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Abstract 

We have developed a method for labeling retinal ganglion cells in neonatal rats by retrograde 
transport of the fluorescent dye, True Blue (TB), injected into the optic chiasm. Following 
proteolytic dissociation of labeled retinas into single cells, the labeled cells could be enriched 50- to 
loo-fold by centrifugation in a 5%/10% metrizamide gradient. When plated in Ham’s F-10 medium 
in the presence of fetal calf serum and chick optic tectum-conditioned medium, the labeled cells 
could be maintained in vitro up to 48 hr. In these cultures, the ganglion cells (GCS) constituted 50 
to 70% of the total cell population. When GC-rich fractions or GC cultures were stained with a 
monoclonal antibody to Thy-l antigen, >90% of the TB-labeled cells were reactive. In order to 
localize voltage-sensitive sodium channels, GC-rich cultures were reacted with 1251-scorpion toxin. 
Analysis of the autoradiograms showed that the density of silver grains was about lo-fold higher on 
TB-labeled cells than on nonfluorescent cells, or in controls which contained excess of unlabeled 
toxin. When GC cultures were incubated with micromolar concentrations of putative GC transmit- 
ters, aspartate and glutamate, the amino acids were accumulated by 15 to 20% of labeled cells. 
Several lectin receptors were also localized on TB-labeled cells in situ. Whereas the lectins wheat 
germ agglutinin, concanavalin A, peanut agglutinin, Dolichos biflorus agglutinin, and Limulus 
polyphemus agglutinin bound to TB-labeled cells, others such as Ricinus communis agglutinin I, 
Ulex, and Lotus lectins showed no binding. The lectin binding was specific since preincubation with 
the appropriate hapten sugar blocked lectin binding. 

Biochemical analysis of neurons is complicated by the 
presence of heterogeneous populations of neurons and 
non-neuronal cells in the nervous system (Peters et al., 
1976). Primary neuronal cultures provide an opportunity 
to resolve this cellular heterogeneity (Varon and Saier, 
1975). However, the analytical potential of the cell cul- 
ture system is presently limited by two considerations. 
First, the identity of the different classes of neurons 
present in these cultures is often uncertain. Second, the 
enrichment or deprival for a particular cell type is usually 
unknown. 

In this study, we describe a method for selective mark- 
ing and enrichment of retinal ganglion cells from neo- 
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natal rats. Ganglion cells were labeled by retrograde 
transport of the fluorescent dye, True Blue (TB), injected 
into the optic chiasm (Kuypers, 1981). Upon proteolytic 
dissociation of labeled retinas, individual ganglion cells 
were readily identified by the characteristic TB fluores- 
cence. Centrifugation of the cell suspension in a metri- 
zamide gradient leads to a 50- to loo-fold enrichment of 
labeled cells. The separated cells were viable and could 
be maintained in vitro for a few days. The localization of 
voltage-sensitive sodium channels, the Thy-l antigen, 
lectin receptors, and neurotransmitter amino acid uptake 
systems associated with the labeled ganglion cells are 
presented here. 

Materials and Methods 

True Blue labeling. Pups from Sprague-Dawley rats 
(Tyler Laboratories, Bellevue, WA) were anesthetized by 
chilling on ice or by injecting pentobarbital, 0.5 mg, i.p., 
8 to 12 hr after birth. A pup from each litter was sacrificed 
to establish injection coordinates which were always 
centered on the junction of the frontal-parietal and sag- 
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ittal sutures, but varied in depth from 4.5 to 5 mm. The 
optic chiasms of the remaining pups were injected with 
1 ~1 of isotonic saline containing 10% (w/v) of the 
fluorescent dye, True Blue (TB) (from Dr. K. G. Illing), 
and 1% lysolecithin. Four hours after the injections, pups 
were returned to their mother. 

Two days after the injection, animals were anesthe- 
tized with ether and decapitated. After enucleation, re- 
tinas were dissected free. To localize labeled cells, retinas 
were fixed overnight with 4% paraformaldehyde in 0.1 M 
sodium phosphate buffer, pH 7.4. After dehydration in 
an ethanol series, retinas were embedded in methacrylate 
for radial sectioning (Sarthy and Balkema, 1981). Five- 
micrometer sections were cut on a JB-4 microtome, 
mounted in 95% glycerol, and examined for fluorescence 
using a Zeiss microscope equipped for epifluorescence 
(exciter filter G365, dichroic reflector 395, and barrier 
filter LP420). 

Cell dissociation and plating. Retinas from injected 
pups were dissected free in Ham’s F-10 medium contain- 
ing 10% fetal calf serum (FCS). Retinas were transferred 
to Ca*+-, Mg*+-free medium and incubated for 5 min at 
37°C. After a further incubation with 0.25% trypsin in 
Ca*+- Mg*+-free medium for 20 min, retinas were rinsed 
in Ham’s F-10 medium containing FCS and dissociated 
by trituration through a siliconized Pasteur pipette. After 
counting in a hemocytometer, cells were seeded in F-10 
(FCS) on polyornithine-coated plates at a density of 2 x 
lo6 cells/cm*. 

