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Abstract 

Three monoclonal antibodies have been raised against the ganglion cell layer of the adult mouse retina. The 
first antibody, R3, labeled optic axons in the inner retina, and with colchicine pretreatment somata and 
dendrites of large ganglion cells could be seen. A small number of other processes, including fibers projecting 
to the retina from elsewhere (efferent fibers), were also labeled in the inner retina. In the outer plexiform layer 
R3 stained the axonless class of horizontal cells. R3 recognized a l&5,000- to 200,000-dalton polypeptide which 
is most probably the heaviest of the neurofilament subunits. Antibodies R4 and R5 labeled filamentous 
components mainly in glia and cells of mesenchymal origin. The antigens appeared in most but not quite all 
locations morphologically closely related to the intermediate filament protein vimentin. In the retina both 
antibodies labeled strongly the regularly spaced Muller glia. The astroglia of the optic fiber layer was stained 
with R5 but not R4. Although the two antigens were in general not expressed in neurons, they were both 
present in axonless horizontal cells in the outer plexiform layer, coexisting with neurofilaments in this neuron. 

The ganglion cell layer of the retina contains functionally 
different types of cells: several classes of ganglion cells, ama- 
crine cells, and glia. With conventional histological methods 
these cell types are not easily distinguished, especially in retinas 
of species such as the mouse with small eyes, where cells tend 
to be somewhat smaller and are not grouped into distinct size 
classes (Drager and Olsen, 1980, 1981). Hoping to find immu- 
nological means that would facilitate distinction between cell 
types, we have raised monoclonal antibodies against the iso- 
lated ganglion cell layer of the adult mouse. Three of the 
antibodies that we found to label particular cell types will be 
described here. All of them labeled fibrillar components within 
cells in a pattern reminiscent of one type of cytoskeletal ele- 
ment, the intermediate filaments. 

Five biochemically different classes of intermediate fila- 
ments can be distinguished, four of which have been localized 
with immunohistochemical methods to cell types in the brain. 
Neurofilaments are found exclusively in neurons, the glial 
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fibrillary acidic protein (GFAP) is found only in some forms of 
macroglia, and vimentin and desmin are seen in some glial 
types and in cells of mesenchymal origin (Bromberg and 
Schachner, 1978; Franke et al., 1978; Liem et al., 1978; Schach- 
ner et al., 1978; Bignami and Dahl, 1979; Lazarides, 1980, 1981; 
Dahl et al., 1981a, b; Dixon and Eng, 1981; Schnitzer et al., 
1981; Yen and Fields, 1981; Dahl and Bignami, 1982; Beale and 
Osborne, 1982). Neurofilaments are composed of three sub- 
units, the 68,000-, 150,000-, and 200,000-dalton proteins form- 
ing a triplet, which are thought to occur closely associated in 
adult neurons but have been reported to be under separate 
control during development (Hoffman and Lasek, 1975; Willard 
and Simon, 1981; Sharp et al., 1982; Shaw and Weber, 1982, 
1983). Long before antibodies to intermediate filaments became 
available, anatomists had used heavy metal stains with affinity 
for fibrillar components in particular cell types, such as reduced 
silver methods for neurofibrils. Neurofibrillar stains have been 
shown to label neurofilaments (Gray and Guillery, 1961; Guil- 
lery, 1970; Potter, 1971; Gambetti et al., 1981). Anatomical 
studies of the retina based on neurofibrillar staining methods 
provide the background for comparison with our first antibody, 
R3, that appears to be directed against neurofilaments (Emb- 
den, 1901; Sala, 1904; Ramon y  Cajal, 1911; Cattaneo, 1922; 
Gallego, 1964, 1982; Honrubia and Elliott, 1968, 1969, 1970; 
Wassle et al., 1978, 1981; Vaney et al., 1981). Although R3 
seemed to label most structures known to stain with neurofi- 
brillar methods, it was more selective in the inner retina. 

For the other two monoclonal antibodies, R4 and R5, we do 
not know the antigens recognized. Both of them labeled fibrillar 
components mostly in non-neuronal cell types in a pattern 
similar to the distribution of the intermediate filament protein 
vimentin. However, comparisons with vimentin antisera 
showed that the two antibodies labeled most but not all vimen- 
tin-positive structures. 
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Materials and Methods 

Antibody production. Isolated ganglion cell layers of adult C57BL/ 
6J mice (all mice from Jackson Laboratory, Bar Harbor, ME) were 
used as antigen. Mice were anesthetized with Nembutal and perfused 
through the heart with 4% paraformaldehyde; the retinas were flattened 
onto a leveled block, and the ganglion cell layers were shaved off on a 
cryostat. One to 2 mg of tissue (dry weight), from 5 to 10 mice, were 
iniected reneatedlv into Balb/c mice. We followed the immunization 
schedule, procedures of fusion, and cloning used by Barnstable (1980, 
1982). As plasmacytoma the nonsecreting line P3x63 Ag8.653 was 
chosen. The supernatants of growing hybrid colonies were screened by 
indirect immunofluorescence on cryostat sections of formalin-fixed 
retinas from adult C57BL/6J mice. The three hybridomas described 
here were each cloned three times by limiting dilution. Spent tissue 
culture supernatants were used for all tests at appropriate dilutions. 
Antibody subclasses were determined with fluorochrome-conjugated 
subclass-specific antibodies (Nordic; kindly supplied by Dr. S. Burden) 
on cryostat sections. All three antibodies were of the IgM class. The 
hybridoma cell line of Pruss et al. (1981) was purchased from American 
Type Culture Collection. 

and kept for 3 to 5 min at 100°C; 75 to 150 pg of protein were loaded 
onto a 5 to 15% linear gradient polyacrylamide gel, and electrophoresis 
was performed using the buffer system of Laemmli (1970). Proteins 

