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In several mammals only one of the two types of retinal 
horizontal cell, the axonless A-type, appears to express neu- 
rofilaments. Neurofilament immunostaining of rodent retinas 
reveals a horizontal cell plexus that has previously been 
interpreted as belonging to A-type cells. Our intracellular 
Lucifer yellow injections strongly suggest that there are no 
A-type horizontal ceils in rat and gerbil. Counterstaining of 
dye-injected cellular structures with a neurofilament anti- 
body directly shows that the axon terminal systems of the 
axon-bearing B-type horizontal cells contain neurofilaments. 
These unexpected findings explain and reinterpret the neu- 
rofilament plexus in rodent retinas. In contrast, Lucifer yellow 
injections in guinea pig retina reveal both A- and B-type 
horizontal cells, showing that horizontal cell types are not 
uniform among rodents. In the guinea pig retina both A-type 
cells and B-type axon terminal systems contain neurofila- 
ments. 

[Key words: rodent retina, horizontal cells, neurofilaments, 
rat retina, guinea pig retina, Lucifer yellow] 

Neurofilaments are neuron-specific members of the interme- 
diate-filament family of cytoskeletal proteins. Their structure 
and function as neurofibrils were a hotly debated issue in the 
controversies about the “neuron doctrine” at the turn of the 
century (see, e.g., Ramon y Cajal, 1908). More recently, inten- 
sive research on the structure, localization, and possible function 
ofneurofilaments relies on immunocytochemical and molecular 
biological methods (for reviews, see, e.g., Shaw, 1986, 1991; 
Matus, 1988; Fliegner and Liem, 1991). 

The vertebrate retina is a clearly structured part of the CNS 
where well-defined cell types are easily identified, and the retinas 
of readily available laboratory rodents have often been used to 
study the localization of neurofilaments in defined neuron types. 
It has been shown that horizontal cell processes in the outer 
plexiform layer of rodent retinas are reactive to antibodies against 
neurofilaments (Drager, 1983, 1985; Shaw and Weber, 1983, 
1984; Weber et al., 1983; Drager et al., 1984; Dahl and Bignami, 
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1991; Hammang et al., 1992; Vickers and Costa, 1992). How- 
ever, to date there has been no detailed morphological descrip- 
tion of rodent horizontal cells, and it remains unproven which 
types of horizontal cells and which parts of individual cells are 
actually labeled by the antibodies. We have now studied the 
morphology of rodent horizontal cells and directly determined 
which structures in the outer plexiform layer are neurofilament 
(NF) immunoreactive. 

Horizontal cells are interneurons that modulate the infor- 
mation transfer from the photoreceptors to the bipolar cells in 
the outer plexiform layer. Studies in various nonrodent species 
have established that mammalian retinas generally contain two 
types of horizontal cell (reviewed, e.g., in Ramon y Cajal, 1893; 
Gallego, 1983, 1986; Boycott et al., 1987) commonly termed 
“axonless horizontal cell” or A-type and “short axon horizontal 
cell” or B-type now. The B-type has a smaller dendritic tree 
formed by many relatively fine dendrites, and an axon that ends 
in a profuse axon terminal system. Dendrites make synaptic 
contacts exclusively with cones; the axon terminal system, ex- 
clusively with rods (Kolb, 1974; Linberg and Fisher, 1988). The 
A-type horizontal cell has a larger, more sparsely branched den- 
dritic tree with fewer and stouter primary dendrites and makes 
synaptic contacts exclusively with cones. It has no axon. 

A further characteristic of the axonless A-type cells in several 
mammals is the high content of neurofilaments in their cyto- 
skeleton (Fisher and Boycott, 1974), which is reflected in their 
selective stainability with classical neurofibrillar methods (re- 
viewed, e.g., in Wtissle et al., 1978; Drager et al., 1984). Using 
this evidence from nonrodent mammals, Drager (1983) inter- 
preted the NF-immunoreactive plexus in mouse and rat outer 
plexiform layer as similarly indicating the presence of A-type 
horizontal cells; most subsequent studies have adopted this in- 
terpretation. 

