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Enzymes involved in the synthesis of catecholamines were 
detected in amacrine and what appeared to be a specific 
class of horizontal cells in the ferret retina. Antisera directed 
against the enzymes tyrosine hydroxylase (TH), which con- 
verts tyrosine to DOPA, and phenylethanolamine Kmethyl- 
transferase (PNMT), which converts norepinephrine to epi- 
nephrine, were used with conventional immunohistochemical 
techniques. A population of perikarya located at the outer 
margin of the inner nuclear layer (INL) exhibited TH-like im- 
munoreactivity. The cell bodies were 9-12 pm in diameter 
and gave rise to stout dendrites that tapered rapidly after 
emergence from the somata. The processes formed a planar 
array in the inner half of the outer plexiform layer (OPL) 
slightly external to the cells of origin. We could not detect 
any inwardly directed processes. A population of PNMT- 
positive cells was also observed in the outer tier of cells in 
the INL. These cells were very similar to those exhibiting TH 
immunoreactivity. An apparent difference between the 2 
populations was that there were areas of intense, somewhat 
punctate PNMT immunoreactivity in the outer OPL. These 
were not observed in the TH-stained sections. 

Examination of horizontal sections showed that each TH- 
positive cell body gave rise to 4-5 major dendrites that 
branched to form a roughly circular dendritic field. In the 
periphery of the retina, an individual cell’s dendrites encom- 
passed an area up to 170 pm in diameter. The dendritic fields 
of cells near the center of the retina were substantially small- 
er. The PNMT-positive cells in horizontal sections appeared 
identical with respect to cell size and dendritic field char- 
acteristics. In the central retina, there were about 200 cells/ 
mm* with substantial overlap of dendrites of neighboring 
cells. On the bases of somatic position, dendritic field size 
and pattern, and the apparent lack of an axon terminal, we 
suggest that these cells correspond to the A-type horizontal 
cells described in cat (Kolb, 1974; Boycott et al., 1978). 

As in other vertebrates, a prominent population of TH- 
positive amacrine cells was observed in the inner tiers of 
the INL. These cells arborized in the inner, middle, and outer 
laminae of the inner plexiform layer (IPL). The TH-positive 
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amacrine cells were clearly distinguishable from the im- 
munoreactive cells in the outer tier of the INL by their po- 
sition, branching pattern, and intensity of staining. 

The identification of neurotransmitters in the vertebrate retina 
remains central to attempts to understand retinal function. A 
large number of transmitter candidates have been reported in 
amacrine cells including ACh, as demonstrated by choline acetyl 
transferase localization (Millar et al., 1987), indolamines (Floren 
and Hansson, 1980) and a number of neuropeptides such as 
substance P (Karten and Brecha, 1980) enkephalin (Brecha et 
al., 1979) neurotensin (Brecha and Karten, 1980) somatostatin 
(Brecha and Karten, 1980) and glucagon (Kuwayama et al., 
1982). Catecholamines, in particular, have been studied exten- 
sively with both formaldehyde histofluorescence methods (Eh- 
inger, 1982) and immunohistochemistry. The immunohisto- 
chemical studies have usually relied upon antisera directed 
against enzymes involved in synthesis of catecholamines. One 
of these enzymes is tyrosine hydroxylase (TH), which converts 
tyrosine to 3,4-dihydroxyphenylalanine (DOPA). This reaction 
is the rate-limiting step in the pathway. A number of investi- 
gators have shown that the distribution of this compound in 
amacrine cells is similar in many different species (Brecha, 1983; 
Witkovsky et al., 1984; Park et al., 1986). Specifically, TH- 
positive cell bodies are found at the inner border of the inner 
nuclear layer (INL) and distinct dendritic arborizations are pres- 
ent in the outermost lamina of the inner plexiform layer (IPL) 
and, in some species, middle and/or inner laminae as well. The 
presence of TH in these cells has been interpreted to mean that 
they are dopaminergic. Less frequently, a population of pre- 
sumed dopaminergic interplexiform cells has been described as 
well (Ehinger et al., 1969; Dowling and Ehinger, 1978). 