Histology. Formalin-fixed retinas were either processed as whole 
mounts or sectioned transversely or tangentially (horizontally) on a 
cryostat. As well as normal retinas of C57BL/6J mice, we used retinas 
from mice with Dhotorecentor degeneration (C3H/HeJ rdlrd; Sidman 
and Green, 1965), since antibodi penetration in whole ‘mounts was 
better in these thinner retinas (Figs. 7 and 16). Degenerate retinas 
were similar to normal with respect to the labeling in the inner retina. 
But because there was a difference in the outer retina (Drager and 
Edwards, 1983), we limit the description of the outer plexiform layer 
here to the normal mouse. Specimens were processed for indirect 
immunofluorescence, using secondary antibodies labeled with fluores- 
cein isothiocyanate (FITC) or rhodamine isothiocyanate (RITC; Boeh- 
rinser Mannheim: Cannel). Addition of 0.3 to 1% Triton X-100 im- 
nroved the staining of-sections and was essential for whole mount 
preparations. For double labeling with a rabbit antiserum to glial 
fibrillarv acidic nrotein (GFAP: a sift from Drs. D. Dahl and A. 
Bignam;), an FITC-labeled anti:mouse antibody was combined with 
an RITC-labeled anti-rabbit antibody (see Fig. 17) or vice versa. In all 
preparations appropriate controls were run to test for nonspecific 
binding of primary and secondary antibodies and, for double label 
experiments, to ensure that the secondary antibodies reacted only with 
the immunoglobulin species against which they were raised. 

In some mice the eves were iniected with 5 to 10 fig of colchicine 
(Sigma) 3 to 45 hr (optimal 21 hr) prior to perfusion. Taking into 
account the small volume of the vitreous chamber in the mouse eye, 
this amounted to a transient colchicine concentration of about 10 mg/ 
ml but probably a relatively fast decline. In a few mice one optic tract 
was injected with horseradish peroxidase (HRP) 2 days prior to colchi- 
tine application (Drager and Olsen, 1980). The retinas were reacted 
for HRP following the protocol of Hanker et al. (1977) and were 
processed for indirect immunofluorescence. 

Brains were. taken from paraformaldehyde-perfused mice, sectioned 
on a cryostat, and processed for indirect immunofluorescence. Cultured 
cells used for characterization of antibodies R4 and R5 were either 
fibroblasts extracted from newborn rat lungs (Fig. 13, A and B), cells 
of the 3T3 fibroblast line (Fig. 13, C to F; a gift from Dr. K. Fujiwara), 
or cells of the c’c.1 line (Fig. 13, G and H; Bulloch et al., 1978) cells 
were a gift from Dr. E. A. Schwartz). Cells were either grown on 
coverslips or on subbed slides with RPM1 1640 medium plus 10% fetal 
calf serum, before they were fixed with 4% paraformaldehyde and 
processed for indirect immunofluorescence. In some of the cultures 20 
pg/ml of colchicine were added to the medium 15 hr before fixation 
(Hynes and Destree, 1978). 

All preparations were viewed with a Leitz Dialux fluorescence mi- 
croscope equipped with Zeiss and Leitz lenses. Fading of the fluorescent 
tags was prevented with p-phenylene diamine (Johnson and Nogueira 
Aranjo, 1981). When this compound was left to oxidize, it provided a 
convenient orange-colored nuclear counterstain that was visible only 
with the less selective H2-cube for FITC (Leitz), but it could be blocked 
out by the more selective L2-FITC-cube. 

Immune blots. Adult mice were quickly perfused through the heart 
with 1 mM EDTA, the brains were immediately placed into liquid 
nitrogen, pulverized, and lyophilized. Aliquots of brain powder were 
dissolved in preheated sample buffer (2% SDS, 5% 2-mercptoethanol, 
10% glycerol, 0.01% bromphenol blue in 0.625 M Tris-HCl, pH 6.8) 

were-transferred from the gel onto nitrocellulose paper according to 
Towbin et al. (1979). Strips of nitrocellulose paper were either stained 
for protein with amido black or blocked with 5% normal goat serum 
and processed for antibody binding using peroxidase-labeled secondary 
antibody (Cappel) and 3,3’,4,4’-biphenyl tetramine tetrahydrochloride 
(MCB Chemicals) as chromogen. 

Results 

Antibody R3 

Immunoblot. On blots from SDS-polyacrylamide gels, anti- 
body R3 stained strongly a band at 185,000 to 200,000 daltons 
and very faintly a band at 140,000 to 150,000 daltons (see Fig. 
1). To test whether these bands were likely to represent inter- 
mediate filaments, we compared R3 to a monoclonal antibody 
against a common site on all intermediate filaments (PIUS et 
al., 1981). On adjoining strips of blots the 185,000- to 200,000- 
dalton band of R3 lined up precisely with a band stained by 
the PIUS antibody; in the 140,000- to 150,000-dalton region 
the staining was too weak to be certain. This, taken in con- 
junction with the histological appearance of the antigen (see 
below) and comparisons with other antibodies, suggested that 
R3 recognizes neurofilaments. The strongly stained band most 

Figure 1. Immunoblot of antibody R3. Molecular weight standards 
at left were mvosin (210,000 daltons). B-aalactosidase (116.000 daltons), 
phosphorylase B (94,000 daltons), ovalbumin (43,000 daltons), and 
soybean trypsin inhibitor (21,000 daltons). 
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likely corresponds to the heaviest subunit of the neurofilament 
triplet. The faintly labeled band may represent a weak cross- 
reactivity of the antibody with the intermediate molecular 
weight subunit or with a breakdown product of the high molec- 
ular weight subunit. 