We studied the morphology of rodent horizontal cells with 
intracellular injections of the fluorescent dye Lucifer yellow (LY). 
We found typical A- and B-type horizontal cells in the guinea 
pig, but only B-type cells in the rat and gerbil. Further evidence 
for this rodent peculiarity will be the subject of a separate report 
(L. Peichl and J. Gonzalez-Soriano, unpublished observations), 
but some of the results are briefly reported here, because they 
raise the question of what, if not A-type horizontal cells, are the 
structures that are revealed by NF antibodies in the outer plexi- 
form layer of rodent retinas. To address this question directly, 
we localized NF immunoreactivity in identified cellular com- 
ponents. An unexpected result is that the axon terminal systems 
of B-type horizontal cells also contain neurofilaments. This chal- 
lenges some of the findings and interpretations reported above, 
and offers an assay to study cell biological and molecular aspects 
of the NF proteins. 
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Materials and Methods 

Animals 
Adult rats, mice, gerbils, and guinea pigs were used. Among the rats 
and mice there were albinos (mixed breeds) and natural-colored breeds; 
guinea pigs were multicolored or of the Pirbright White albino strain, 
and gerbils were natural colored. No breed differences were observed 
in our results. Animals were killed by an overdose of halothane. The 
eyes were enucleated directly post-mortem, partially opened behind the 
cornea, and immersion fixed. After 30 min the anterior part of the eye 
with the lens was completely removed and the eyecup with the retina 
returned to the fixative. 

Lucifer yellow injections 

For Lucifer yellow (LY) injections the fixative was 2% paraformalde- 
hyde in 0.1 M phosphate buffer (PB; pH 7.4) and total fixation time was 
1 hr at room temperature; the eyecup was then transferred to PB. The 
vitreous was cut away as far as possible without putting mechanical 
stress on the retina, and the retina was carefully isolated and spread flat 
in a Petri dish containing PB. The dish was placed under a fixed-stage 
epifluorescence ,microscope for LY injections. A detailed description of 
the procedure is given in Peichl et al. (1987); it follows the protocol of 
Tauchi and Masland (1984). 

Briefly, a micropipette containing a 5% aqueous solution of LY was 
advanced through the retinal layers under visual control, until short test 
ejections of LY indicated that the outer border of the inner nuclear layer 
was reached. Somata, or processes in the outer plexiform layer, were 
impaled and LY applied iontophoretically by a constant negative current 
of 1-4 nA. When, the impaled cell was a horizontal cell, dye injection 
was continued for up to 20 min until no further spread of the LY 
occurred or the LY leaked out of the cell. Many fills did not reveal 
complete cells, and only cells where at least a major part of the processes 
was visualized were included in the study. These were about 40 cells in 
five rat retinas, about 20 cells in two gerbil retinas, and about 100 cells 
in three guinea pig retinas. 

Injected retinas were postfixed for 1 hr in the same fixative. Some 
were then subjected to immunocytochemical staining (see below). The 
others were mounted on a slide in a mixture of 90% glycerol in phos- 
phate-buffered saline with 2.5% potassium iodide, and coverslipped. 
LY-filled cells were photographed in flat view with Zeiss Neofluar ob- 
jectives and high-speed film. Drawings of cells were made from projected 
negatives. 

Neurofilament immunostaining 
Antibodies. A commercially available mouse monoclonal antibody raised 
against human neurofilament (clone 2F11: no. MON 3004, Sanbio) was 
used in most experiments because its staining was most robust. It spe- 
cifically recognizes the 70 kDa (NF-L) and 200 kDa (NF-H) subunits 
of neurofilament and shows no detectable cross-reactivity with glial 
fibrillary acidic protein, vimentin, desmin, and keratin. To assess wheth- 
er the three neurofilament subunits NF-L, NF-M (160 kDa), and NF-H 
are expressed differently in rodent horizontal cells, additional experi- 
ments were done with mouse monoclonal antibodies specifically rec- 
ognizing NF-L (clones NR4 and DA2), NF-M (clones NN 18 and 3H 1 l), 
NF-H (clones NE14 and N52), and phosphorylated NF-M/H (clone 
NAP4). Antibodies NR4, NNl8, NE14, and N52 were purchased from 
Sigma; antibodies DA2, 3H 11, and NAP4 were kindly provided by Dr. 
G. Shaw (University of Florida). The antibodies are described in Shaw 
et al. (1986) and Harris et al. (1991). 

Tissuepreparation. For immunostaining, rat, mouse, gerbil and guin- 
ea pig eyes were fixed in 4% paraformaldehyde in PB at 4°C for 3-4 hr 
(2Fll) or 1 hr (other antibodies) as described above. Retinas were then 
isolated, rinsed in PB for several hours, and cryoprotected by successive 
immersion in 1 O%, 20%, and 30% sucrose in PB. Retinas to be stained 
in toto were then repeatedly shock frozen and thawed in liquid nitrogen 
to improve penetration of the antibodies. Other retinas were frozen flat 
onto a block of tissue freezing medium (Reichert-Jung) and 40 pm 
sections parallel to the retina1 layers (horizontal sections) were cut on 
a freezing microtome. LY-injected retinal pieces were also shock frozen 
and immunostained as a whole. Both whole retinas and horizontal 
sections were reacted free floating. 