Assay for ganglion cell survival. Ganglion cell survival 
in the presence of conditioned media and extracts was 
determined from fluorescent cell counts of cultures 
grown on polyornithine-coated 35-mm dishes (Falcon) 
or on 14-mm Aclar discs (Allied Chemical, Fabricated 
Products Division, Morristown, NJ) in 24-chamber mul- 
tiwell plates (Costar, Cambridge, MA). 

At required intervals, discs were washed with phos- 
phate-buffered saline (0.9% NaCl in 0.01 M phosphate 
buffer, pH 7.4) and fixed overnight in 4% paraformal- 
dehyde. After a wash in distilled water, the discs were 
coverslipped in 50% glycerol and examined for fluores- 
cence at x 400 magnification. The number of TB-labeled 
cells per disc was determined from counts in a 250-/*rn 
strip across the width of the disc. Four strips were 
counted per disc. Each experiment tested the effect of 
additives on ganglion cells from two retinas. Within an 
experiment each sample was assayed in duplicate except 
for controls, which were in triplicate. Conditioned me- 
dium was assayed as a 1:l (v/v) dilution with Ham’s F- 
10 (FCS). Serum-free conditioned medium and brain 
extracts were mixed 1:l with a 2-fold concentration of 
Ham’s F-10 (FCS) before assay. In either case, the total 
volume of media and additives was 0.6 ml/well to which 
was added 0.2 ml of retinal cells containing approxi- 
mately 15,000 labeled ganglion cells. 

Metrizamide gradients. Cell suspensions in Ham’s F- 
10 medium at 4°C were mixed with 30% (w/v) metriza- 
mide (Accurate Chemical and Scientific Co., Westbury, 
NY) in Ham’s F-10 medium to give a final concentration 
of 10% metrizamide. This mixture was transferred to a 
chilled, sterile centrifuge tube and a step gradient was 
formed by overlaying 5% metrizamide in Ham’s F-10 

medium. The gradient was centrifuged at 3000 X g for 
25 min at 4°C in a Sorvall HB-24 rotor. The 5 to 10% 
interface was recovered and diluted lo-fold with cold 
Ham’s F-10 medium. Cells were pelleted by centrifuga- 
tion at 60 x g for 10 min and then resuspended in Ham’s 
F-10 (FCS). Cells were seeded at a density of 8 X 105/ 
cm2 on polyornithine plates precoated with chick optic 
tectum conditioned medium. 

Scorpion toxin binding. Ganglion cell cultures grown 
in Lab-tek tissue culture slides (VWR Scientific, Seattle, 
WA) were rinsed and preincubated in Na+-free medium 
containing 5% bovine serum albumin (BSA) and 1 pM 
tetrodotoxin (Catterall, 1981). After 5 min at room tem- 
perature (22 f 2”C), the medium was replaced by 0.5 ml 
of Na+-free medium containing 1 nM 1251-labeled scorpion 
toxin (Leiurus quinquestriatus toxin), 5% BSA, and 1 
pM tetrodotoxin. In the controls, 150 nM unlabeled toxin 
was present. After 1 hr of incubation at room tempera- 
ture, the incubation medium was removed and the cells 
were washed once with sodium phosphate buffer (0.1 M, 
pH 7.4) containing 1% BSA. Following five 2-min washes 
in cold phosphate buffer without BSA, the cells were 
fixed in 4% fresh paraformaldehyde overnight in a re- 
frigerator. Next, the slides were rinsed with distilled 
water, air-dried, and processed for autoradiography (Sar- 
thy, 1982). 

Thy-l localization. For localization of the Thy-l anti- 
gen on isolated cells, 0.5 ml of the ganglion cell-enriched 
fraction from metrizamide gradient was fixed in 4% 
paraformaldehyde for 1 hr at 4°C. After centrifugation 
and washing to get rid of excess aldehyde, the cells were 
reacted with 1:lOO dilution of a mouse monoclonal anti- 
body to Thy-l antigen (New England Nuclear, Boston, 
MA). After 4 hr at O”C, the cells were pelleted and washed 
three times in phosphate buffer. The cells were resus- 
pended and incubated with rhodamine (Rh)-conjugated 
anti-mouse rabbit antibody (N. L. Cappel Laboratories, 
Cochranville, PA) for 1 hr at 4°C. After three washes, 
the cells were mounted in glycerol containing n-propyl 
gallate (Giloh and Sedat, 1982) and examined for fluo- 
rescence. The antibody was bound to ganglion cell cul- 
tures by the same procedure except that incubation with 
the primary antibody was carried out overnight. The 
controls in both experiments did not contain the Thy-l 
antibody. Controls were also carried out with superna- 
tant of the myeloma line N-S.&l. 