Transverse sections through retina. In transverse sections of 
the retina (Fig. 2) the most prominent labeling with R3 was in 
the outer plexiform layer and in the ganglion cell layer. In the 
inner lamina of the outer plexiform layer (i.e., adjoining the 
inner nuclear layer) a dense network of thick processes was 
stained, this was similar in apperance throughout the extent of 
the retina. In contrast, the labeling in the ganglion cell layer 
was strongest in central retinal regions, but it thinned out and 
disappeared toward the retinal periphery; it consisted mainly 
of sections through optic fiber bundles (see below). Much less 
conspicuous labeling with R3 was seen in the inner plexiform 
layer in the form of thin, mostly horizontally oriented fiber 
segments. Usually no cell bodies were heavily labeled, but at 
higher magnifications some very low level of labeling, barely 
distinguishable from background, could be determined in many 
cells of the ganglion cell layer and in a few cells at the inner 
margin of the inner nuclear layer. Only very rarely did a large 
cell body in the ganglion cell layer stand out. 

Retinal whole mounts: Inner retina. To visualize the topo- 
graphical distribution of the staining, we applied the antibody 
to whole mount preparations. Such specimens showed that the 

on 

Figure 2. Transverse section through the central region of the retina, 
reacted with the neurofilament antibody R3. Retinal laminae are in- 
dicated: onl, outer nuclear layer; opl, outer plexiform layer; id, inner 
nuclear layer; ipl, inner plexiform layer; gel, ganglion cell layer. The 
bright blobs in the ganglion cell layer are sections through optic fiber 
bundles. No colchicine was applied to this retina. and no eanelion cell 
bodies are visible. 

Y - 

fibers in the ganglion cell layer converged onto the optic disk 
and, hence, for the most part, must be optic axons. For the 
large majority of fibers, the staining was strongest close to the 
optic disk but gradually tapered out and disappeared toward 
the retinal periphery. In many retinas one or two fibers could 
be seen arising from a heavily labeled ganglion cell body. There 
was no consistent pattern to these rare completely labeled cells 
except that they were of large size and seemed to be more 
common in old mice. 

In an attempt to visualize more of the cell bodies that gave 
rise to the labeled fiber segments, we injected the eyes of mice 
with colchicine. A few hours after injection, the labeling of 
optic axon segments had generally progressed toward the reti- 
nal periphery and the labeling was more intense. Then, gradu- 
ally increasing in frequency with time after injection, the initial 
segments of many ganglion cell axons became visible as ex- 
tended calices, and ghost-like ganglion cell bodies began to 
show up. After 20 to 24 hr of colchicine exposure, many large 
ganglion cell bodies with dendrites were heavily labeled, but 
some axons had started to become disrupted, decomposing into 
chains of tiny rings along their course. Forty-five hours after 
colchicine application, m&t of the R3-stainable material had 
disappeared, and the retina seemed to undergo general necrosis. 
Except for the somata and dendrites of large ganglion cells, 
colchicine treatment did not bring out any other R3-positive 
structures in addition to those seen in untreated retinas. 

Figure 3 is a low power view of a sector of an R3-labeled 
retina from an eye injected with 7 pg of colchicine 22 hr before 
perfusion. Many ganglion cells are visible, sending off axons 
toward the optic disk. The density of labeled cells was consist- 
ently higher in peripheral than central retina, which was caused 
by the intraocular colchicine application, probably because 
peripheral ganglion cells had longer portions of their axons 
exposed to the drug than more central ganglion cells. No such 
topographical preference of labeled cell bodies was obvious after 
intraperitoneal injection of the drug, but this mode of applica- 
tion was unsatisfactory due to the general toxicity of colchicine. 
In Figure 4, a high power view of a ganglion cell, filamentous 
material can be seen winding around the nucleus in the soma 
region and extending into the dendrites that project out of focus 
into the inner plexiform layer. The distribution of fibrillae in 
cell body and dendrites in colchicine-treated retinas was not 

Figure 3. Low power view of a retinal whole mount from a 
C57BL/6J mouse. The eyes had been injected with colchicine 22 hr 
prior to perfusion. To t,he left, just beyond the margin of the photomi- 
crograph, is the optic disk; the right margin is close to the ciliary border 
of the retina. The specks located mainly in the peripheral retina are 
cell bodies of large ganglion cells; their axons can be seen converging 
onto the optic disk. 
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Figure 4. Large ganglion cell and optic axons from a C57BL/6J retina exposed to colchicine. The dendrites project into the inner plexiform 
layer, out of focus in this photomicrograph; they could be followed for about 150 pm in every direction. The initial portion of the axon of this 
cell appears swollen, probably due to the colchicine treatment. 

notably different from the pattern in the occasional ganglion 
cell labeled in untreated retinas. In addition to the ganglion 
cells in the ganglion cell layer, many axons could be followed 
to displaced ganglion cells in the inner nuclear layer. Although 
displaced ganglion cells make up less than 1% of the total 
ganglion cell population in the mouse (Drager and Olsen, 1980), 
about 6% of the R3-labeled ganglion cells were displaced ones. 
The ganglion cells that were stained represented a small frac- 
tion of the entire population-in the best preparations less 
than 2000 cells or about 2 to 3% of the total. Since there was 
some variability in cell body staining related to the colchicine 
pretreatment, this number can only be taken as a lower limit. 
All labeled cells had large soma diameters, as illustrated in the 
cell size histograms of Figure 5 that compare RS-labeled cells 
with the overall ganglion cell population from corresponding 
retinal regions (Drager and Olsen, 1981). 

While labeled ganglion cells could be counted easily, it was 
impossible to count optic axons at the light microscopic level. 
Nevertheless, there seemed to be many more axons labeled 
than cell bodies. In sections through the optic nerve the large 
axons stood out in relative labeling intensity, but the majority 
of axons appeared to be labeled to some extent. Although it is 
possible that the labeled cell bodies represent one functional 
class of ganglion cells, it would thus appear unlikely that 
functional classes of axons can be distinguished with this 
neurofilament antibody. 

