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A Monoclonal Antibody that Distinguishes between Temporal and 
Nasal Retinal Axons 

Steven C. McLoon 

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

A monoclonal antibody was developed that recognizes an 
antigen with an asymmetric distribution in the chick retina. 
lmmunohistochemistry showed that this antigen, temporal 
retinal axon protein (TRAP), was present on most if not all 
axons that arose from the temporal side of the retina. Very 
few of the axons from the nasal side of the retina were 
positive for TRAP. The nasal-temporal difference appeared 
to be in the number of axons that stained with this antibody 
rather than in the intensity of staining. The transition between 
nasal and temporal retina based on TRAP distribution ap- 
peared to be a vertical line centered on the optic fissure. A 
competition-based ELISA was developed to quantify the av- 
erage amount of TRAP on axons in different regions of the 
retina. This assay also suggested that the pattern of TRAP 
distribution across the retina was a step function, though 
the results did not completely rule out the possibility of a 
continuous concentration gradient oriented circumferentially 
around the retina. Explants of embryonic nasal and temporal 
retina had a similar dichotomy in TRAP expression during 
the first 1 or 2 d in culture. The antibody to TRAP bound to 
retinal neurites in culture without the cell membrane being 
made permeable, which suggests that TRAP is a cell-surface 
molecule. In culture, TRAP was also expressed on the growth 
cones. lmmunoblots showed that TRAP is trypsin sensitive 
and has an approximate molecular mass of 135 kDa. This 
is the first molecule identified with an asymmetric distribu- 
tion in the nasal-temporal axis of the retina. Its distribution 
correlates with previous studies that demonstrated differ- 
ences in the activity of axons in culture from the nasal and 
temporal sides of the retina. It is possible that TRAP has a 
role in development of a topographic pattern of axonal con- 
nections between the eye and central visual nuclei in the 
brain. 

The axons of retinal ganglion cells project to the central visual 
nuclei in the brain in a topographic pattern, such that the 2-D 
pattern of the ganglion cells across the retina is approximately 
recreated in the pattern of their terminals in the visual nuclei 
(Hamdi and Whitteridge, 1954). Alteration in the projection 
pattern of the ganglion cell axons results in ineffective processing 
of visual information and an inability to respond to visual stim- 
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uli in a meaningful manner (So et al., 198 1). The mechanism 
responsible for development of this orderly pattern of connec- 
tions is unknown. One theory that has gained wide acceptance 
and has considerable experimental support is the chemoaffinity 
theory (Sperry, 1963). This theory proposes that neurons acquire 
positionally dependent chemical labels and that the pattern of 
connections is due to the selective affinity between the labels 
carried on the growing axons and the cells to which they connect. 
The genome seems too small to allow for a unique chemical 
label on each ganglion cell. Alternatively, two molecules dis- 
tributed across the retina in concentration gradients perpendic- 
ular to one another could impart positional labels to these cells 
(Fraser, 1980; Gierer, 1983). 

A number of studies have demonstrated differences between 
cells in dorsal and ventral retina that may reflect positional labels 
in this axis. These studies described differences in the ability of 
dorsal and ventral retinal cells to interact both with each other 
(e.g., Gottlieb et al., 1976) and with cells in different regions of 
the optic tectum (e.g., Barbera, 1975). Several molecules have 
been identified in dorsal-ventral concentration gradients in the 
developing retina (Marchase, 1977; Trisler et al., 1981; Irwin 
et al., 1985; Constantine-Paton et al., 1986; Rabacchi et al., 
1990). However, there is still no definitive evidence that shows 
these molecules function as positional labels for growing axons. 

A dorsal-ventral gradient would give positional information 
for one dimension of the 2-D retinal map. For each cell in the 
map to have a unique positional label, at least one more posi- 
tional vector would be required, possibly a nasal-temporal gra- 
dient. Although early studies using cell membranes failed to 
identify nasal-temporal differences in the retina (e.g., Barbera, 
1975; Gottlieb et al., 1976), more recent studies, which used 
live retinal axons, have demonstrated such differences (e.g., 
Halfter et al., 1981; Bonhoeffer and Huf, 1982). However, no 
molecules have previously been reported as having a nasal- 
temporal concentration difference in the retina. 

This study describes a molecule, identified by virtue of its 
binding by a monoclonal antibody, with an asymmetrical dis- 
tribution in the nasal-temporal axis of the retina. 

Materials and Methods 
Animals. Newborn mice were obtained for the production of monoclo- 
nal antibodies by mating 6-7-week-old BaIb/c mice (from Harlan- 
Sprague Dawley Inc.). 