“H-Amino acid uptake. Ganglion cell cultures grown in 
Lab-tek slides were rinsed and incubated in mammalian 
bicarbonate Ringer (MBR) containing 0.5 pM D-[~H] 
aspartate (20 Ci/mmol) or [“HIglutamate (44.1 Ci/mmol) 
for 10 min at 37°C. After three washes in MBR, the cells 
were fixed overnight in 4% paraformaldehyde. After 
washing, the slides were air-dried and processed for 
autoradiography. The controls were supplemented with 
100 pM D-aSpaI’tatt? or glutamate as required. 

Lectin binding. Cultures grown in 35-mm plates were 
rinsed in MBR and incubated with 1 ml of an Rh- 
conjugated lectin solution (50 to 100 pg/ml) for 30 min 
at 22°C with gentle agitation. The cultures were rinsed 
several times with MBR to get rid of excess lectin, and 
examined under a Zeiss inverted microscope fitted for 
Rh and TB fluorescence. In order to examine the speci- 
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ficity of lectin binding, lectins were preincubated with 
100 mM hapten sugar for 30 min at room temperature 
before adding to the cultures. The sugars used were: 
methyl-cu-D-mannoside for concanavalin A; N-acetylglu- 
cosamine for wheat germ agglutinin; D-g&i&ON! for pea- 
nut agglutinin; N-acetylgalactosamine for Dolichos biflo- 
rus agglutinin; and sialic acid for Limulus polyphemus 
agglutinin (Sarthy et al., 1981). 

Media. Ham’s F-10 medium (Grand Island Biological 
Co., Grand Island, NY) was supplemented with 28 mM 

glucose, 14 mM NaHCO,, 1 mg/ml of kanamycin, and 
0.5 mg/ml of gentamycin. When required, 10% (v/v) 
heat-inactivated fetal bovine serum (K. C. Biologicals, 
Lenexa, KS) was added. For coating plates, 0.1 mg/ml of 
polyornithine (ICN Pharmaceuticals, Inc., Cleveland, 
OH) in water was left covering the dish surface for 24 hr 
at room temperature and was washed twice with water 
before adding media. Tissue extract or conditioned me- 
dium (CM) was bound to culture surface by incubating 
polyornithine-coated plates overnight at 37°C; the un- 
bound material was aspirated off and plates were rinsed 
two times before adding culture media. The media and 
extracts were prepared as described by Nurcombe and 
Bennett (1981). 

All chemicals were reagent grade and were usually 
obtained from Sigma Chemical Co. (St. Louis, MO). 
Rhodamine-conjugated lectins were supplied by E. Y. 
Laboratories, Inc. (San Mateo, CA). 3H-Amino acids and 
anti-Thy-l monoclonal antibody were purchased from 
New England Nuclear Corp. (Boston, MA). ‘251-iabeled 
scorpion toxin was prepared as described elsewhere (Cat- 
terall, 1977). 

Results 

Crucial to the validity of this study is the demonstra- 
tion that TB injections into the optic chiasm labeled 
retinal ganglion cells alone. Figure 1B presents a fluores- 
cence micrograph of a TB-labeled retina 2 weeks after 
dye injection. It is evident that even after such a long 
survival time, all labeled cells are confined to the gan- 
glion cell layer. Furthermore, no “halos” were found 
around the labeled cell bodies in whole mounts of the 
retina (data not shown). Also, there was no significant 
decrease in cell density compared to control sections. 

After 24 hr survival time, few fluorescent cells were 
seen among the dissociated cells. However, after 48 hr, 
0.5 to 1% of the cells were labeled with either uniform 
or speckled blue fluorescence characteristic of TB (Potts 
et al., 1982). These fluorescent cells were the largest in 
size (10 to 15 pm) (Fig. 1, C and D). 

Six hours after seeding, most of the labeled ganglion 
cells had attached to the dish; in many cases, they had 
also sent out a few neurites. In these cultures, the gan- 
glion cells had the largest somata and a “flattened” 
appearance compared to nonlabeled cells (Fig. 2, A and 
B). At 24 hr, although some “flattened” cells were still 
seen, the majority of ganglion cells had rounded up and 
displayed a smaller soma. Furthermore, some of the TB- 
labeled cell bodies had extended processes (Fig. 2, C and 
D). After 48 hr many TB-fluorescent cells had a dis- 

rupted membrane and poor morphology (Fig. 2, E and 
F). Examination of media at 48 hr with trypan blue 
revealed a preponderance of dead cells with large soma. 