We have not seen any centrally projecting ganglion cell axons 
giving off collateral branches within the retina, but there were 
at least two types of R3-positive axonal branches in the inner 

retina. The first type corresponded to the associational ganglion 
cell of Gallego and Cruz (1965), an example of which is shown 
in Figure 6. A large cell body located in the ganglion cell layer, 
with an obvious dendritic tree, can be seen giving off an axon 
that branches repeatedly and projects in a circumferential 
course in the inner plexiform layer. Two lines of evidence 
argued against a central projection. First, none of the labeled 
processes headed toward the optic disk. Second, 2 days prior to 
the intraocular colchicine application the optic tract contralat- 
era1 to the retina shown had been injected with HRP, which 
labeled most of the ganglion cells projecting into the tract but 
not the cell in Figure 6. We have seen complete labeling of this 
cell type only a few times, but in many retinas branching 
processes could be found that resembled the axonal arbor of 
this cell. 

The second type of axonal branches in the inner retina arose 
from thick fibers entering the eye through the optic disk, which 
defines them as efferent fibers (called efferent with respect to 
the brain, but an origin in the opposite eye cannot be excluded). 
Figure 7 shows such a fiber, at low power in A and at higher 
magnifications in B to F. Since most of these efferent fibers 
were thicker than most of the optic axons, stained brighter, 
and tended to run superficially in the fiber layer, they could be 
followed without difficulty from the optic disk in their course 
over the retina. When these processes ran parallel with the 
optic axons they tended to travel in the ganglion cell layer, but 
when they took an oblique course they dipped down into the 
inner plexiform layer. They seemed to terminate high in the 
inner plexiform layer or at the inner edge of the inner nuclear 
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they may represent axons of ganglion cells located close to the 
optic disk, so far we have never been able to trace any of them 
back to a cell body. 

A system of fine fibers, much thinner in diameter than the 
efferent fibers, could be distinguished with R3 in the inner 
plexiform layer (Fig. 7F). These fibers tended to run in a 
relatively straight horizontal course without tapering in diam- 
eter and often extending for many hundreds of micrometers, 
giving off only a few branches (see Fig. 1OA). Their appearance 
was not consistent with the dendritic morphology of ganglion 
cells, but rather resembled the processes of the wide field 
amacrine cells described in Golgi-stained material of the rodent 
retina (Perry and Walker, 1980; Perry, 1981). So far we have 
not been able to identify their cell bodies. 

In the inner stratum of the inner nuclear layer a population 
of cells was very faintly labeled. These cells had small somata 
and were spaced quite regularly at about 45 pm between nearest 
neighbors, which distinguished them from displaced ganglion 
cells that are larger and irregularly spaced (Drtiger and Olsen, 
1980) (see Fig. 10B). They did not seem to be the source of the 
fine fibers in the inner plexiform layer mentioned above. Most 
likely they corresponded to one of the two populations of 
amacrine cells stained with neurofibrillar methods in the rabbit 
retina (Vaney et al., 1981). It may be that in the mouse, as in 
the rabbit, a matching population of neurofilamentous ama- 
crine cells is displaced to the ganglion cell layer, but because of 
the faint labeling of these cells in the mouse and the relatively 

4- 
high background in the ganglion cell layer, we could not make 
out such a population with confidence. 

Outer plexiform layer. Figure 11 shows an RS-stained whole 
mount with focus on the outer plexiform layer. A dense network 

o- of thick processes can be seen which branches a few times 

-- before tapering off into slender endings. Camera lucida tracings 
SOMA DIAMETER (pm) of single elements from this tangle were difficult since the fine 

Figure 5. Cell size histogram of 97 ganglion cells labeled with R3 endings were often in close apposition to each other. One 

after colchicine exposure (upper graph), compared with the overall example of a traced cell is shown in Figure 12. The cell body 
population of ganglion cells (n = 2344) in intermediate and peripheral was not labeled, and its location could not be deduced from the 
retina, as determined fromNissl-stained whole mounts (lower graph). branching pattern of the processes. This cell was more or less 

characteristic of several camera lucida drawings we made, but 

layer. Figure 7C shows one of the branching points at higher 
since we may have selected for cells that were easier to trace, 

magnification, and Figure 70 shows the terminal staining of 
it is not necessarily representative for the entire population. It 

one of the arbors. Since in most cases neurofilaments do not 
resembled one of the two types of horizontal cells present in 

enter the synaptic terminal itself but taper out just before, 
most mammalian species, the axonless horizontal cell, a neuron 

synaptic endings usually cannot be demonstrated with neuro- 
known to be exceptionally rich in neurofilaments (Fisher and 

filament-specific methods (Guillery, 1970; Peters et al., 1976). 
Boycott, 1974; Kolb, 1977; Boycott et al., 1978; Bloomfield and 

Thus, the short branchlets here are presumably close to syn- 
Miller, 1982; Dacheux and Raviola, 1982; Gallego, 1982). 

aptic terminals. In addition to the type of efferent fiber that 
seemed to terminate in the vicinity of the main layer of ama- Antibodies R4 and R5 

crine cell bodies, we could also follow fibers from the optic disk General characteristics. The antibodies R4 and R5, like R3, 
to the outer plexiform layer and even to the photoreceptor outer labeled fibrillar components within cells, but except for one 
processes. A fiber of the last type is shown in Figure 8. Most unusual neuron the antigens recognized were restricted to cells 
retinas contained one or a few RS-labeled efferents, but there of mesenchymal origin and to types of macroglia. Because the 
was no consistent topographical pattern to their projection, antibodies reacted only poorly with the denatured material on 
and neither did they correlate with the sex of the animal or immunoblots, we tried to characterize the antigens immunohis- 
with the origin of the retina from the left or right eye. (C57BL/ tochemically with respect to vimentin, to which they appeared 
6J mice frequently have an ocular malformation, coloboma and morphologically related. For this comparison we used cells 
microphthalmia, that in most cases affects only the right eye.) grown in culture rather than retina sections, in order to avoid 

