the optic 
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Figure 6. Immunoblots of extracts 
from retina (R), tectum (73, and whole 
brain lacking tectum (B) from E4 to 
adult chicks processed with the RA4 
antibody. Molecular weight indicators 
along the left side are in kDa. R T 

fiber layer after the last ganglion cells have divided and migrated. 
The last ganglion cells are generated on El0 (Kahn, 1973; 
McLoon, 1984). It may take an additional day for these cells to 
migrate up to the ganglion cell layer. No migrating RA4-positive 
cells were present on E12, even though many nonganglion cell 
types were still dividing and migrating at this age in most areas 
of the retina. Fourth, monopolar cells, cells clearly ending mi- 
gration, were only found in the ganglion cell layer, and many 
of these had obvious axons extending into the optic fiber layer. 
It is somewhat surprising that displaced ganglion cells were not 
identified by RA4. It may be that not all ganglion cells express 
the RA4 antigen, or the displaced ganglion cells may develop 
as the result of a secondary migration of cells from the ganglion 
cell layer after the expression of the RA4 antigen has become 
more restricted. It cannot be ruled out that some of the RA4- 
positive cells are amacrine cells that undergo a stage of matu- 
ration in which they resemble ganglion cells. There is some 
evidence for such a sequence in amacrine cell development 
(Hinds and Hinds, 1983). Thus, the evidence suggests that the 
majority of RA4-positive cells outside the optic fiber layer were 
premigratory and migrating ganglion cells. Since no dividing 
cells were RA4 positive, it would appear that these cells were 
postmitotic. 

If the RA4 antigen within the retina is a unique molecule of 
retinal ganglion cells, then the expression of the RA4 antigen is 
the earliest ganglion cell characteristic to develop yet reported. 
As described at the beginning of this paper, a postmitotic cell 
that differentiates into a ganglion cell passes through a series of 
stages: an apolar cell adjacent to the ventricular surface, a bipolar 
cell that spans the thickness of the retina, a monopolar cell in 
the ganglion cell layer, and finally a multipolar cell (Mores& 
1970; Prada et al., 198 1). The earliest ganglion cell characteristic 
previously identified was during retraction of the ventricular 
process by the bipolar cell (Hinds and Hinds, 1974). Since the 
RA4 antigen is expressed by all these cell stages, including apolar 
cells along the ventricular surface, it appears that the ganglion 
cell phenotype is expressed by cells as soon as they become 
postmitotic. Thus, it would appear that interaction of a post- 
mitotic cell with the vitreal portion of the retina is not essential 
for inducing the ganglion cell phenotype as has been previously 
suggested (Morest, 1970). Such early differentiation of the gan- 
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glion cell phenotype might even suggest that the cell’s fate was 
determined prior to its final division. 

Approximately 20% of the migrating RA4-positive ganglion 
cells appeared to be closely apposed to a second RA4-positive 
cell. This percentage could actually be a low estimate since some 
RA4-positive cells may have had an adjoining RA4-positive 
cell outside the plane of section. No effort was made to determine 
this through serial section analysis. Other investigators have 
observed pairs of cells differentiating into ganglion cells (Se- 
christ, 1969; Hinds and Hinds, 1974). There are 3 explanations 
most likely to account for the cell pairs. First, adjacent germinal 
cells may have divided at the same time, giving rise to adjacent 
daughter cells that both differentiated into ganglion cells. This 
seems unlikely since we almost never encountered (- 1%) 2 
adjacent mitotic profiles in stained sections of retina. Second, 
some germinal cells may be RA4 positive and give rise to 2 
RA4-positive cells, one of which continues as a germinal cell. 
This also seems very unlikely since no RA4-positive cells were 
found undergoing mitosis. It seems even more unlikely that a 
cell would synthesize a 140 kDa protein and then completely 
catabolize it in order to undergo another division. Third, a 
germinal cell could undergo its terminal cell division giving rise 
to 2 cells, both of which differentiate into RA4-positive ganglion 
cells. However, this too seems unlikely in light of recent analyses 
of retinal cell lineage using retroviruses or rhodamine-labeled 
cells (Turner and Cepko, 1987; Wetts and Fraser, 1988). These 
studies suggest that an individual germinal cell can give rise to 
cells in all layers of the retina. Since ganglion cells are the first 
cells to arise (Fujita and Horii, 1963; Kahn, 1974), one would 
not expect to see 2 ganglion cells produced by the terminal 
division of a pluripotent germinal cell. It is still possible that 
some pluripotent germinal cells do randomly withdraw from 
the mitotic cycle early in retinal development. Another possi- 
bility is that a common germinal cell gives rise to determined 
germinal cells. The determined germinal cells could undergo a 
very limited number of divisions with all progeny differentiating 
into ganglion cells, and the paired RACpositive cells would 
represent the terminal divisions of such determined germinal 
cells. In this regard, it is interesting to note that there is a region 
of cell division in the retina peripheral to where the ganglion 
cells are generated (far left in Fig. 1B). Division of pluripotent 
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germinal cells in this region could give rise to determined ger- 
minal cells. One aspect of this scheme is supported by an analysis 
of germinal cell renewal in the developing chick retina (Dutting 
et al., 1983). It was shown that during early retinal development 
(at least until E7) more than half the cells resulting from cell 
division were still capable of dividing. This means that some 
cell divisions gave rise to 2 dividing cells. An analysis of mosaic 
compound eyes showed that progeny of dividing cells remained 
restricted to a single layer of retina (O’Gorman et al., 1987). 
This also supports the suggestion of committed germinal cells. 
The possibility ofcells dividing that are committed to a neuronal 
phenotype is not a novel idea. In the sympathetic nervous sys- 
tem, neurons that have already differentiated have been shown 
to undergo division (Rothman et al., 1978, 1980; Ciment and 
Weston, 1982; Rohrer and Thoenen, 1987). Also, cells in the 
mitotic layer of the developing chick spinal cord were shown 
to express neurofilament proteins (Tapscott et al., 1981). It was 
concluded that these were dividing cells that had begun to dif- 
ferentiate a neuronal phenotype. However, the possibility that 
these were postmitotic premigratory neurons was not consid- 
ered. 