Counts of labeled and unlabeled cells revealed that, 
although the total number of cells remained unchanged, 
the number of ganglion cells on the plates decreased 
drastically, reducing to 80% of initial density by 48 hr. 
Chick optic tectum CM and rat superior colliculus ex- 
tracts maintained the number of ganglion cells up to 24 
hr. Subsequently, however, the ganglion ceil number 
decreased to about 25% of the initial value by 48 hr. 
Additives derived from non-target areas such as rat cer- 
ebellum did not produce an effect on ganglion cell num- 
ber significantly different from that of control. Similar 
observations have been reported by McCaffrey et al. 
(1982). In subsequent experiments, we used polyorni- 
thine plates precoated with chick optic tectum CM. The 
plating media were also supplemented with the same 
CM. 

Enrichment. Although we were able to identify TB- 
labeled ganglion cells and maintain them in vitro for at 
least a 48-hr period, the labeled cells comprised a minor 
fraction of only 0.5 to 1% of the total number of cells in 
culture. For biochemical studies as well as for screening 
for putative trophic factors, we wanted a more enriched 
preparation of labeled cells. 

Qualitative separation of dissociated neurons of differ- 
ent size classes has been achieved by centrifugation in 
metrizamide gradients (Schaffer et al., 1980; Sheffield et 
al., 1980; Schnaar and Schaffer, 1981). Since many of 
the ganglion cell bodies are the largest in size among the 
different cells in the retina (Fukuda, 1977), we examined 
fractionation of labeled cells on metrizamide gradients 
of various densities. We found that a two-layer 5%/10% 
gradient was quite efficient in enriching for the TB- 
labeled cells. 

The cells collected at the 5%/10% metrizamide inter- 
face contained about 50 to 70% fluorescent cells (Fig. 3, 
A and B). This procedure provided about a loo-fold 
enrichment of ganglion cells as compared to the 0.5 to 
1% fluorescent cells in retinal dissociates before enrich- 
ment. After 24 hr in culture, ganglion cells could be 
identified in situ, without removing the medium, by their 
solid or specked blue fluorescence. These cells were phase 
bright, and many of them also had extended processes 
(Fig. 3, C and F). As with the nonenriched preparations, 
only 20 to 25% of fluorescent cells were left attached to 
the plate after 48 hr in vitro. 

Nu+ channel localization. In the mammalian retina, 
tetrodotoxin-inhibited spike activity has been reported 
only from ganglion cells (Miller, 1979). Since such activ- 
ity is associated with the presence of voltage-sensitive 
sodium channels in the membrane, we examined the 
binding of scorpion toxin to TB-labeled cells maintained 
in vitro (Catterall, 1977). The purified a-toxin from the 
scorpion, Leiurus quinquestriatus, is a small, basic poly- 
peptide which binds with a Ku of -1 nM to brain 
synaptosomes, to neuroblastoma cells, and to spinal cord 
neurons in uitro. In all of these systems, toxin binding is 
sensitive to voltage changes and is reduced by depolari- 
zation (Catterall, 1980, 1981). Furthermore, it is possible 
to prepare 12”1-labeled toxin of high specific activity 
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without changing its binding properties or the biological 
effect (Catterall, 1977). 

Ganglion cell cultures of TB-labeled retinas were in- 
cubated with 1 nM lz51-labeled scorpion toxin in sodium- 
free, choline-substituted incubation medium to prevent 
cell depolarization. Controls contained about 150 nM 
unlabeled toxin in addition to the labeled toxin. After 1 
hr of incubation at room temperature, the cells were 
washed repeatedly to remove excess toxin, fixed in 4% 

paraformaldehyde, and processed for autoradiography. 
Results of the experiment are presented in Figure 4, A 
to H. In cultures treated with lz51-toxin alone, a large 
number of cells with an increased density of silver grains 
were readily observed (Fig. 4, A to F). In contrast, cells 
incubated with excess unlabeled toxin showed little en- 
hancement in silver grain density (Fig. 4, G and H). 
When silver grain distribution and TB fluorescence of 
individual cells were examined, about 90% of the flu- 

Figure 1. Localization of TB-labeled cells in retina and in dissociated 
cells. Newborn rat pups were injected with 1 ~1 of 10% TB solution at the 
optic chiasm. After 2 weeks’ survival, retinas were dissected out, fixed in 
4% paraformaldehyde, and processed for fluorescence microscopy. Alter- 
natively, labeled retinas were dissociated by trypsinization. Transverse 
sections of retina were viewed with Hoffmann modulation optics (A) and 
epifluorescence (B). The fluorescent cell bodies are localized to the ganglion 
cell layer. A pellet of cells obtained from dissociated retina was examined 
with Hoffmann optics (C) and epifluorescence (D). Note that the larger 
somata are labeled either uniformly or with speckled fluorescence. g, 
ganglion cell layer. Scale bar = 10 pm. 
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Figure 2. Identification of TB-labeled cells after plating. Dissociated single cells from TB-labeled retinas were plated on 
polyornithine dishes precoated with chick optic tectum conditioned medium as described under “Materials and Methods.” 
Cultures were fixed with 4% paraformaldehyde and observed with Hoffmann optics (A, C, and E) or epifluorescence (B, D, and 
F) at time periods of 6 hr (A and B), 24 hr (C and D), and 48 hr (E and F). Scale bar = 10 pm. 