Immunostaining. Tissue was preincubated in PB with 10% normal 
goat serum, 1% bovine serum albumin, and 1% Triton X-100 for 1 hr 
at room temperature and then transferred to the primary antibody so- 
lution. For whole retinas and horizontal sections, the antibodies were 

diluted 1:10 (2Fll), 1:50 (NN18), I:200 (N52), or I:500 (DA2, 3H11, 
NAP4) in a medium containing 3% normal goat serum, 0.5% Triton 
X-100, and 0.01% sodium azide in PB. Incubation time was 2 d at 
room temperature or 4-5 d at 4°C. After several rinses in PB, the tissue 
was incubated in biotinylated goat anti-mouse IgG (Sigma B-7265), 
diluted 1:50 in PB with 0.5% Triton X- 100, for 16 hr at room temper- 
ature. The tissue was washed, and then incubated in Extravidin per- 
oxidase conjugate (Sigma E-2886), diluted 1: 100 in PB, for 1 d at room 
temperature. The peroxidase was visualized by incubating the tissue in 
0.05% diaminobenzidine (DAB) in PB for 10 min and then adding 
0.01% hydrogen peroxide to start the reaction, which sufficiently de- 
veloped within 5-10 min. The tissue was then washed and postfixed 
for 1 hr in the initial fixative before mounting. Horizontal sections 
yielded a more intense immunostaining than whole retinas, and all 
micrographs of DAB-reacted tissue are from sections. Control staining, 
where the primary antibody was omitted in the first incubation solution, 
showed no neuronal labeling. 

For each species, additional transverse sections through the retina 
(vertical 15 Frn cryostat sections) were immunoreacted with the NF 
antibodies. Staining was on the slide, and the antibodies and dilutions 
used are listed in Table 1. Antibodies were diluted in the above medium 
and incubation time was overnight at room temperature. Incubation in 
the goat anti-mouse antibody and the Extravidin peroxidase conjugate 
was at the above dilutions for 1 hr at room temperature, and visual- 
ization was with DAB. 

For the counterstaining of LY-injected tissue, antibody 2F11 was 
visualized by immunofluorescence. For this, the third incubation step 
was in Texas red-streptavidin (Amersham RPN. 1233), diluted 1: 100 
in PB, for 2-3 hr at room temperature. The tissue was then washed and 
postfixed as above. 

Results 

To identify which horizontal cells, and which parts of them, are 
labeled by NF antibodies, a three-step approach was adopted: 
(1) morphological characterization by dye injection of the hor- 
izontal cells that are present in rodent retinas, (2) immunocy- 
tochemical labeling of NF-containing structures in the outer 
plexiform layer to assess their detailed appearance and possible 
identity, and (3) a combination of dye injection and subsequent 
NF labeling to demonstrate neurofilaments in identified pro- 
cesses. 

Morphology of rodent horizontal cells 

To stain individual horizontal cells, fixed retinas of rat, gerbil, 
and guinea pig were injected with the fluorescent dye LY. The 
injection pipette was advanced through the retinal layers to the 
outer border of the inner nuclear layer, or to the outer plexiform 
layer, where the somata and processes, respectively, of the hor- 
izontal cells are located. Then LY was applied iontophoretically, 
and when a horizontal cell was impaled, LY injection was con- 
tinued until the dye had spread as far as possible within the 
processes of the cell (Fig. 1). 

Guinea pig. In the guinea pig two types of horizontal cell were 
found (Fig. 2). Their dendritic morphologies closely resemble 
those of the A- and B-type cells of other mammals. The A-type 
is larger, less densely branched with stouter dendrites, and we 
never found an axon on it. The smaller B-type has more and 
finer dendrites and an axon. The dendrites of both types are 
studded with spinelike terminals, which are the sites of pho- 
toreceptor contacts. When a B-type soma or dendrite is injected, 
only a small amount of the dye travels along the fine axon and 
usually does not reveal much detail of the axon terminal system 
at the end of the axon. In many cases the dye only travels along 
part of the axon and does not even reach the terminal system. 