Fertilized chicken eggs, pathogen-free White Leghorn crossed with 
Rhode Island Red, were obtained from the University of Minnesota 
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 transferred to culture chambers (McL.oon, 1985). Cultured embryos 
had both eye vesicles destroyed by microcautery on the day they were 
removed from the shells. The eyeless embryos were maintained in a 
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forced-draft culture incubator at 37°C. with 95% relative humidity and 

intraperitoneally. This was repeated 2 weeks later, again with normal 

1% co,. 

chick tectum. Three davs after the booster. the snleens were removed 

Monoclonal antibody production. Monoclonal antibodies were pre- 
oared bv a subtractive immunization orotocol (Hockfield, 1987: Ver- 
meerscd et al., 199 1). The lower half of iecta were dissected from eyeless 
embryos on day 9 of incubation (E9) and homogenized in a small amount 
of phosphate-buffered saline. The total protein concentration in the 
tissue homogenate was determined in an aliquot of the sample solu- 
bilized in 0.5% Triton X-100 using the BCA assay (Pierce). The ho- 
mogenate was diluted to 5 mg protein/ml. A litter of mice within 12 hr 
of birth received an intraperitoneal injection of 20 ~1 diluted tissue 
homogenate. After 3 weeks, these mice were injected with a homogenate 
of tectum prepared as described above from normal chick embryos; 100 
~1 of the homogenate was injected into the tail vein, and 400 ~1 of the 
homogenate mixed 1: 1 with Freund’s complete adjuvant was injected 

in 0.05% trypsin in a calcium/magnesium-free Hank’s medium for 15 
min at 37°C prior to homogenization in the sample buffer. Trypsin- 
treated samples were processed as described above. Protein standards 
ranging in molecular weight from 84 to 205 kDa were run in an addi- 
tional lane of the gel and visualized on the blot with Aurodye (Janssen). 

were determined empirically to give the maximum signal-to-noise ratio. 
Retinas were dissected in PBS from E9 chick embryos for use in 

C-ELLSAs. A competition-based enzyme-linked immunosorbent as- 
say (C-ELISA) was used to determine the relative amount of TRAP and 
Ll in different regions of the retina. Unlike a standard ELISA, which 
is most effective for showina relative amounts of antibody. the C-ELISA 
shows a linear relationship-between antigen concentration and optical 
density (OD). The assay used either a known or an unknown amount 
of soluble antigen mixed with the antibody to alter the amount of an- 
tibody available to bind a fixed amount of antigen on the plate. The 
assay in effect measured the amount of antibody that remained after 
treatment with the test antigen. The assay conditions described here 

from two of the mice..Hybridomas were ‘produced by fusion of the 
spleen cells with NS-1 myeloma cells according to standard protocols 
(Kohler and Milstein, 1975). Hybridoma culture supematants were 
screened by immunohistochemistry on frozen sections of paraformal- 
dehyde-fixed E9 chick retina as described below. One antibody, RAS, 
was selected for further analysis based on its selective binding to axons 
from the temporal side of the retina. The RAS-producing colony was 
subcloned twice by limiting dilution and then expanded in 75-cm2 flasks. 
Culture supematant was harvested and centrifuged at 1500 x g for 10 
min. The supematant from this low-speed spin was used as the “RA5 
antibody” in all the following procedures. 

Zmmunohistochemistry. Immunohistochemistry was used to study the 
distribution of RA5 immunoreactivity in retinas of different ages. Em- 
bryos from E3 to E5 were fixed by immersion in 4% paraformaldehyde/ 
0.1 M phosphate buffer. Chicks, E6 and older, were perfused through 
the heart with the same fixative. Eyes and brains of the chicks were 
cryoprotected in 20% sucrose/phosphate buffer overnight, embedded in 
a homogenate ofbrain, and sectioned at 12 pm in a cryostat. The sections 
were mounted on chrome-alum-coated glass slides. After rinsing the 
slides in PBS, nonspecific staining was blocked by incubation of the 
sections in 10% normal goat serum/PBS. The sections were then in- 
cubated for 1.5 hr in the RA5 antibody, rinsed in PBS, and incubated 
for 1 hr in goat anti-mouse IgG antibody conjugated to fluorescein 
isothiocyanate (Cappel). The slides were examined and photographed 
with an epifluorescence microscope. 

Adjacent sections were processed as controls. These were processed 
as described above except that they were incubated in fresh culture 
medium or a monoclonal antibody that does not bind chick retina in 
place of the RA5 antibody. No significant fluorescence was detected in 
the control slides. 