Figure 9 illustrates another peculiar type of fiber, which problems of tissue penetration and to allow for a flatter field 
apparently originates from the optic disk, loops around, and of view. In fibroblasts both R4 and R5, like vimentin antisera, 
appears to head back toward the disk. Several of these loops labeled a system of intracellular fibrillae. After several hours 
were seen in most retinas. Usually they remained confined to of exposure to colchicine, the R4- and RS-labeled fibrillae, like 
the ganglion cell layer (see Fig. 7, E and F), but in a few cases the vimentin filaments, collapsed into a perinuclear coil (Hynes 
the turn was around horizontal cells or in the layer of photo- and Destree, 1978) (see Fig. 13, A and B). On examination at 
receptor outer processes. While most of the looping fibers were high power the labeling of fibroblasts with the two monoclonal 
of relatively thick caliber, they could be of any diameter, and antibodies differed to some extent. The R5 antigen followed 
they intermingled with the optic axons, making it impossible 

. . . 
the vimentin-positive filaments in every detail discermble at 
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to follow them unambiguously into the optic disk. Although 
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Figure 6. Photomicrograph and camera lucida drawing of a large cell in the ganglion cell layer 
with dendrites and axon that arborize in the inner plexiform layer. The cell was located in the 
upper nasal retina. Some of the ganglion cells tilled with HRP from the contralateral optic tract 
are visible as dark specks in the low power photomicrograph. 

the light microscopic level (see Fig. 13, C and D). In contrast, 
the R4 antigen was distributed inhomogeneously along the 
vimentin-positive fibrillae. It paralleled them precisely in some 
places but appeared fragmented along the thinner vimentin 
fibrillae or was missing completely (see Fig. 13, E and F). In 
addition, the R4 antigen was to some extent affected by exces- 
sive treatment with detergent: exposure to 1% Triton over 24 

hr at room temperature caused a relative dispersion of the R4 
antigen, whereas vimentin and the R5 antigen were unaffected. 
These observations, as well as the distribution of the R4 antigen 
in the retina, indicated that the R4 antigen was probably not 
vimentin. By contrast, the R5 antigen seemed to parallel vi- 
mentin faithfully both in the retina as in fibroblasts, but there 
was one exception: In t’c.1 cells, a cell line of uncertain identity 
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Figure 7. Efferent fiber in a C3H/HeJ rd/rd retina; the eye had been injected with 10 pg of colchicine 9 hr prior to perfusion to increase 
staining intensity; hardly any ganglion cell bodies are visible. A, Low power view; the efferent fiber, sectioned at the releasing cut of the whole 
mount, stands out due to its thick caliber and intense labeling. The locations of the high power views in B to F are indicated. B, Efferent fiber 
close to optic disk; here the fiber measured almost 3 pm in diameter, but it decreased in diameter on its course through the retina. C, Branching 
point; as a rule, the acute angle of the branch was distal to the optic disk, indicating an extraretinal location of the cell body of origin. D, 
Terminal labeling of one of the branches. E and F, Same field, but focus in E on a looping fiber in the ganglion cell layer and in Fat the level 
of the efferent fiber running in the inner plexiform layer. 

but originally selected for neuronal characteristics from cul- 
tures of mouse cerebellum (Bulloch et al., 1978), the R5 antigen 
appeared as granular material along the vimentin fibrillae, 
often with highest concentrations in perinuclear regions of the 
cells (see Fig. 13, G and H). 

Miiller glia. In cross-sections through the retina, the staining 
patterns of the two antibodies were very similar. The most 
prominent labeling was of the radial fibers in the main type of 
retinal glia, the Muller cells. These fibers enveloped the cell 

somata of the ganglion cell layer and extended outward toward 
the outer limiting membrane (Fig. 14). Between the cells of the 
outer nuclear layer the radial fibers were more weakly labeled 
than in the inner retina. Staining in outer layers was relatively 
strongest in peripheral retina but tended to be sparse or not 
visible at all in central retinal regions. The cell bodies of the 
Muller cells showed up most often as kinks in the course of the 
radial fibers (see the arrow in Fig. 14) or more rarely as fusiform 
or diamond-shaped outlines external to the amacrine cells in 
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the inner nuclear layer. At higher magnifications and most 
noticeable in peripheral retina, the outer limiting membrane 
was labeled, which is the zone of tight junctions between Miiller 
cells and the basal portions of the photoreceptor outer proc- 
esses. In flat view the radial glia fibers were spaced in a nearly 
regular mosaic with a mean distance of 7 to 8 pm between 
neighboring fibers and a density of about 12,000 fibers/mm*. 
Figure 15 shows a horizontal section through the upper lamina 
of the inner plexiform layer, labeled both with R4 and R5. 

When the retina had been exposed to colchicine, the labeling 
was overall brighter and the fibrillae in the Miiller cells ap- 
peared somewhat coarser, but their distribution remained un- 
changed, i.e., the fibrillae did not collapse into perinuclear 
aggregates as they did in cultured fibroblast. Also, no structures 
in addition to those seen in untreated retinas were brought out 
by the drug. 

Optic fiber layer. At the inner edge of the retina the ends of 
the radial fibrillae in the Muller cells turned parallel to the 
vitreal surface, appearing in transverse sections as a system of 
obliquely and horizontally oriented segments (Fig. 14). In trans- 
verse sections no difference was obvious here between R4 and 
R5 labeling, but flat views revealed that the Miiller fibers 
obscured an additional cell type which reacted only with R5 
and not at all with R4. Figure 16 shows a whole mount stained 
with R5. Between the Miiller end feet, large flat cells are 
labeled, extending multiple broad processes over the inner 
surface of the retina, the astrocytes of the optic fiber layer 
(Ramon y Cajal, 1911; Ogden, 1978; Bussow, 1980). These cells 
were also labeled with vimentin antisera (not shown). 

The astroglia of the optic fiber layer was never labeled with 
R4, as shown in Figure 17, a horizontal section of the inner 
retinal surface double labeled with R4 and an antiserum to 
GFAP. With R4 (upper panel of Fig. 17) only the Muller end 
feet are visible, lining blood vessels and optic fiber bundles. No 
astrocytes are apparent, yet the GFAP labeling (lower panel) 
shows that there were plenty of astrocytes in the field. The 
mouse retina was, in fact, covered throughout with a loose 
network of astrocytes. 