To assess the detailed morphology of axon terminal systems, 
they had to be injected directly. Then a rich arborization is 
revealed, which consists of irregularly curved main branches 
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Table 1. Neurofilament immunoreactivity in rodent retinas as seen in vertical sections 

Snecies Structure 

Clone (antibody number) (NF reactivity, dilution used) 

NR4 DA2 NN18 3Hll NE14 N52 2Fll NAP4 
(NF-L pi, (NF-L, (NF-M pi, (NF-M pi, (NF-H pd, (NF-H pi, (NF-L/H, (NF-M/H pd, 
1:lOO) 1:500) 1:40) 1:500) 1:500) 1:200) 1:lO) 1:lOOO) 

Rat OPL hc plexus 
Hc somata 
Bipolar cells 
IPL 
ONFL 

Mouse OPL hc plexus 
Hc somata 
Bipolar cells 
IPL 

ONFL 

Gerbil OPL hc plexus 
Hc somata 
Bipolar cells 
IPL 
ONFL 

Guinea pig OPL hc plexus 
Hc somata 
Bipolar cells 
IPL 
ONFL 
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+ + +, intense label; + +, moderate label; +, faint or sparse label; -, no label. pd, phosphorylation dependent; pi, phosphorylation independent. OPL, outer plexiform 
laver: hc. horizontal cell: IPL. inner nlexiform layer: ONPL. ontic nerve fiber layer. The specificity of the antibodies (subunit, phosphorylation state, and epitope 
reco&dd) is given in Sdaw ei al. ( 1986) and Hark kt al. ( 149 0. 
y Regional difference in labeled structures. 

and many fine side branches, which again carry spinelike syn- 
aptic terminals. The axon terminal system is connected to its 
parent soma by a fine axon. In some cases the dye spread back 
to the soma and revealed enough of the dendritic morphology 
to identify the cell as B-type. More commonly, only a section 
of the fine axon was filled when a terminal system was injected. 
However, the presence of axons on B-type cells and on axon 
terminal systems, but not on A-type cells, is strong evidence 
that all axon terminal systems belong to B-type cells. 

Rat and gerbil. In the rat and gerbil, only one type of hori- 
zontal cell was found, which resembles the B-type cell of other 
mammals (Figs. lA,B, 2). The cells have a relatively densely 
branched dendritic tree and an axon ending in an axon terminal 
system. In a sample of some 40 rat cells and some 20 gerbil 
cells, we did not find individuals with an A-type morphology. 
In guinea pig the encounter rate of A- and B-type cells was about 
equal, indicating that the observed absence of A-type cells in 
our rat and gerbil sample is not an artifact due to a sampling 
bias for B-type cells. As in guinea pig, injections into rat and 
gerbil horizontal cell somata usually only revealed part of the 
axon or an understained axon terminal system. Hence, direct 
injections of axon terminal systems were used to assess their 
detailed morphology (Fig. 1 B). 

NF immunocytochemistry 
It is generally assumed that among horizontal cells only the 
A-type is revealed by classical neurofibrillar stains or NF an- 
tibodies (Whsle et al., 1978; Drsger et al., 1984). With the above 
findings it was all the more interesting to see what NF antibodies 
actually label in the rodent outer plexiform layer. We mainly 
used the antibody 2F11, which specifically recognizes the NF-L 

and NF-H subunits of the NF triplet. For rat, gerbil, mouse, 
and guinea pig, we stained unsectioned retinas or 40 pm hori- 
zontal sections that contained the outer plexiform layer. Ad- 
ditional vertical sections show the layered structure of the retina 
and an intense NF-immunoreactive band in the outer plexiform 
layer, confirming the presence of neurofilaments in that layer 
(Fig. 3A, Table 1). 

Rat, gerbil, and mouse. In rat, gerbil, and mouse, the outer 
plexiform layer contains a rather dense irregular plexus of NF- 
immunoreactive processes, which is best seen in horizontal sec- 
tions (Fig. 3B-D). The density of the plexus and the diameters 
of the processes vary somewhat between species, and also with 
location on the retina. The complete extent of single processes 
in the plexus cannot be followed. It is clear, however, that no 
somata are labeled, and that the plexus does not contain pro- 
cesses that emerge radially in a starlike fashion from possibly 
unstained somata, in which case they could have been readily 
identified as dendritic trees. From this material it appears that 
no somata and dendrites of horizontal cells are NF immuno- 
reactive. Thus, the plexus probably consists of B-type axon ter- 
minal systems; the main branches of LY-filled axon terminal 
systems (Fig. 2) resemble the curved processes seen in Figure 
3B-D. This conjecture is confirmed below. Bipolar cell dendritic 
trees, which also occupy the outer plexiform layer, are not la- 
beled with NF antibodies (see Table 1). They would be much 
smaller and could not be confused with the present plexus. 