Retinal explant cultures. Retinas were dissected from E4 chicks, and 
small squares were cut from the most peripheral portions of the nasal 
or temporal sides of the retinas. The retinal squares were cultured on 
laminin-coated coverslips in defined medium (McLoon and Barnes, 
1989). The explants were processed for immunohistochemistry after 1, 
2.4. or 6 d in culture. The medium was changed to F12 with 12% horse 
serum and 3% fetal calf serum. A volume 07 the RA5 antibody equal 
to that of the medium in the dish was added to each live culture for 1 
hr. The cultures were then rinsed in two changes of F12 medium over 
a IO-min period and fixed with 2% paraformaldehyde, 0.5% dextrose, 
and 0.1 M phosphate buffer (pH, 7.3) for 1 hr at 4°C. The cultures were 
next rinsed in PBS and treated with a secondary antibody as described 
above. The coverslips with the explants were inverted onto a microscope 
slide and examined by fluorescence microscopy. 

Zmmunoblots. The relative molecular weight of TRAP was deter- 
mined by means of immunoblots. Retinas were dissected from ES-9 
chick embryos and homogenized in an SDS sample buffer. The ho- 
mogenate was centrifuged at 17,000 x g for 10 min, and the supematant 
was electrophoresed through a 5% polyacrylamide gel (Laemmli, 1970). 
The proteins were transferred from the gel to nitrocellulose electro- 
phoretically (Towbin et al., 1979). Strips ofthe blots were blocked with 
10% B&A/PBS. incubated for 2 hr in the RA5 antibody. rinsed in PBS. 

preparing ELISA plates. The tissue was homogenized in 36 mM n-octyl 
fi-d-glucopyranoside, 70 &ml aprotinin, 100 pg/ml leupeptin, 30 r(g/ 
ml pepstatin A, 1 &ml phenyl methyl-sulfonyl fluoride (PMSF), and 
PBS on ice and centrifuged for 10 min at 17,000 x g. The supematant 
was dialyzed against PBS, after which the protein concentration in the 
sample was determined by a BCA assay (Pierce). Some of the sample 
at this point was reserved for generating a calibration curve. The re- 
maining sample was diluted to 200 &ml in 15 mM Na,CO, and 35 
mM NaHCO, (pH, 9). Each well of NUNC ELISA plates received 50 
~1 of this diluted sample. The plates were centrifuged for 10 min at 1500 
x g at 4°C and dried under forced air at 37°C. Plates were stored at 
- 75°C until use. 

The optimal concentration of both primary antibodies were deter- 
mined by running a dilution series with a standard ELISA. All incu- 
bations of the plates were done at room temperature on a rotating 
platform at 80 rpm. Nonspecific binding was blocked by treating each 
well with 2OYo horse serum and PBS for 60 min. Then, each well was 
incubated with diluted primary antibody, either RA5 or 8D9, an an- 
tibodv to chick Ll (Lemmon and McLoon. 1986). Serial dilutions of 
each antibody between 10-l and lo-* were tested. After a 1 -hr incubation 
in primary antibody, the wells were rinsed in PBS with a plate washer. 
The wells were incubated 30 min in biotinylated anti-mouse IgG sec- 
ondary antibody (Vector) diluted 1:2000. After further rinsing, the wells 
were incubated 30 min in avidin-HRP complex (Elite Vectastain Kit, 
Vector, with components A and B each at 1:lOOO in 0.1% Tween-20 
and PBS). The wells were again rinsed in PBS and then incubated in an 
o-phenyldiamine (OPD) substrate (2 mM OPD, 0.01% H,O,, 20 mM 
citric acid, and 50 mM sodium phosphate at pH 5.3). The reaction was 
stopped in each well after sufficient development by the addition of 1 N 
H,SO,. The optical density of each well was read at 492 nm. A dilution 
curve was plotted. The antibody dilution corresponding to the upper 
shoulder of the curve was selected for all further experiments. This was 
a 1: 100 dilution for 8D9 and a 1:300 dilution for RAS. 

Retinas from E9 chick embryos were cut into 18 segments as dia- 
grammed in Figure 1 for preparation of the competition protein. Similar 
segments from each of 20-24 eyes were pooled. Each sample was ho- 
mogenized, extracted, and dialyzed as described above. The total protein 
concentration in each sample was determined by a micro-BCA assay 
(Pierce). An aliquot of each sample was diluted in aliquots of primary 
antibody. Two sets of antibody-sample mixtures were prepared, one 
with the competition protein at 200 pg/ml and the other at 20 fig/ml 
(referred to as 1 x or 10x dilution, respectively, in Table 1). The an- 
tibody-sample mixtures were used as the primary antibody to run an 
assay as described above. Each sample was run in a set of four duplicate 
wells. Different amounts of sample prepared from total retina were 
mixed with the primary antibody and run in parallel with the samples 
of individual retinal segments. These results were used to prepare a 
calibration curve, which was approximately linear over the range of the 
test (Fig. 2). Regression analysis was used to convert the optical density 
data for each retinal segment into a relative amount of antigen per 
sample based on the calibration curve. This gave the relative amounts 
of TRAP and Ll in each retinal segment. 