Another catecholamine-synthesizing enzyme, phenylethanol- 
amine N-methyltransferase (PNMT), converts norepinephrine 
into epinephrine. The immunohistochemical detection of this 
enzyme within other neurons in the INL has been interpreted 
to mean that some amacrine cells are adrenergic (Hadjicon- 
stantinou et al., 1984). 

Less information is available regarding the identity of the 
transmitters used by bipolar, horizontal and ganglion cells. An 
exception to this is the considerable evidence that H 1 horizontal 
cells of some non-mammalian vertebrates contain GABA (Marc 
et al., 1978; Hollyfield et al., 1979; Lam et al., 1979; Schwartz, 
1982). 

The identity of the transmitter(s) used by mammalian hori- 
zontal cells remains unclear. Previous studies of these cells have 
dealt primarily with morphology and connections. It is known 
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that there are 2 morphologically distinct types of horizontal cells 
in the cat (Kolb, 1974; Boycott et al., 1978). The A-type has a 
large dendritic field and reportedly lacks an axon or axon ter- 
minal. The dendrites give rise to fine processes that end in 
aggregrates of terminals. These constitute the majority of con- 
ventional (i.e.* nonphotoreceptor) presynaptic processes in the 
outer plexiform layer (OPL) (Fischer and Boycott, 1974). The 
dendrites of the B-type branch more extensively, overlap each 
other more frequently and form a smaller field than the A-type. 
In contrast to the A-type, the B-type has an axon and axon 
terminal. 

Recently, Schnitzer and Rusoff (1984) reported the transient 
appearance of glutamic acid decarboxylase (GAD) in horizontal 
cells during early development of the rat retina. Similarly, Ni- 
shimura et al. (1986) reported the presence ofGAD in horizontal 
cells of a primate retina. Neither of these studies specified what 
fraction of the total population was GAD positive nor did they 
indicate if the immunoreactive cells fitted into one of the 2 
categories described above. 

The present study reports the detection of catecholamine- 
synthesizing enzymes in amacrine cells and, more importantly, 
in a population of horizontal cells of the ferret retina. These 
cells appear to correspond to the A-type horizontal cells of cat 
and monkey. Our findings are significant in that they suggest a 
morphological substrate for catecholaminergic effects on infor- 
mation processing in the OPL. 

Materials and Methods 
Tissuepreparation. Male and female ferrets (Mustela putoriusfuro) were 
used in this study. The animals were killed by an overdose of ketamine 

Figure 1. Fluorescence micrograph of 
a cross section of a ferret retina pro- 
cessed for TH immunoreactivity using 
the indirect immunofluorescence tech- 
nique. An immunoreactive cell body is 
present in the outer INL and its pro- 
cesses project into the OPL. The bands 
of intense immunoreactivity at the INL- 
IPL border are processes of positive 
amacrine cells. The maior divisions of 
the retina are indicated. Inner nuclear 
laver UNLI. outer nuclear laver (ONLl 
inner ‘plexiform layer (ZPL); and outer 
plexiform layer (OPL). Calibration bar, 
25 pm. 

and xylazine and then perfused via the left ventricle and aorta with 100 
ml 6% dextran. This was followed by either (1) ice-cold 4% paraform- 
aldehyde in 0.1 M phosphate buffer solution (PBS) at pH 7.4 or (2) 500 
ml of ice-cold 4% paraformaldehyde at pH 7.4, followed bv 500 ml of 
cold 4% parafonnaldehyde and 0.65% glutaraldehyde and finally another 
500 ml of cold 4% naraformaldehvde. Additional fixative was iniected 
into the posterior chamber of the eye. Each eye was incised at the 
corneoscleral junction, the vitreous was removed as completely as pos- 
sible, and the eye placed in fixative for 2-l 2 hr, then transferred to 0.1 
M PBS with 20-30% sucrose to minimize damage resulting from freez- 
ing. 