Guinea pig. In guinea pig the staining is very different. Over 
most of the retina, somata and radially extending dendrites are 
labeled in the outer plexiform layer and adjacent inner nuclear 
layer (Fig. 3E). Tracing of individual cells indicates that they 
are A-type horizontal cells. However, the plexus is denser than 
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Figure 1. LY-injected horizontal cells in rodent retinas. The micrographs show flat views, focused on the outer plexiform layer in whole-mounted 
retinas. A, Rat B-type horizontal cell injected at the soma. The dendritic tree (top) is probably not completely revealed but many spinelike dendritic 
terminals are visible. The axon (ax) ends in a branched axon terminal system (bottom) that is only faintly stained. B, Gerbil B-type dendritic tree 
(bottom) with a faint axon, and two overlapping axon terminal systems (top) stained by successive impalement: montage of two micrographs with 
focus on the dendrites and axon terminal processes, respectively (synaptic terminals of the axon terminal systems are out of focus). The injection 
sites are recognized by LY deposits that have diffused into extracellular space. The capillary bed in the outer plexiform layer also fluoresces. Scale 
bar, 50 pm. 

would be expected if only the A-type cells were labeled. This 
suggests that there are additional NF-containing elements, which 
is confirmed by the experiments described below. 

In a restricted region of the guinea pig retina, the A-type 
somata and dendrites are not revealed by the antibody 2Fll. 
Here the plexus is devoid of somata and shows the same char- 
acteristics as that of rat, gerbil, and mouse (Fig. 3F). The region 
extends as a horizontal band from temporal periphery to nasal 
midperiphery just superior to the optic nerve head. The same 
feature is revealed by some of the other antibodies (see below 
and Table 1). 

NF labeling of identified structures 

A combination of LY injection and 2Fll immunolabeling was 
applied in rat, gerbil, and guinea pig retina (Fig. 4). First, several 
horizontal cell dendritic trees and axon terminal systems were 
dye injected. Then the retinal pieces were run through the an- 
tibody staining procedure, and Texas red-avidin was used to 
visualize the immunolabeling. Here less LY was injected than 
in the previous experiments in order not to mask binding sites 
or the visualization of the NF antibody. Fortunately, it turned 
out that LY did not mask the antigenic sites of neurofilaments 
and that the double staining procedure was feasible. This is not 

a matter of course since LY was, for example, incompatible with 
immunostaining for intracellular ChAT (Voigt, 1986). The LY 
did not fluoresce under the Texas red filter setting, as evidenced 
in Figure 4, B and D. Texas red only very faintly fluoresced 
under the LY filter setting (Fig. 4C), so no identification prob- 
lems arose. 

In all three species, rat, gerbil, and guinea pig, identified B-type 
axon terminal systems proved to be NF immunoreactive. This 
is illustrated for the gerbil in Figure 4, A and B, and for the 
guinea pig in Figure 4, C and D. The neurofilaments appear 
mostly restricted to the larger-caliber processes of the axon ter- 
minal system and the intricate pattern of the fine branches is 
not seen (compare Fig. 2). However, in several cases the fine 
axon was also labeled, as in Figure 40. The majority of LY- 
injected axon terminal systems were NF immunoreactive, but 
in a few, no NF label was found. It is unclear whether this was 
a technical problem of staining intensity and detection, or whether 
there is a subpopulation of axon terminal systems that is not 
recognized by the antibody. 

The dendritic trees of all LY-injected horizontal cells in rat 
and gerbil, and of the B-type cells in guinea pig, were not im- 
munoreactive to 2Fll. Injected A-type cells of the guinea pig 
were immunoreactive in those regions of the retina where soma 
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Figure 2. Drawings of LY-injected horizontal cells. In guinea pig (left) A- and B-type cells exist. The B-type has an axon (ax); the A-type is 
axonless. The axon terminal system (ats) belongs to another B-type cell. In rat and gerbil (right) only B-type cells with axon and axon terminal 
system were found. All cells are drawn at the same scale. 

staining was present (compare Fig. 3E), but were not immu- 
noreactive in regions where only the plexus stained (compare 
Fig. 3F). This set of experiments shows directly that in rat and 
gerbil the NF-immunoreactive plexus in the outer plexiform 
layer consists of B-type axon terminal systems, whereas in guin- 
ea pig the NF-immunoreactive structures are A-type cells and 
B-type axon terminal systems. 

Localization of NF subunits 
Are all three subunits of the NF triplet expressed similarly in 
rodent horizontal cells? In all four species, immunostaining of 
vertical sections with a panel of subunit-specific antibodies shows 
that the horizontal cell plexus in the outer plexiform layer ex- 
presses all three NF subunits. The results are summarized in 
Table 1. For comparison, the staining pattern of selected other 
retinal structures is also listed. In rat, mouse, and gerbil, the 
structure of the horizontal cell plexus looks basically similar for 
all subunits, and horizontal cell somata are not labeled (with 
the exception of N52 label in rat). Staining of horizontal sections 
with selected subunit-specific antibodies confirms that all three 
NF subunits are present in the axon terminal systems of B-type 
horizontal cells. In the guinea pig retina, all three NF subunits 
are present in A-type horizontal cells (including the somata), 
and in B-type axon terminal systems. 