The GFAP antiserum seemed to label astrocytes throughout 
their extent, and it brought out particularly well their relation- 
ship to blood vessels. The antigen recognized by R5, however, 
like vimentin in these cells, was restricted to perinuclear regions 
and proximal large processes but was absent from the most 
distal parts of the cells. Double labelings with R5 and GFAP 
antiserum showed, in addition, that the two antigens were 
similarly localized in fibrillae but often differed in fine details 
of distribution even in perinuclear regions, indicating that they 
were probably not part of the same substructure. 

Outer plexiform layer. At the level of the outer plexiform 
layer both R4 and R5 stained a tangle of thick, horizontally 
arborizing processes that resembled the cells labeled with the 
neurofilament antibody R3 in cross-sections (Fig. 14) and flat 
views; Figure 18 shows a horizontal section through the outer 
plexiform layer stained with R4. Camera lucida tracings of 
single elements revealed cells of a shape similar to the horizon- 
tal cell shown in Figure 12. Double labelings of R4 and R5 with 
R3 were not possible with indirect immunohistochemistry, 
since all three antibodies were of the IgM class. Nevertheless, 
double labelings with vimentin antiserum provided indirect 
evidence that the antigens coexisted in axonless horizontal 
cells, since each of the monoclonal antibodies co-labeled with 
the antiserum. Coexistence of the R4 and R5 antigen with 

not equidistant. The fiber followed through the focal planes is indicated 
Figure 8. Photomicrographs of an RS-positive fiber coming from the by arrows. Focal levels in the retina were determined by phase contrast 

optic disk and turning toward the outer retina. Frames are taken at microscopy or by labeling the whole mounts in addition with peanut 
focal planes progressing outward from the ganglion cell layer (A) to agglutinine that has a selective affinity for the inner and outer segments 
the level of the photoreceptor inner segments (F). Frames shown are and pedicles of cones (Blanks and Johnson, 1983). 
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Figure 9. Low power view of a looping fiber. 

neurofilaments in axonless horizontal cells makes these cells 
quite exceptional since no other neurons in the retina or brain 
were found to be R4- or R&positive. 

Discussion 
We have described the immunological detection and light 

microscopical localization of fibrillar components in cells of the 
mouse retina, using monoclonal antibodies made against the 
isolated ganglion cell layer. Although we have not proven by 
ultrastructural analysis that the antigens recognized are asso- 
ciated with lo-nm filament systems, their light microscopic 
appearance, reaction to colchicine, and, for R3, biochemical 
properties all make it likely that they are related to interme- 
diate filaments. 

Antibody R3 labeled a 185,000- to 200,000-dalton polypep- 
tide that is most probably the large subunit of neurofilaments. 
Its labeling pattern in the retina was the same as we saw with 
RT 97, a monoclonal antibody against the high molecular 
weight neurofilament subunit (Anderton et al., 1982; Drager, 
1983). R3 appeared to label all structures in the retina that 
have been found to stain with neurofibrillar methods except 
for the cell body regions of large ganglion cells, which are 
known to stain with such methods in retinas of all species 
examined, including the mouse (Embden, 1901; Sala, 1904; 
Ramon y Cajal, 1911; Cattaneo, 1922; Gallego, 1964, 1982; 
Leicester and Stone, 1967; Honrubia and Elliott, 1968, 1969, 
1970; Goldberg and Galin, 1973; Wassle et al., 1978, 1981; 
Vaney et al., 1981). The R3 antigen was not detectable above 
background levels in cell bodies, dendrites, and proximal axons 
of ganglion cells with the exception of an occasional cell that 
seemed to be labeled by accident. This discrepancy is most 

likely explained by the greater selectivity of the monoclonal 
antibody as compared to reduced silver methods. The Bodian 
neurofibrillar method has been shown to stain all three subunits 
of the neurofilament triplet (Gambetti et al., 1981), whereas 
R3 recognized mainly the heaviest subunit. With an antiserum 
to the intermediate molecular weight subunit of the neurofila- 
ment triplet we saw much more extensive labeling of ganglion 
cells than with R3, in a pattern reminiscent of neurofibrillar 
stains (Drager et al., 1983). The assumption that the antigenic 
site on the 200,000-dalton neurofilament subunit recognized by 
R3 is not present in detectable amounts in all neurofilaments 
is in agreement with the observations of Shaw et al. (1981), 
who found all three neurofilament subunits to coexist in axons, 
but a few neurofilament-positive profiles, some of which they 
identified as dendrites of pyramidal cells, were lacking the 
heavy subunit. Unexplained remains the intracellular distri- 
bution of the R3 antigen in ganglion cells. Why is the antigen 
not detectable in the first several hundred micrometers of the 
axons, although it is synthesized in the cell body and trans- 
ported down the axon at a slow rate (Hoffman and Lasek, 
1975)? 

In an attempt to bring out labeling of ganglion cell bodies, 
we applied colchicine to the retina and found two effects of the 
drug. First, several hours after drug application, the labeling 
was in general more intense, and the light microscopically 
visible fibrillae appeared thicker. This was true for the R3- 
positive fibrillae as well as for the fibrillae labeled by antibodies 
R4 and R5. Second, in a slower time course, colchicine caused 
an intracellular expansion of the R3 antigen in ganglion cells, 
with optimal labeling of somata and dendrites about a day after 
drug application. The first effect may be the immunohistochem- 
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labeled with R3 after colchicine exposure were of the largest 
size, and they comprised a relatively high fraction of displaced 
ganglion cells, a population that from indirect evidence appears 
to include many cells homologous to a-type ganglion cells of 
the cat (Cooper and Pettigrew, 1979; Drlger and Olsen, 1980). 
Whether the R3-labeled cells in the mouse do, in fact, corre- 
spond to one functional class remains to be tested. This ques- 
tion will be more easily addressed with neurofilament antibod- 
ies to lower molecular weight subunits, in order to avoid the 
use of colchicine. 