orescent cells had an enhanced concentration of silver nonfluorescent cells. Table I presents the density of silver 
grains around them, whereas nonfluorescent cells showed grains present on both fluorescent and nonfluorescent 
grains at background levels (Fig. 4B). The distribution cells from experimental and control cultures. It is evident 
of silver grains was only slightly higher on fluorescent from the data that the silver grains are selectively asso- 
cells compared to nonfluorescent cells in controls. Since ciated with fluorescent cells. We infer that among the 
the number of silver grain on TB-labeled cells was some- different cells in our retinal cultures, the TB-labeled 
what variable, we decided to quantitate the grain density cells, which are presumably ganglion cells, alone carry 
(Fig. 4, A to F). voltage-sensitive sodium channels on their surface. 

In order to quantitate grain distribution, we deter- Thy-l localization. The Thy-l antigen, a glycoprotein 
mined the total number of silver grains around each cell. common to brain and thymus-derived lymphocytes (Wil- 
The fluorescence of that cell was also recorded subse- liams et al., 1976), has been recently localized to the 
quently. The density of silver grains was calculated by surface of ganglion cells in rat and mouse retinas (Beale 
assuming that the grains were distributed over a hemi- and Osborne, 1982; C. Barnstable, personal communi- 
sphere with a surface area of l/2 ?r d 2 where d, the diameter cation). Following this observation, we have examined 
of the cell, was 12 pm for fluorescent cells and 8 pm for the presence of Thy-l antigen on TB-labeled cells im- 
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Figure 3. Enrichment of ganglion cells by density gradient centrifugation. Dissociated cells from TB-labeled retinas were 
centrifuged in a 5%/10% metrizamide gradient in Ham’s F-10 medium, for 30 min at 4500 rpm in a Sorvall HB-24 rotor. Cells 
from the interface were collected, diluted 5-fold, and pelleted by centrifugation. The pellet was resuspended and plated as 
described under “Materials and Methods.” The ganglion cell-rich fraction from the interface was examined with Hoffmann optics 
(A) and epifluorescence (B). Note that - 60% of the cells in A have TB fluorescence (B). Cultures of ganglion cell-rich fraction 
were observed in situ, 36 hr after plating, with phase contrast optics (C and E) and epifluorescence (D and F). As with enriched 
cell fractions, the predominant class of cells in culture was fluorescent, Scale bar = 10 pm. 

mediately after their isolation or after maintenance in 
vitro for 48 hr. 

Ganglion cell suspensions or cultures were fixed with 
4% paraformaldehyde and then reacted with anti-Thy-l 
monoclonal antibody. Subsequently, the cells were la- 
beled with Rh-conjugated anti-mouse rabbit antibody, 
and the individual cells were examined for both TB and 
Rh fluorescence successively. Results of these experi- 
ments are presented in Figure 5, A to F. In dissociated 
cell suspensions, about 50% of the cells showed Rh 
fluorescence. On these cells, fluorescence was nonuni- 
form and patchy. Furthermore, its intensity varied a 

great deal among the cells examined (Fig. 5, A and B). 
The cultured cells, on the other hand, showed a more 
uniform but weaker surface fluorescence (Fig. 5, C and 
D). In order to correlate Thy-l antigen localization with 
TB fluorescence, 100 cells were initially identified by 
their TB fluorescence and later examined for their Rh 
fluorescence. In two separate experiments, 94% of the 
TB-positive cells showed Rh fluorescence. When 100 
Rh-labeled cells were subsequently examined for TB 
fluorescence, 92% of the cells were TB positive. These 
data establish the presence of Thy-l antigen on TB- 
labeled cells. 
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TABLE I 
Distribution of sodium channels in ganglion cell cultures 

The density of silver grains was calculated as the number of silver 
grains per 226 per pm* for TB-labeled fluorescence and 100.5 per pm2 
for nonfluorescent cells. 