and incubated &th goat anti-mouse IgG antibodies conjugated to HRP 
(Sigma) for 2 hr. After rinsing in PBS, the strips were incubated in Results 
diaminobenzidine and hydrogen peroxide. Control strips were treated 
in an identical fashion, except culture medium from a hybridoma cell 
line not producing any detectable antibodies was used in place of the 
RA5 antibody. In some cases the tissue was homogenized and incubated 

In order to produce monoclonal antibodies to rare antigens of 
developing retinal axons, mice within hours of birth were in- 
jetted with brain from eyeless chick embryos. The purpose of 
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Figure 1. Diagram of a chick retina showing the pattern in which the 
retinas were cut for the regional assay. The optic fissure is represented 
by the dark bar in the lower center. 

this injection was to make mice immunologically tolerant to 
common antigens of the developing brain. These mice were later 
immunized with tecta from normal chick embryos, and finally, 
antibody-producing hybridomas were generated from the spleens 
of these mice. A number of monoclonal antibodies that rec- 
ognize developing retinal axons were obtained from these hy- 
bridomas. One of these, RA5, appeared to recognize a protein 
present on most if not all axons from temporal retina and was 
virtually absent from nasal retinal axons. The working name 
for this protein is TRAP (temporal retinal axon protein). The 
following is an initial characterization of TRAP as identified by 
the monoclonal antibody in the developing chick retina. 

Immunohistochemistry 

Eyes from chicks of various ages from embryos on E3 to adult 
(2 months after hatching) were processed for fluorescence im- 
munohistochemistry using the antibody to TRAP. Late on E3, 
axons in the newly developed optic fiber layer of the retina just 
dorsal to the optic stalk were positive for TRAP. The staining 
was a small patch, not clearly nasal or temporal in position (not 
shown). From E6 through adult, most if not all axons in tem- 
poral retina stained for TRAP, while very few of the axons in 
nasal retina stained (Fig. 3). The nasal-temporal difference ap- 
peared to be in the number of axons that stained rather than a 
graded intensity of staining. The transition between nasal and 
temporal retinal staining pattern for TRAP in the optic fiber 
layer was rather abrupt. In the ventral half of the retina, this 
transition was centered on the optic fissure. If the optic fissure 
were to be extended as a straight line into the dorsal half of the 
retina, it would mark the transition in this region, as well. Con- 
trol sections treated with a monoclonal antibody that does not 
bind to antigens in chick retina showed no staining. Also, sec- 
tions stained with antibodies to other molecules associated with 
embryonic chick retinal axons (i.e., Ll, RA4, Thy-l, N-CAM) 

competition protein lug) / well 

Figure 2. Calibration curve of the C-ELISA showing the assay response 
(OD) in relation to the amount of retinal extract bg competition protein) 
added to the RA5 (solid line) or 8D9 (broken line) primary antibody. 
Error bars indicate SD. 

showed no nasal-temporal differences in their staining patterns 
(data not shown). 

As early as E8 in central retina and somewhat later in more 
peripheral retina, the antibody also stained a lamina of fibers 
in the inner plexiform layer. This lamina was immediately ad- 
jacent to the inner nuclear layer. Stained fibers could occasion- 
ally be traced from this lamina to the optic fiber layer. There 
was no obvious nasal-temporal difference in the staining of this 
lamina. 

Retinal explant cultures 

Immunohistochemical analysis of retinal explant cultures was 
used to determine the subcellular location of TRAP and whether 
the asymmetry in TRAP expression was maintained in culture. 
Explants of nasal or temporal E4 retina were cultured for 1 d 
on a laminin substrate and then stained live by immunohisto- 
chemistry with the antibody to TRAP (Fig. 4). No staining was 
observed on neurites from nasal explants. All neurites from the 
temporal explants were TRAP positive. Staining was present 
along the entire length ofthe neurites, including the growth cones 
and their filopodia and lamellipodia. Control cultures processed 
in the same manner with a primary antibody to chick neuro- 
filaments, an intracellular antigen, showed no staining. This 
suggests that the TRAP is on the cell surface, a characteristic 
that would be expected if this molecule were to function in some 
type of cell-cell or cell-matrix recognition. 

After 2 d in culture, 42% of the nasal retinal explants had 
some TRAP-positive neurites. Because the explants were taken 
from very young peripheral retina, the neurites that grow out 
in culture represent new axon growth rather than regenerating 
axons. It may be that, for a given nasal region of retina in vivo, 
the first axons to grow out are TRAP negative, and axons that 
grow out later from that portion of retina are TRAP positive. 
This might explain the late appearance of TRAP-positive neu- 
rites in cultures of nasal explants. 