R3 brought out some unexpected anatomical pecularities: 
ganglion cells with axonal arbors confined to the retina, previ- 
ously called associational ganglion cells (Gallego and Cruz, 
1965; Mariani, 1982), and fibers projecting to the retina from 
elsewhere, efferent fibers. Associational ganglion cells have 
been observed with neurofibrillar stains in retinas of dog and 
human. By no means do they represent one of the accepted 
cellular elements of the retina; at best, they are considered a 
rarity. Efferent fibers have been identified with reduced silver 
stains and other methods since the last century, yet, except for 
birds and some cold-blooded vertebrates, skepticism prevails as 
to their existence or at least to their physiological significance 
(Rambn y Cajal, 1894; Dogiel, 1895; Polyak, 1957; Cowan and 
Powell, 1963; Brooke et al., 1965; Brindley and Hamasaki, 1966; 
Ogden, 1966; Honrubia and Eliott, 1968,197O; Witkovsky, 1971; 
Miles, 1972; Van Hasselt, 1972/73; Lin and Ingram, 1973; 
Goldberg and Galin, 1973; Noback and Mettler, 1973; Sande- 
man and Rosenthal, 1974; Marchiafava, 1976; Rep&ant and 
Gallego, 1976). In our material we found one or a few R3- 
labeled efferents in most retinas. In view of the 70,000 afferent 
fibers (Drtiger and Olsen, 1981), their number is minute, leaving 
the question open of whether they represent a very specialized 
function or merely an atavism. However, it is possible that we 
labeled only a fraction of these fibers. The efferent fiber shown 
in Figure 7, which terminated high in the inner plexiform layer, 

Fgure 10. Two types of amacrine cells that appeared partially corresponds to the type common in birds and lower vertebrates 
labeled by R3. A, Horizontal section through the inner plexiform layer (Cowan and Powell, 1963). About as often as this type we saw 
showing thin, horizontally projecting processes (see also Fig. 7F). Single efferent fibers with more bizarre projection patterns. Some 
fibers could span a third or more of the extent of the retina. They may ended in the outer plexiform layer, others ended at the level of 
represent the dendrites of Perry’s (Perry and Walker, 1980; Perry, the photoreceptor outer processes (Fig. 8), and some projected 
1981) wide field amacrine cells. B, Whole mount with focus on the 
inner row of cells in the inner nuclear layer, showing weakly labeled 

beyond the peripheral (ciliary) edge of the retina. The looping 

cell bodies that may correspond to the neurofilamentous type of 
fibers seen here (Figs. 7E and 9) have been observed before by 

amacrine cell described in the rabbit by Vaney et al. (1981). 
Goldberg and Galin (1973), who considered them also to be 
efferent fibers. The cell bodies of any of these fibers have yet 
to be located (Itaya, 1980; Bunt and Lund, 1981; Springer, 1982; 
Demski and Northcutt, 1983). 

ical correlate of the increase in neurofilaments seen at ultra- The antigens recognized by antibodies R4 and R5 were less 
structural level after colchicine application (Wisniewski and restricted in tissue distribution than the R3 antigen, which was 
Terry, 1967; Hansson and Sjiistrand, 1972). It was peculiar that present only in neurons. They were found in a variety of non- 
the intracellular distribution of fibrillae in ganglion cells of neural tissues, as well as in cells of neuroectodermal origin. In 
drug-treated retinas was not substantially different from the all locations that we examined they were morphologically as- 
few ganglion cells labeled without colchicine. Similarly the R4- sociated with vimentin, but not quite all vimentin-positive 
and RS-positive fibrillae in colchicine-treated retinas, as well fibrillae were accompanied by them. (There was one exception 
as the fibrillae labeled with vimentin antisera, appeared coarser to the co-localization with vimentin. In some preparations R4 
but otherwise normal in distribution; neither in neurons nor in labeled the nuclear stroma in a granular way, but this was 
glial cells did we see a perinuclear collapse of fibrillae, although variable, possibly related to fixation or extent of detergent 
t.he colchicine dosages used were large enough to cause eventual treatment.) Since we do not know the molecular weight of the 
necrosis of the retina. The perinuclear collapse of intermediate R4 and R5 antigens, it is not clear whether they relate to 
filaments seen upon colchicine application to cultured cells is vimentin-associated proteins described by others (Granger and 
thought to be due to rapid disassembly of microtubules to which Lazarides, 1980; Granger et al., 1982; Wang et al., 1983). It is 
the filaments are linked (Peterson and Murray, 1966; Hynes also possible, and more so for R5 than R4, that the antibodies 
and Destree. 1978). For the retina the deleterious effects of are directed against or cross-react with an epitope on the 
colchicine on microtubules appears to vary with cell type and vimentin molecule which is inaccessible in some locations. 
species studied (Karlsson et. al., 1971; Davidson et al., 1983). Antibody R5 labeled in the retina the Miiller glia, astrocytes 

In the cat retina neurofibrillar stains have been used to study in the optic fiber layer, and one type of neuron,. the axonless 
the mosaic of one functional class of ganglion cells, the a- or horizontal cells. The labeling pattern was very similar to the 
Y-cells, which form the largest population of ganglion cells retinal distribution of vimentin, except that the radial glia 
(W&sle et al.? 1981). In the mouse retina the ganglion cells seemed to be slightly more pronounced in the inner retina with 
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Figure 11. Whole mount labeled with R3. The focus is on the outer plexiform layer. 

Figure 12. Camera lucida drawing of one of the elements labeled 
with R3 in the outer plexiform layer, an axonless horizontal cell. 