Number of Silver Density of Silver 
Grains Grains/pm* 

Experimental Fluorescent 27.5 -t 4.5 0.122 f 0.019 
Nonfluorescent 1.8 f 1.1 0.018 f 0.011 

Control Fluorescent 3.7 f 2.2 0.016 + 0.009 
Nonfluorescent 2.1 + 1.0 0.021 + 0.010 

The ganglion cell cultures gave a slightly different 
result. When cells were located by TB fluorescence and 
subsequently examined for Rh fluorescence, virtually all 
cells were Rh positive. On the other hand, if cells were 
first located by Rh fluorescence and then examined for 
TB fluorescence, only about 80% of the cells were TB 
positive. Rh-labeled cells were about 50 to 60% of the 
total number of cells in these cultures. In both studies, 
the controls which were not exposed to anti-Thy-l an- 
tibody showed only TB fluorescence (Fig. 5, E and F). 
Furthermore, cultured cells incubated with supernatant 
of the BALB/c mouse myeloma line N-S.&l were also 
Rh negative (data not presented). These studies show 
that the Thy-l antigen is present on >80% of the gan- 
glion cells and thus can serve as a useful surface marker 
for rat retinal ganglion cells. 

The Na+ channel and Thy-l localization studies estab- 
lish that the TB-labeled cells are indeed ganglion cells. 
In order to further characterize the ganglion cell-rich 
preparations, we have examined the uptake of two pu- 
tative ganglion cell transmitter candidates, aspartate and 
glutamate, and the binding of several Rh-labeled lectins 
to TB-labeled cells. The uptake studies were aimed at 
developing a protocol for light microscopic autoradi- 
ographic localization of transmitters and investigating 
the uptake of [3H]aspartate and [3H]glutamate. The 
objective of the lectin-binding studies was to explore the 
feasibility of localizing receptors on TB-labeled cells in 
situ by noninvasive techniques. 

Amino acid uptake. Among the different retinal neu- 
rotransmitters, glutamate and aspartate have been sug- 
gested as putative transmitter candidates for a small 
population of ganglion cells in the vertebrate retina 
(Berger et al., 1977; Fonnum and Henke, 1979; Beaudet 
et al., 1981; Cuenod et al., 1981; Ehinger, 1981; Voaden 
et al., 1981; Wolfensberger et al., 1981). Since transmitter 
uptake is a useful criterion for identifying transmitter 
function, we examined the uptake of [3H]aspartate and 
[3H]glutamate by TB-labeled cells. When ganglion cell 
cultures were incubated with D-[3H]aspartate or [3H] 
glutamate (-0.5 pM each) for 10 min at 37°C and pro- 
cessed for autoradiography, only a small fraction of gan- 
glion cells were labeled (Fig. 6, A and C). In three 

separate experiments, the fraction of labeled cells was 
between 15 and 20% of all fluorescent cells. When [3H] 
aspartate and [3H]glutamate were both present in incu- 
bation medium, about 20% of the cells were again labeled. 
Many nonfluorescent cells were also labeled with these 
amino acids, and we have not estimated their number. 
The uptake of [3H]aspartate and [3H]glutamate was 
blocked in the presence of 0.1 mM concentration of the 
unlabeled amino acids (Fig. 6, E and F). 

Lectin receptors. Lectins are polypeptides which bind 
to specific sugars with high affinity and interact with 
oligosaccharides on cell surfaces (Lis and Sharon, 1973; 
Nicolson, 1976). These compounds have, therefore, been 
used as probes to investigate the nature of complex 
carbohydrates in numerous systems (see Nicolson, 1976; 
Oppenheimer, 1979). We have examined the binding of 
several lectins with particular interest in the feasibility 
of localizing these receptors on ganglion cells in situ by 
noninvasive techniques. 

Cultures of TB-labeled retinas were washed in serum- 
free Ringer medium and incubated with Rh-labeled lec- 
tins for 30 min at room temperature (-22°C). Subse- 
quently, the cultures were washed several times to get 
rid of excess lectin, and the cells were examined for both 
Rh and TB fluorescence. In control experiments, lectins 
were preincubated with the competing sugar before re- 
acting with cells. Results of binding experiments with 
the lectin, wheat germ agglutinin (WGA), are presented 
in Figure 7, A to F. In WGA-treated cultures, there was 
intense Rh fluorescence on both TB-labeled and TB- 
nonlabeled cells. Furthermore, both processes and cell 
bodies were fluorescent (Fig. 7, A to C). In the presence 
of N-acetylglucosamine, a specific inhibitor of WGA 
binding, most of the fluorescence was suppressed (Fig. 7, 
D to F). 

Results obtained with several other lectins are given 
in Table II. It was found that the pattern and intensity 
of labeling varied with the lectin tested. WGA, concan- 
avalin A, peanut agglutinin, Dolichos biflorus agglutinin, 
and Limuluspolyphemus agglutinin all showed detectable 
binding above control levels for TB-positive cells, 
whereas Soybean agglutinin, Ricinus communis agglu- 
tinin I, Ulex, and Lotus lectins did not stain them. These 
results suggest that it is possible to localize lectin recep- 
tors and to establish the carbohydrate distribution on 
TB-labeled cells in situ. 