Cultures that were maintained for 4 or 6 d showed a reduction 
in staining intensity on the neurites from explants of temporal 
retina, and some neurites from all explants of nasal retina ex- 
pressed TRAP. By 8 d in culture, the neurites appeared un- 
healthy, and there was no definitive staining for TRAP with 
nasal or temporal explants. 
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Immunoblots 
Initial characterization of the TRAP antigen suggests that it is 
a protein or glycoprotein with a molecular weight of 135,000 
Da. An SDS extract of E8-9 retinas was electrophoresed on a 
5% polyacrylamide gel. Proteins in the gel were transferred to 
nitrocellulose by electrophoresis and stained with the TRAP 
antibody. This revealed a single tightly focused band with a 
molecular weight of - 135,000 Da (Fig. 5, lane A). Antibody 
binding was lost when the extract was treated with trypsin prior 
to electrophoresis, which is indicative of the antigen being a 
protein (Fig. 5, lane B). No bands were detected in a blot reacted 
with a control monoclonal antibody (Fig. 5, lane C). 

C-ELISA 
The interest in TRAP lies in the obvious possibility that it may 
serve as a positional marker on the axons of the developing 
retina. In order to obtain a better indication of the possible role 

Figure 3. Fluorescence photomicro- 
graph of sections of chick retina stained 
immunohistochemically with the RA5 
antibody. The optic fiber layer is to- 
wards the top. A, El0 retina through 
the optic nerve. Temporal retina is 
toward the left, nasal retina is toward 
the right, and the optic nerve is oriented 
vertically in the center. Most, if not all, 
axons on the temporal side are RA5 
positive, and very few of the axons on 
the nasal side are RAS positive. RA5- 
positive axons run from the optic fiber 
layer into the optic nerve. B and C, 
Temporal and nasal side, respectively, 
of the same section of an adult retina. 
The thick band of positive staining is 
in the optic fiber layer. The thin band 
of positive staining in the center is in 
the inner plexiform layer adjacent to 
the inner nuclear layer. Scale bars, 50 
w. 

of TRAP, it seemed necessary to quantity the concentration of 
TRAP on axons in different regions of the retina. Because TRAP 
appears to be present mainly on axons and because the number 
of axons varies from region to region across the retina, quan- 
titation of TRAP in different regions of the retina would not 
reveal the concentration of TRAP on individual axons. Instead, 
the Ll antigen, identified with the 8D9 antibody, was quantified 
in different regions of the retina as an indication of the relative 
amount of ganglion cell axons in the different regions. Ll is a 
cell adhesion molecule that in the developing chick retina is 
restricted to the optic axons, and it appears to be evenly dis- 
tributed on the axons across the retina (Lemmon and McLoon, 
1986). The relative concentration of TRAP in each region of 
the retina was also determined. A ratio of the relative amount 
of TRAP to the relative amount of Ll was used as an indication 
of the average concentration of TRAP per axon in the different 
regions of the retina. This ratio was determined for 18 segments 
of the retina (Fig. 6, Table 1). The retina was divided into six 
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Figure 4. Retinal explants after 1 d in culture stained live with the RAS antibody. They are photographed with differential interference microscopy 
to show all processes (left) and fluorescence microscopy to show labeling with the antibody (right). The top explant (A. B) was derived from the 
temporal side of a retina. The neurites, including the growth cones, are RA5 positive. The lower explant (C, D) was derived from the nasal side 
of a retina, and none of the neurites are RA5 positive. Scale bar, 50 pm. 

wedges, much like a pie would be cut. Each wedge was cut into 
three segments representing central, intermediate, and periph- 
eral retina. There was no significant central-peripheral difference 
in the amount of TRAP per axon, as indicated by the TRAP: 
Ll ratio, in any single segment. However, there was a large 
difference between segments. The TRAP ratio was virtually the 
same for the lower and middle temporal segments and also for 
lower and middle nasal segments. The lower temporal segments 
had approximately 30 times more TRAP per axon than the 
lower nasal segments. The upper temporal and nasal segments 
had values intermediate between each of their adjacent seg- 
ments. This assay was run three times with similar results. 

Discussion 
In the process of generating monoclonal antibodies to devel- 
oping chick retinal axons, one antibody was identified that ap- 
peared to recognize an antigen that is much more abundant on 
the temporal side of the retina than on the nasal side. The 
working name for this antigen is TRAP (temporal retinal axon 
protein). 