In the vertical sections there are differences of labeling inten- 

sity between antibodies and species; for example, antibody NR4 
is a poor marker of the NF-L subunit in gerbil and rat. The 
differences are not artifacts of processing, because other struc- 
tures are intensely labeled in the same sections. In the thicker 
horizontal sections and in whole retinas, however, there are 
penetration problems for some of the antibodies. Differences in 
NF subunit expression depend on species, cellular compart- 
ment, and location on the retina. Inspection of vertical and 
horizontal sections establishes that in rat, but not in mouse and 
gerbil, the somata and dendrites of B-type horizontal cells are 
faintly N52 positive in addition to the strongly immunoreactive 
axon terminal systems (Table 1). Similarly, N52 faintly labels 
B-type somata and dendrites in guinea pig. None of the other 
antibodies shows such labeling. 

In guinea pig, the NF-L and NF-M antibodies show a regional 
gradient of horizontal cell labeling with more intense staining 
in peripheral retina, which is not seen with the NF-H antibodies 
(Table 1). In unsectioned guinea pig retinas, antibodies DA2 
and NAP4 had the same regional preference for A-type staining 
versus B-type axon terminal staining as antibody 2F11 (see 
above and Fig. 3E, F). A regional gradient is also found in gerbil 
retina, where the horizontal cell plexus is strongly labeled by 
the NF-H antibodies in peripheral retina, but weakly labeled in 
central retina. In guinea pig, some of the antibodies stain a subset 
of bipolar cells, confirming previous reports (Shaw and Weber, 
1984; Vickers and Costa, 1992). 





Discussion 

Is there only one type of horizontal cell in rodents? 
Rodents have been used in several studies to assess the retinal 
neuron types that are labeled by various antibodies to NF pro- 
teins, and horizontal cells were identified as an intensely im- 
munoreactive neuron population (Drager, 1983; Shaw and We- 
ber, 1983, 1984; Weber et al., 1983; Drager et al., 1984; Dahl 
and Bignami, 199 1; Vickers and Costa, 1992). In rabbit and cat 
only one of the two horizontal cell types, the axonless A-type, 
contains large amounts of neurofilaments (Fisher and Boycott, 
1974). As a detailed morphological description and classifica- 
tion of rodent horizontal cells did not exist, it was inferred that 
NF labeling indicated the presence of A-type horizontal cells 
also in rodents (Drager, 1983, 1985; Drager et al., 1984; Dahl 
and Bignami, 199 1; Hammang et al., 1992). 

To the contrary, our results show that the NF-containing 
plexus in rat and gerbil consists of B-type axon terminal systems, 
and indicate that in these species there are no axonless A-type 
horizontal cells. In contrast, guinea pigs have neurofibrillar A-type 
horizontal cells (Vickers and Costa, 1992; present results). Fur- 
ther evidence for only one type of horizontal cell in rat, gerbil, 
and mouse, and a discussion of rodent horizontal cell classifi- 
cation, will be given in a separate report (Peichl and Gonzalez- 
Soriano, unpublished observations). Suzuki and Pinto (1986) 
also only found axon-bearing B-type cells when they recorded 
and LY injected mouse horizontal cells. Similarly, only B-type 
horizontal cells are found in HRP-injected retinas of chestnut 
mouse (A. Harman, personal communication) and in Golgi- 
stained retinas of rat (V. H. Perry, personal communication). 

It is strange that these rodents have only B-type cells whereas 
the guinea pig has A- and B-type cells like mammals outside 
the rodent order. Interestingly, the capybara and agouti (mem- 
bers of the rodent suborder Caviomorpha like the guinea pig) 
also have neurofibrillar A-type horizontal cells (Silveira et al., 
1989; Yamada et al., 1992) and Mariani (1985) found A- and 
B-type horizontal cells in Golgi-stained red squirrel retina (sub- 
order Sciumorpha). A lack of A-type horizontal cells thus ap- 
pears to be a feature of some, but not all, rodent families (Peichl 
and Gonzalez-Soriano, unpublished observations). 