Discussion 
The validity of our study is based on the assumption 

that, among the different cell types present in the gan- 
glion cell layer, the ganglion cell bodies alone are labeled 
with TB. Although retrograde transport can be expected 
to label ganglion cells selectively, subsequent dye leakage 
might lead to labeling of the adjoining displaced amacrine 
and glial cells. With certain dyes such as 4’,6-diamidino- 

Figure 4. Localization of ““I-scorpion toxin-binding sites on ganglion cells in culture. Forty-eight-hour-old ganglion cell-rich 
cultures were reacted with ‘251-scorpion toxin and processed for autoradiography as described under “Materials and Methods.” 
Light (A, C, and E) and corresponding fluorescence (B, D, and F) micrographs show that silver grains are preferentially 
associated with fluorescent cells. Occasionally (< lo%), TB-labeled cells with few silver grains around them were observed. In 
control experiments, 150 FM unlabeled toxin was included in addition to the labeled toxin. Light (G) and fluorescence (H) 
micrographs of the control are shown. Scale bar = 10 Frn. 
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2-phenylindol-dihydrochloride (DAPI), bisbenzimide, 
and Nuclear Yellow, secondary labeling of neighboring 
cells leads to a “halo” around brightly labeled cells (Mas- 
land and Drager, 1980; Kuypers, 1981). In our studies 
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with TB, however, we did not observe any halos around 
labeled cells even 2 weeks after TB injection, suggesting 
that little dye leakage occurred from labeled cells. Sec- 
ondary labeling might also take place if cells are con- 

Figure 5. Distribution of Thy-l antigen on ganglion cells. A ganglion cell-rich fraction from metrizamide gradient was obtained 
from 6-day-old rat pups. The cells were reacted first with a monoclonal antibody to Thy-l and later were stained with Rh- 
conjugated rabbit anti-mouse antibody. Ganglion cell-rich cultures were treated by the same protocol. When examined for TB 
(A and C) and Rh (B and D) fluorescence, the majority of TB-labeled cells in enriched fraction (A and B) or culture (C and D) 
showed Rh fluorescence. In controls, incubation with Thy-l antibody was omitted. TB (E) and Rh (8’) fluorescence in control 
(enriched fraction) is shown. Scale bar = 10 pm. 
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netted by gap junctions (Stewart, 1978). However, such 
junctions between ganglion and amacrine cells have not 
been observed in the rat retina (Dubin, 1970). 

The presence of Na+ channels exclusively on TB- 
labeled cells further strengthens our contention that all 
TB-labeled cells are indeed ganglion cells. Moreover, the 
Thy-l antigen, which has been localized to ganglion cells 
by other investigators (Beale and Osborne, 1982; C. 
Barnstable, personal communications), was found on 
virtually all TB-labeled cells. 

During processing of culture plates, a significant num- 
ber of fluorescent ganglion cells were seen in the washes. 
The decrease in ganglion cell number correlated with the 
appearance of large cells in the media that did not 

exclude trypan blue. This observation, as well as the 
presence of many disrupted cells filled with TB in cul- 
tures after 48 hr in vitro, suggests that the decrease in 
ganglion cell number is caused by ganglion cell death. As 
other cell types did not appear to alter dramatically in 
morphology or number during this period, cell death 
appears to be selective for ganglion cells (see Nurcombe 
and Bennett, 1981). It is possible that the loss of ganglion 
cells is due to cytotoxic effects of TB, although TB- 
labeled cells have been maintained in vitro for as long as 
a week (C. Barnstable, personal communication). 

Enrichment by centrifugation in metrizamide gradient 
was successful only if all procedures were carried out in 
cold and all solutions were prechilled. At ambient tem- 

Figure 6. Uptake and accumulation of [3H]aspartate and [3H]glutamate by ganglion cells. Ganglion cell-rich cultures were 
washed and incubated with 0.5 pM D-[3H]aspartate or L-[3H]glutamate for 10 min at 37°C. After fixation in 4% paraformaldehyde, 
the cells were processed for autoradiography. Light micrographs of D-[3H]aspartate (A) or [3H]glutamate (C) and fluorescence 
micrographs of [3H]aspartate (B) or [3H]glutamate (D) uptake are presented. Note that only a few TB cells have a heavier grain 
distribution. Light (E) and fluorescence (F) micrographs of cultures incubated with [3H]aspartate in the presence of 100 pM 

unlabeled D-aSpartate are shown. The glutamate control was analogous. Scale bar = 10 pm. 
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Figure 7. Wheat germ agglutinin binding to ganglion cells. Ganglion cell-rich cultures were incubated with 100 pg/ml of Rh- 
conjugated wheat germ agglutinin in the absence (left) or presence (right) of 0.1 M N-acetylglucosamine for 30 min at 37°C. Cells 
were washed repeatedly and examined in situ with phase contrast optics (A and D), TB filter (B and E), and Rh filter (C and 
F). Scale bar = 20 pm. 