In the optic fiber layer, TRAP is associated with the retinal 
axons. The immunohistochemical staining pattern in sectioned 
retinas is consistent with this conclusion. TRAP immunoreac- 
tivity was also present on the neurites and growth cones that 
extended from explants of developing temporal retina. The pro- 
cesses from retinal explants arise strictly from the retinal gan- 
glion cells (Johns et al., 1978; Halfter et al., 1983). TRAP im- 
munoreactivity in sectioned retinas was associated with most if 
not all axons on the temporal side of the retina, and it appeared 
to be present on only a small percentage of the axons on the 
nasal side. The axons that arose from explants of the nasal or 
temporal side of developing retina revealed a similar dichotomy 
in TRAP expression after 1 d in culture. 

TRAP-positive processes were also present to a limited extent 
in the inner plexiform layer. These processes could occasionally 
be seen to join the optic fiber layer; thus, it is possible that this 
staining was on processes of the displaced ganglion cells. A layer 
of displaced ganglion cells is known to be present along the inner 
border of the inner nuclear layer (Karten et al., 1977). Because 
the staining pattern in the inner plexiform layer was fairly uni- 
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Figure 5. Immunoblots of extract from E8-9 chick retinas. Lane A 
was untreated extract reacted with the RAS antibody. It shows a single 
tightly focused band at approximately 135 kDa. Lane B was a trypsin- 
treated extract reacted with the RA5 antibody. Immunoreactivity was 
mostly abolished. Lane C was untreated extract reacted with a control 
culture supematant. No immunoreactivity was visible. Molecular weight 
indicators along the right side are in kilodaltons. 

form across the entire retina, it may be that displaced ganglion 
cells do not have a nasal-temporal difference in TRAP expres- 
sion. To extend this possibility further, the few TRAP-positive 
axons in the optic fiber layer on the nasal side of the retina could 
arise from displaced ganglion cells. 
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Figure 6. Diagram as in Figure 1 of E9 chick retina showing the ratio 
of TRAP to Ll in different regions. 

The immunohistochemistry suggested that TRAP distribu- 
tion was a step function from one side of the retina to the other, 
rather than a continuous concentration gradient. However, as 
has been shown for other molecules in the retina, immunohisto- 
chemistry is not always sufficiently quantitative to reveal a gra- 

Table 1. Assay of TRAP and Ll in different retinal segments by C-ELBA 

Relative antigen 

Retinal OD (dilution) concentration TRAPLI 
segment TRAP Ll TRAP Ll ratio 

1A 1.34 rt 0.08 (1) 0.92 III 0.02 (1) 2.4 17.0 0.1 
1B 1.25 rf: 0.04 (1) 1.28 +_ 0.03 (1) 4.3 10.0 0.4 
1c 1.14 + 0.02 (1) 1.30 * 0.04 (1) 6.4 9.8 0.6 
2A 1.31 f  0.03 (1) 0.96 f  0.04 (1) 3.1 16.1 0.2 
2B 1.17 2 0.02 (1) 1.03 f. 0.02 (1) 5.8 14.7 0.4 
2c 1.41 z!c 0.08 (1) 1.54 + 0.05 (1) 1.3 5.1 0.3 
3A 1.11 z!z 0.03 (10) 1.15 + 0.01 (1) 70.0 12.4 5.6 
3B 1.28 rt 0.05 (10) 1.31 zk 0.03 (1) 38.1 9.4 4.1 
3c 0.63 rt 0.02 (1) 1.54 + 0.05 (1) 16.2 5.0 3.3 
4A 1.13 If 0.02(10) 1.37 f  0.04 (1) 65.9 8.2 8.0 
4B 1.16 + 0.05 (10) 1.44 i 0.05 (1) 60.0 7.0 8.6 
4c 1.30 If: 0.04 (10) 1.61 f  0.08 (1) 35.1 3.6 9.7 
5A 0.82 + 0.02 (10) 1.21 + 0.02 (1) 125.9 11.4 11.1 
5B 0.95 + 0.03 (10) 1.29 + 0.03 (1) 101.0 9.8 10.3 
5c 1.30 + 0.05 (10) 1.63 f  0.07 (1) 33.6 3.3 10.1 
6A 0.85 zk 0.02 (10) 1.20 + 0.03 (1) 120.5 11.4 10.5 
6B 1.16 +_ 0.03 (10) 1.49 rt 0.03 (1) 60.8 6.0 10.1 
6C 1.17 f  0.02 (10) 1.46 + 0.06 (1) 59.3 6.6 9.0 

Retinal segments are as indicated in Figure 1. OD values are each the mean spectrephotometric reading for four 
wells + SD. A IO-fold dilution of some of the test samples was required for readings to be in the linear portion of the 
calibration curve, which is indicated in parentheses. Linear regression generated an equation for both lines in Figure 
2, and this regression was used to convert the OD values to relative concentrations of antigen. The ratios were 
derived by dividing the relative concentrations of TRAP by the relative concentrations of Ll. Four decimal points 
were carried through all calculations. 
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diem in an antigen’s distribution (Trisler et al., 198 1; Constan- 
tine-Paton et al., 1986). It seems unlikely that TRAP is in a 
continuous nasal-temporal gradient. However, because there 
was no obvious difference in the staining intensity of axons 
within the temporal retina, there was a sharp transition between 
the nasal and temporal staining patterns, and the few TRAP- 
positive axons in nasal retina appeared to stain with an intensity 
equal to those in temporal retina. The ELISA results tend to 
support this conclusion. 