The functional consequences of having only one type of hor- 
izontal cell are difficult to judge because the detailed tasks of 
the horizontal cell types in mammalian visual information pro- 
cessing are not known (cf. Wassle and Boycott, 199 1). A- and 
B-type horizontal cells of the rabbit retina have different den- 
dritic field sizes and area summation characteristics (Bloomfield 
and Miller, 1982) but other response properties show no cor- 
relation with cell shape (Raviola and Dacheux, 1983); rabbit 
horizontal cells contribute to the receptive field surround of 
ganglion cells (Mangel, 199 1). Sterling et al. (1986) have hy- 
pothesized that cat A- and B-type horizontal cells contribute 
antagonistically to the receptive field organization of retinal 
ganglion cells, but rats and mice have ganglion cells with cat- 
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like center/surround antagonism (Partridge and Brown, 1970; 
Balkema and Pinto, 1982) despite the lack of A-type horizontal 
cells. 

Horizontal cell axon terminal systems contain neurojilaments 

We have provided direct evidence that the axon terminal sys- 
tems of rodent B-type horizontal cells contain all three NF sub- 
units. The plexus seen in our material resembles the NF-im- 
munoreactive plexus previously described in mouse retina 
(Drager, 1983; Drager et al., 1984). Given the assumed selec- 
tivity of neurofibrillar stains for A-type horizontal cells in var- 
ious mammals (see introductory remarks), it is easy to see how 
a misinterpretation of this plexus as A-type staining could come 
about. Drager (1983, 1985) illustrates some isolated elements 
drawn from the plexus, and they have in fact a certain resem- 
blance to A-type cells of other species. In our LY material some 
of the axon terminal systems also have main processes that 
resemble A-type dendritic trees; the gerbil axon terminal system 
of Figure 2, for example, could be mistaken for an A-type cell 
had the thin axon not stained. In the NF-immunolabeled ma- 
terial the stouter processes of the axon terminal systems dom- 
inate the plexus and the defining axon is often not visible. Dra- 
ger’s studies are the only ones that have used horizontal sections. 
Other authors (Dahl and Bignami, 199 1; Hammang et al., 1992) 
used vertical sections, where horizontal cell morphologies are 
difficult to judge. 

The present results stress the importance of detailed mor- 
phological information for the interpretation of immunocyto- 
chemical labeling. Our unexpected finding explains the plexus 
of NF-immunoreactive processes in the outer plexiform layer 
of rodents, and it challenges the notion, deduced from obser- 
vations with classical neurofibrillar stains and with electron mi- 
croscopy, that among mammalian horizontal cells only the ax- 
onless A-type contains neurofilaments. In rodents the problem 
was particularly obvious when the LY injections indicated an 
absence of A-type cells. In mammals that have NF-immuno- 
reactive A-type cells (like the guinea pig), additional NF-con- 
taining axon terminals might go unnoticed in the plexus (cf. 
Vickers and Costa, 1992). We since found that rabbit B-type 
axon terminal systems also contain neurofilaments (S. LBhrke, 
J. H. Brandstatter, and L. Peichl, unpublished observations), 
and studies in further species should clarify whether B-type axon 
terminal systems are generally NF containing in mammalian 
retinas. Interestingly, Gallego (1976, 1983) mentioned a hori- 
zontal cell axon terminal plexus containing neurofibrils in the 
retinas of turtles and diurnal birds and at that time stressed this 
as a difference from mammals. 

NF subunits in distinct celhdar compartments 

Our observations contribute to the cell biological question of 
differential distributions of NF subunits within neurons. Guinea 
pig A-type horizontal cells contain all three NF subunits in their 

Figure 3. NF immunostaining in the outer plexiform layer in several rodent species (antibody 2Fll). A, Vertical cryostat section of rat retina. 
The retinal layers are marked (CCL, ganglion cell layer and optic nerve fiber layer; ZPL, inner plexiform layer; ZNL, inner nuclear layer; OPL, 
outer plexiform layer; ONL, outer nuclear layer; PR, layer of photoreceptor inner and outer segments). A strongly immunoreactive band is seen 
in the OPL. There are no somata labeled, but some processes are in close neighborhood of and slightly displaced by capillaries in the OPL (arrow). 
Ganglion cell axon bundles in the GCL and a few processes of amacrine or ganglion cells in the IPL are also reactive. B-F, Horizontal sections 
showing the NF plexus of the outer plexiform layer in flat view. In rat (B), gerbil (C), and mouse (D) only processes but no somata are labeled. In 
guinea pig, over most of the retina A-type cells and a dense plexus are revealed (E; the somata of four A-type cells are in focus). However, in some 
regions (F) no somata are labeled and the plexus of irregular processes resembles that seen in rat, gerbil, and mouse. Micrographs were taken with 
Nomarski optics. Scale bars, 50 pm. 
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perikat-ya and dendrites. In rodent B-type horizontal cells all 
three NF subunits are found in two compartments, the axon 
and the axon terminal system. Shaw and Weber (1983, 1984) 
had also shown that in several mammalian species, including 
rat and mouse, NF-L, NF-M, and NF-H antibodies label iden- 
tical (though unidentified) processes in the outer plexiform layer. 