peratures, the cells clumped together to form large ag- 
gregates. Furthermore, yields were improved if centrifu- 
gation was performed in the absence of serum (Schnaar 
and Schaffner, 1981). A limitation of the enrichment 
procedure was that about 70 to 80% of the labeled cells 
in the enriched fractions were the large ganglion cells. 
Although it was possible to separate TB-labeled cells by 
a fluorescence-activated cell sorter, we have not been 
able to maintain them in vitro (unpublished results; see, 
however, McPheeters and Okun, 1980). 

Our demonstration of the presence of Thy-l antigen 
on TB-labeled cells is in agreement with the results of 
other investigators who have found that virtually all 
ganglion cell bodies carry this antigen on their surface 
(Beale and Osborne, 1982; C. Barnstable, personal com- 
munication). In the ganglion cell cultures, we found that 
about 20% of Thy-l-positive cells were devoid of TB 

TABLE II 
Lectin receptors on ganglion cells 

Lectin Binding Competing Sugar 

Wheat germ agglutinin +a N-Acetylglucosamine 
Concanavalin A + Methyl-cu-mannoside 
Dichobolus biflorus agglu- + N-Acetylgalactosamine 

tinin 
Peanut agglutinin + n-Galactose 
Limulus polyphemus ag- + Sialic acid 

glutinin 
Ricks communis agglu- -b NA’ 

tinin I 
Soybean agglutinin NA 
Lotus tetragono bolus NA 
Ulex NA 

D +, binding above control level. 
b not detectable binding. 
’ N’A, not applicable. 
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fluorescence. This value is 3-fold higher than that ob- 
tained with cells examined immediately after dissocia- 
tion. The discrepancy may be due to leakage of dye from 
some cells in culture, rendering them difficult to be 
scored as TB positive. 

Although the scorpion toxin-binding sites were re- 
stricted to TB-labeled cells, the presence of just a ring of 
silver grains around most of the labeled cells was puz- 
zling. This localization appeared not to be an “edge” 
artifact of the autoradiographic technique for two rea- 
sons. First, no silver grains were found when 1251-scorpion 
toxin binding was carried out in the presence of excess 
unlabeled toxin. Second, few silver grains were found 
around nonfluorescent cells although adjoining neigh- 
bors were well labeled. 

It may be pointed out here that the lack of Na+ 
channels on the nonfluorescent cells could be due to a 
slower rate of channel appearance on these cells. Reso- 
lution of these possibilities must await development of 
methods for maintaining ganglion cells in. vitro for longer 
periods of time. In contrast to our results with retinal 
ganglion cells, neuroblastoma cells are uniformly labeled 
with scorpion toxin, and many spinal neurons in culture 
have a high density of sodium channels in one or more 
neurites (Catterall, 1981). 

The validity of uptake as a criterion for transmitter 
localization has been repeatedly questioned, particularly 
in the case of the amino acid transmitters, aspartate and 
glutamate. Hence, our finding that a small fraction of 
ganglion cells were labeled with aspartate and glutamate 
cannot be construed as evidence that the labeled cells 
are indeed aspartatergic or glutamatergic neurons. How- 
ever, it is noteworthy that in both the avian and the 
mammalian retina, D-[3H]aspartate uptake has been ob- 
served in only about 5 to 10% of cells in the ganglion cell 
layer (Beaudet et al., 1981; Cuenod et al., 1981; Ehinger, 
1981), a value similar to that obtained in the present 
study. 

Our ability to localize certain lectin receptors in situ 
by noninvasive methods suggests that it may be possible 
to study the localization and turnover of other receptors, 
such as the neurotransmitter receptors, on the ganglion 
cell surface. An obvious limitation of this approach is 
that, since considerable quenching of TB fluorescence 
occurs in aqueous medium, we may be restricted to 
examining receptor distribution on only the brightly 
labeled ganglion cells. Furthermore, only those receptors 
which are present at a high density or occur in clusters 
may be amenable for study. However, application of 
image intensification techniques may alleviate these 
problems (Kater and Hadley, 1982). 

Neurochemical studies of ganglion cells are compli- 
cated by the anatomical separation of the soma and its 
synaptic terminals. The presence of displaced amacrine 
cells and glial cells in the ganglion cell layer further add 
to this problem. The availability of highly enriched cul- 
tures of identified ganglion cells should be of considerable 
utility in understanding the synaptic chemistry of retinal 
ganglion cells. Such preparations will also be useful in 
determining electrical properties of the ganglion cell 
membrane and the sensitivity of ganglion cells to puta- 
tive amacrine cell neurotransmitters. 
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