Immunohistochemistry using RA4 on tissue sections, partic- 
ularly with the early developing retina, showed cytoplasmic 
staining in cells cut in cross section (Fig. 1A). However, it was 
not clear whether the RA4 antigen was also expressed on the 
cell surface. In order to determine whether the RA4 antigen is 
a cell surface component, live retinal explants were processed 
for immunochemistry with RA4. The antibody failed to bind 
to live axons in culture, while fixed axons permeablized with 
detergent stained very brightly with the antibody. This shows 
that the RA4 antigen is intracellular. 

Preliminary biochemical characterization suggests that the 
RA4 antigen in the retina is a protein with a molecular weight 
of 140,000. The molecular weight was determined by comparing 
the relative mobility of the antigen with SDS-PAGE to several 
protein standards as detected in immunoblots. Since the antigen 
was heat sensitive, it is probably a protein or glycoprotein. Based 
on the sharpness of the band on the immunoblots, the antigen 
must have minimal glycosylation (Goding, 1986). Since the rel- 
ative mobility of the antigen was not influenced by reduction, 
it probably lacks interchain disulfide bonds. The antigen ex- 
tracted very easily (i.e., with a low-salt buffer), which suggests 
that it is not membrane bound. At this time no effort has been 
made to compare the RA4 antigen to any known molecules. 
Given these biochemical characteristics and its fibrillar appear- 
ance with immunochemistry, it is probably a component of the 
cytoskeleton. Certain cytoskeletal elements have been shown by 
electron microscopy to redistribute from the cell body to the 
axon during ganglion cell development (Sechrist, 1969); the same 
redistribution of the RA4 antigen was seen. 

The molecular weight ofthe RA4 antigen appeared to be much 
more variable in the brain than it was in the retina. The number 
of bands and their molecular weights on immunoblots varied 
for brain tissue depending on the brain region sampled and the 
age of the embryo. This has been best characterized for the 
tectum. At the earliest age examined no R.44 activity was found 
in the blots of tectum. In the adult, 4 bands were found with 
molecular masses of 125-150 kDa. Each of these bands ap- 
peared at a different time in development. As each new popu- 
lation of RA4-positive axons appeared in the tectum, a new 
band appeared in the immunoblot. Examination of the entire 
adult brain by immunoblot revealed as many as 7 bands with 

masses of 120-l 50 kDa. These data suggest that the RA4 antigen 
is present in many, if not all, long projecting axons and that it 
may have different apparent molecular weights in different pop- 
ulations of axons. 

In summary, this study suggests that the RA4 antigen within 
the developing and mature retina is confined to retinal ganglion 
cells. The presence of the RA4 antigen on migrating and pre- 
migratory cells suggests that ganglion cells begin differentiation 
as soon as they become postmitotic. The presence ofsome paired 
migrating ganglion cells suggests that some ganglion cells arise 
from the terminal division of a germinal cell. One possible in- 
terpretation of these results is that some dividing cells in the 
retina are committed to a ganglion cell lineage. 
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