Some of the antibodies used in the present study recognize 
both phosphorylated and nonphosfihorylated forms of the NF 
subunits, but NE 14 and NAP4 only recognize phosphorylated 
NF subunits (Table 1). Their labeling pattern of rodent hori- 
zontal cells does not differ significantly from that of the other 
antibodies. It can be concluded that rodent B-type axon terminal 
systems, and guinea pig A-type horizontal cell dendrites and 
perikarya, contain phosphorylated NF-H. Generally, phos- 
phorylated NF-H is mainly found in axons, and neuronal peri- 
karya and dendrites are not labeled by phosphorylation-depen- 
dent NF-H antibodies (Stemberger and Stemberger, 1983; Shaw 
et al., 1986). The different distribution of phosphorylated versus 
nonphosphorylated subunits in neuronal compartments has been 
reviewed and discussed by Shaw (1986, 199 l), Matus (1988), 
and Fliegner and Liem (199 1). Guinea pig A-type horizontal 
cells are a case where phosphorylated NF-H is not confined to 
axonal structures. Nor have the B-type axon terminal systems 
conventional “axonal” properties. Their synaptic connections 
with the rods are similar to the B-type dendritic synapses with 
the cones (Kolb, 1974; Linberg and Fisher, 1988), and the thin 
axon does not appear to conduct electrical signals (Nelson et 
al., 1975). 

Mouse and gerbil B-type perikarya and dendrites do not con- 
tain neurofilaments that are recognized by the antibodies used 
here. In rat and guinea pig, B-type perikarya and dendrites are 
faintly labeled by antibody N52, but not by NE14 or any of the 
other antibodies, suggesting that they contain low amounts of 
nonphosphorylated NF-H. This is an unexpected finding as elec- 
tron microscopy did not reveal neurofilaments in cat and rabbit 
B-type horizontal cells (Fisher and Boycott, 1974). Rabbit B-type 
dendrites and perikarya, however, also show faint N52 labeling 
(LGhrke, Brandstgtter, and Peichl, unpublished observations). 
Under the assumption that the antibody does not cross-react 
with other cellular components, this argues for low levels of 
nonphosphorylated NF-H in mammalian B-type dendrites and 
perikarya, which perhaps escape ultrastructural detection or are 
present in a non-filamentous form. 

The distribution of NF subunits within neurons has been 
studied previously. Initial studies reported a differential distri- 
bution of the subunits, but Trojanowski et al. (1985, 1986), 
using a large set of monoclonal antibodies, found a similar dis- 
tribution of all three subunits in most NF-containing neurons 
they studied. They discuss the pertinent literature and argue that 
apparently different distributions may be explained by a mi- 
croheterogeneity of NF subunit expression producing different 
epitopes and corresponding recognition problems for the anti- 
bodies. Shaw (1986, 199 1) also discusses the issue that NF sub- 
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units differ in amino acid sequence between species and may 
be differentially distributed in neurons. Such caveats also apply 
to studies on horizontal cells, as apparent with the NF-L subunit 
that is recognized in all our species by antibody DA2, but only 
in some by NR4 (Table 1). It may be that rodent B-type den- 
drites contain additional NF subunits that are not recognized 
by the present antibodies. 

Are neurofilaments required by the architecture of the cyto- 
skeleton in certain types of processes, or by the functional role 
these processes have? Why do the dendrites of A-type cells, but 
not of B-type cells, contain the three NF subunits? Why do 
A-type horizontal cells express neurofilaments in some species 
(see introductory remarks) but apparently not in others (e.g., 
human; Kivelg et al., 1986; Straznicky et al., 1992)? Why is 
there a regional difference of NF expression in guinea pig hor- 
izontal cells? The points raised in the present article make the 
horizontal cells an interesting and suitable assay to study NF 
biology. Adult mammalian horizontal cells can be dissociated 
(Sarthy and Lam, 1979; Ueda et al., 1992), and early postnatal 
mammalian horizontal cells can now be cultured (V. MGckel 
and H.-D. Hofmann, unpublished observations; S. Liihrke and 
H.-D. Hofmann, unpublished observations), so their cytological 
and functional properties can be studied in vitro under defined 
and experimentally modifiable conditions. 
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