R5 than with vimentin (Schnitzer et al., 1981; Dahl and Big- 
nami, 1982). Like vimentin, the R5 antigen in the astroglia of 
the optic fiber layer was restricted to proximal parts of the cells 
(Dahl et al., 1981b). Antibody R4 labeled the radial Muller glia 
and the axonless horizontal cells but not the astroglia of the 
fiber layer. The retinal distribution of the R4 antigen resembled 
the Cl antigen of Sommer et al. (1981). Like R4, anti-Cl stains 
only the Muller cells but not the astroglia of the optic fiber 
layer. Such a selectivity is noteworthy, since Muller cells are 
considered a specialized form of astroglia (Polyak, 1957). 

Only one type of neuron was labeled by R4 and R5 in the 
retina and probably in the entire central nervous system (CNS), 
the neurofilament-rich axonless horizontal cell. This peculiar 
neuron was also positive for vimentin, which is otherwise never 
expressed in mature neurons (Drager, 1983; Shaw and Weber, 
1983). Axonless horizontal cells, as well as horizontal cells in 
general, have several unusual characteristics, some of which 
were used in the past as arguments to question their neural 
identity (Sala, 1904; Villegas and Villegas, 1963; Svaetichin et 
al., 1965; see Rodieck, 1973, and Wassle et al., 1978, for discus- 
sions of the literature). In a study of retinal glia with modifi- 
cations of the de1 Rio-Hortega silver carbonate stain for as- 
troglia, Lessell and Kuwabara (1963) found the axonless hori- 
zontal cells to be stained, which they attributed to insufficient 
selectivity of these methods. Since we confirmed their obser- 
vations with antibodies to vimentin and related molecules, the 
silver carbonate methods now appear to be vindicated. It would 
be interesting to try to adapt these methods to gel-separated 
proteins to test whether they have an affinity to vimentin or 
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Figure 13. A and B, Fibroblasts extracted from newborn rat lungs. Cells in B were exposed to 20 rg of colchicine for 15 hr. Both preparations 
were labeled with R5. C and D, 3T3 cells double labeled with vimentin antiserum (c) and R5 (D). Note the identical labeling. E and F, 3T3 cells 
double labeled with vimentin antiserum (E) and R4 (F). Note that the R4 antigen along the vimentin fibrillae appears fragmented. G and H, 
c’c.1 cells double labeled with vimentin antiserum (G) and R5 (H). All scales indicate 30 pm. 
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Figure 14. Transverse sections of retina labeled with R5 (upper panel) and R4 (lower panel). With both antibodies the labeling of the radial 
Miiller fibers was more extensive close to the ciliary edge of the retina (lower panel). There were no obvious differences in the labeling of 
transverse sections between the two antibodies. Retinal laminae are indicated as in Figure 2. The location of the cell bodies of the Miiller glia is 
pointed out by the arrow in the upper panel. 
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Figure 15. Horizontal section through outer part of inner plexiform layer labeled with R4 and R5 together to increase intensity, showing 
mosaic of Miiller cells. Further inward toward the ganglion cell layer each Muller process divided into two or more end feet. Histograms of 
distances between nearest neighbors were made from photomicrographs such as this. 

Figure 16. Whole mount of a C3H/HeJ rd/rd retina reacted with R5. Note the astrocytes located at the vitreal margin of the retina between 
the Muller end feet. The same cells were visible in retinas of C57BL/6J mice (not shown), but in degenerate (rd/rd) retinas they appeared more 
prominent, which presumably reflected the known fibrous reaction of astrocytes to injury (Dahl et al., 1981b). 
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Figure 17. Flat section of the ganglion ceil layer of a CTr’iHL/fiJ mouse double-labeled with R4 (upper par&, FITC) and GFAP antiserum 
(tourer ~anel,‘RITC). Note the lining of blood vessels by the Miiller end feet and the extension of h.ylbous processes by the astrocytes to the same 
blood vessels. 
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mammals: A special glia for the ganglion cell axons. Cell Tissue Res. 
206: 361-378. 

Cattaneo, D. (1922) La struttura della retina dei vertebrati. Ann. 
Ottamol. 50: 349-390. 

Cooper, M. L., and J. D. Pettigrew (1979) The retinothalamic pathway 
in Siamese cats. J. Comp. Neurol. 187: 313-348. 

Cowan, W. M. and T. P. S. Powell (1963) Centrifugal fibres in the 
avian visual system. Proc. R. Sot. Lond. Biol. 158: 232-252. 

Dacheux, R. F., and E. Raviola (1982) Horizontal cells in the retina of 
the rabbit. J. Neurosci. 2: 1486-1493. 

Figure 18. Flat (horizontal) section through the outer plexiform 
layer, showing axonless horizontal cells labeled with R4. 

Dahl, D., and A. Bignami (1982) Immunohistological localization of 
desmin, the muscle-type 100 A filament protein, in rat astrocytes 
and Muller glia. J. Histochem. Cytochem. 30: 207-213. 

Dahl, D., A. Bignami, N. T. Bich, and N. H. Chi (1981a) Immunohis- 
tochemical localization of the 150K neurofilament protein in the rat 
and the rabbit. J. Comp. Neurol. 195: 659-666. 

Dahl, D., A. Bignami, K. Weber, and M. Osborn (1981b) Filament 
proteins in rat optic nerves undergoing Wallerian degeneration: 
Localization of vimentin. the fibroblastic 10-A filament nrotein. in 
normal and reactive astrocytes. Exp. Neurol. 73: 496-506: ’ 

Davidson, C., W. R. Green, and V. G. Wong (1983) Retinal atrophy 
induced by intravitreous colchicine. Invest. Ophthalmol. Vis. Sci. 24: 
301-311. 

one of the related factors, in analogy to the finding of Gambetti 
et al. (1981) that the Bodian stain can be used to detect 
neurofilaments on gels. It seems to be more than a coincidence 
that a filament system, otherwise found exclusively in glia in 
the adult CNS, turns up in a neuron that had been suspected 
on totally different grounds to be glial or glia-like. This obser- 
vation, as well as the heterogeneity and cell type specificity of 
intermediate filaments, seems to point to a more specific func- 
tion fo these filament systems beyond a simple structural role. 
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