To give a better indication of regional differences in the amount 
of TRAP per axon, a C-ELISA was developed to quantify an- 
tigen. The relative amount of TRAP and Ll in each of 18 
segments of retina was determined by this assay. Ll is a cell 
adhesion molecule that in the retina is only present on the axons 
(Lemmon and McLoon, 1986). It was assumed that Ll is in 
equal concentration on all axons of the retina, which is sup- 
ported by the immunohistochemistry. If this assumption is true, 
then the amount of Ll in a retinal segment is proportional to 
the axonal surface area in that segment. The ratio of the amount 
of TRAP to the amount of Ll in a segment is then an indication 
of the average amount of TRAP per axon in that segment. The 
TRAP concentrations determined in this assay could be inter- 
preted as support for either of two types of gradient patterns. 
On initial examination, it appears that TRAP is in a continuous 
concentration gradient that runs in a circumferential pattern 
around the retina. The highest concentration was in ventral- 
temporal retina, the lowest was in ventral-nasal retina, and dor- 
sal retina was intermediate between these. However, on closer 
inspection, it seems more likely that the TRAP distribution is 
a step function across the retina, as suggested by the immunohis- 
tochemistry. Because the dorsal retina lacks a clear landmark 
to distinguish nasal from temporal retina, the retinas were di- 
vided somewhat arbitrarily in this region when preparing tissue 
for the assay. Thus, the upper nasal and temporal segments 
would be contaminated by some tissue from the opposite side. 
If TRAP were in a nasal-temporal step function, then the in- 
ability to precisely separate the two sides should result in a 
reduction in the apparent TRAP concentration for the upper 
temporal retina and an increase for the upper nasal retina, which 
is as observed. Furthermore, if TRAP was in a circumferential 
gradient, then axons coming from dorsal-temporal retina would 
run through midtemporal retina on their way to the optic fissure. 
This should lower the average TRAP concentration in midtem- 
poral retina compared to ventral-temporal. Similarly, axons from 
upper nasal retina should raise TRAP concentration in middle 
nasal retina. This was not observed, making it more likely that 
the TRAP distribution is in a step function. 

The ELISA study gave the average concentration of TRAP 
per axon in a segment of retina. This assay cannot tell whether 
some axons have high levels of TRAP and others little or none 
in a given segment. The immunohistochemistry suggests that a 
few nasal axons have “temporal” levels of TRAP and that the 
majority of nasal axons have none. 

TRAP is the first molecule identified with an asymmetric 
distribution in the nasal-temporal axis of the retina. Its distri- 
bution has an interesting correlation with tissue culture studies 
that demonstrated nasal-temporal retinal differences. The early 
studies that failed to show nasal-temporal differences in the 
retina used dissociated retinal cells or membranes (Barbera, 
1975; Gottlieb et al., 1976). The more recent studies that suc- 
cessfully demonstrated nasal-temporal retinal differences used 
growing retinal axons (Halfter et al., 198 1; Bonhoeffer and Huf, 

1982, 1985; Walter et al., 1987a). This suggests that nasal-tem- 
poral differences in the retina may be confined to the axons, 
and in the retina, TRAP appears to be restricted to the axons. 
Tissue culture studies that revealed differences between nasal 
and temporal retinal axons suggest the existence of a sharp 
boundary between nasal and temporal characteristics (see Half- 
ter et al., 198 1, their Fig. 3; Walter et al., 1987b). If TRAP were 
distributed in a nasal-temporal step function, as appears to be 
the case, it would also correlate with the activity exhibited in 
these assays. 

Preliminary characterization of TRAP suggests that it is a, 
cell-surface protein or glycoprotein with a molecular mass of 
approximately 135 kDa. The molecular weight was determined 
by comparing the relative mobility of the antigen with several 
protein standards in immunoblots. When the tissue homogenate 
was treated with trypsin prior to electrophoresis, the antibody 
failed to recognize the antigen in an immunoblot. This suggests 
that the antigen is a protein or glycoprotein. The antibody bound 
to live retinal axons and growth cones in tissue culture, which 
suggests that TRAP is a cell-surface molecule. Antibodies to 
intracellular proteins failed to stain axons in controls and in 
similar assays (McLoon and Barnes, 1989). 

Expression of TRAP on the surface of retinal axon growth 
cones is consistent with the possibility that this protein is in- 
volved in some type of cell-cell or cell-matrix interaction during 
axon growth. Its asymmetric distribution on retinal axons makes 
it tempting to speculate that it has a role in development of 
patterned neuronal connections. Numerous mechanisms have 
been suggested to explain how orderly patterns of neuronal con- 
nections develop between the eye and central visual nuclei. Many 
experiments support the chemoaffinity hypothesis, which sug- 
gests that neurons in the retina and central visual nuclei inde- 
pendently acquire positional labels, and that the pattern of con- 
nections is due to the selective affinity between the labels carried 
on the growing axons and the cells to which they connect (Sperry, 
1963). Positional information is probably encoded by molecules 
with asymmetric distributions across the developing retina. 

There are several possible ways in which asymmetric patterns 
of molecules could be used to generate unique positional labels 
on retinal cells. Two possibilities seem most likely. First, two 
molecules could be distributed on the ganglion cells across the 
retina in two continuous concentration gradients approximately 
perpendicular to one another. This would allow for each cell to 
have a unique label by virtue of the amount of each of the two 
gradient molecules. Several molecules have been identified that 
are distributed in a dorsal-ventral concentration gradient in the 
retina (Marchase, 1977; Trisler et al., 1981; Irwin et al., 1985; 
Constantine-Paton et al., 1986; Rabacchi et al., 1990). If TRAP 
were distributed in a circumferential gradient, it would correlate 
with an anterior-posterior gradient. Prior to closure of the optic 
fissure, the lower temporal retina is most posterior, and the lower 
nasal retina is most anterior. TRAP could then supply the sec- 
ond dimension in a two-gradient positional marker system. 
However, it seems unlikely that TRAP is in a circumferential 
gradient. 

A second possibility is that a dorsal-ventral gradient is com- 
bined with a central-peripheral gradient. It is easy to imagine 
how a central-peripheral gradient could be established during 
development. Retinal cells are progressively generated and ma- 
ture in a central-to-peripheral pattern (Kahn, 1974). Some sub- 
stance progressively lost by serial dilution through division of 
a stem cell would result in a high-to-low gradient of the sub- 
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stance from central to peripheral retina. In the nervous system 
of C. elegans, this type of mechanism appears responsible for 
the development of positional information (Horvitz, 198 1). Also, 
a progressive increase or decrease in expression of some mol- 
ecule during maturation of a cell could result in a temporary 
central-peripheral chemical gradient across the retina during 
development that reflects the gradient of maturation. Molecules 
themselves can be expressed in different forms on cells as they 
mature, which could also result in a maturation-dependent gra- 
dient across the retina. A maturational change in the structure 
of N-CAM has been clearly demonstrated (Pollerberg et al., 
1986), and N-CAM is present in the developing retina (Edelman, 
1984). However, a central-peripheral gradient on top of the 
dorsal-ventral gradient would result in a mirror-symmetrical 
duplication of positional labels on the two sides of the retina. 
If the central-peripheral gradient was coupled with a unique 
nasal or temporal retinal marker along with the dorsal-ventral 
gradient, then this could allow for unique positional labels across 
the entire retina. -Tissue culture studies suggest a very sharp 
border (rather than a continuous gradient) between nasal and 
temporal retinal characteristics (e.g., Halfter et al., 198 1). It also 
seems most likely that the TRAP distribution is a step function 
across the retina and could serve to distinguish temporal from 
nasal retinal axons. 

Several cellular functions could be mediated by TRAP other 
than selective adhesion between axons and target cells. Tissue 
culture studies have shown that posterior tectal cells express 
some factor on their surfaces that inhibits the growth oftemporal 
retinal axons (Walter et al., 1987b; Cox et al., 1990). This factor 
has virtually no activity on nasal retinal axons. It is possible 
that TRAP is a receptor for this axon growth inhibitor. These 
molecules could help prevent temporal retinal axons from in- 
appropriately remaining in posterior tectum (Crossland et al., 
1974; McLoon, 1982). Specific adhesive interactions between 
positionally related retinal axons (rather than between the axons 
and target cells) may also be important in development of the 
orderly pattern of axonal projections. In vitro studies have dem- 
onstrated that axons from temporal retina grow preferentially 
on other temporal axons when given a choice between nasal and 
temporal axons (Bonhoeffer and Huf, 1985). In the embryo, 
there also appears to be a strong bias toward temporal axons 
associating with other temporal axons (Fawcett et al., 1984). If 
TRAP were a homophilically binding cell adhesion molecule, 
it could function in the fasciculation of temporal retinal axons. 
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