The eyecup was immersed in high-viscosity embedding medium (OCT), 
frozen with dry ice, mounted on a cryostat chuck and sectioned (5-l 5 
pm) perpendicularly to the vitreal surface. Sections were collected on 
gelatin-coated slides and stored at approximately - 20°C. Alternatively, 
radial cuts were made from the periphery towards the center of the 
retina, allowing it to be flattened or divided into several flat pieces. 
These were placed on a level, frozen cryoform platform on the stage of 
a sliding microtome, frozen and sectioned (30-40 pm) parallel to the 
vitreal surface. Tissue treated in this fashion was processed “free-float- 
ing” in small vials. The solutions, times, and temperatures were identical 
to those for material on slides, except where otherwise noted. 

Staining procedures. The indirect immunofluorescence and avidin- 
biotin techniques were used in this study. Cryostat-sectioned material 
on slides was first washed in 0.1 M sodium phosphate buffer at pH 7.4 
and then drained. A rabbit antibody directed against bovine TH (Eu- 
genetech) diluted 1:500 or 1: 1000 in 0.3% Triton X-100 was applied 
and the tissue incubated at 4°C for 24-48 hr. Alternatively, a rabbit 
antibody directed against rat PNMT (Bohn et al., 1987) diluted I:1000 
or 1:4000 was used. The tissue was then washed in 2 changes of phos- 
phate buffer at pH 7.4. For immunofluorescence studies, a fluorescein 
isothiocyanate-coupled goat anti-rabbit antibody diluted 1: 100 in 0.3% 
Triton X-100 was applied and, in the case of tissue already on slides, 
kept in a humid chamber for 1 hr at room temperature. They were 
washed again in buffer and coverslipped using a glycerine-carbonate 
buffer. Alternatively, following incubation in primary antiserum and 
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Figure 2. Fluorescence micrograph of a cross section of a ferret retina showing PNMT-like immunoreactivity. A stained cell body can be seen in 
the outer INL and a portion of a dendrite from this cell extends laterally. Note the punctate immunoreactivity in the outer OPL (arrows). Calibration 

- bar, 15 pm. 

washing, the sections were incubated in biotinylated goat anti-rabbit 
antibodv diluted 1:200 in 0.3% Triton X-100 for 1 hr at room tem- 
perature. The tissue was then washed in 2 changes of phosphate buffer 
for 30 mitt, drained, and incubated in avidin-coupled peroxidase diluted 
1: 100 in Triton X- 100 for 1 hr. After washes in buffer, the sections were 
incubated with 0.05% diaminobenzidine in phosphate buffer for 15 min. 
Hydrogen peroxide was added to make a final concentration of O.Ol%, 
and gentle shaking was applied as the reaction proceeded. After about 
15 min, the solution was poured off and the tissue washed in several 
changes of buffer. Sections were mounted on gelatin-coated slides, cleared, 
and coverslipped. In some instances, the primary antibody incubation 
was omitted and staining was abolished. 

Selected sections processed for immunofluorescence were photo- 
graphed with a microscope equipped for fluorescence using high-speed 
film. Tissues processed with the avidin-biotin technique were photo- 
graphed with differential interference contrast optics. 

Results 
The ferret retina is approximately 200 Km thick in the region 
near the optic nerve head. The IPL is about 40-45 pm, the INL 
is 40 pm thick, and the OPL about 10 pm. Two populations of 
TH-immunoreactive neurons were observed in the INL. One 
type was found in the outer tier of cells in the INL and had cell 
bodies 9-13 pm in diameter (Fig. 1). Their dendrites could be 
followed laterally and slightly externally into the OPL toward 
other immunoreactive cells. The TH immunoreactivity was not 
observed in the outermost OPL in the area where fine branches 
and terminals would be expected. Based upon the position, size, 
and branching pattern of these cells, we tentatively identified 
them as horizontal cells. 

A population of cells exhibiting PNMT immunoreactivity was 
also observed in the outer INL (Fig. 2). The size of the cell 
bodies was in the same range as the TH-immunoreactive cells. 
Dendrites from these cells projected laterally and slightly ex- 
ternally into the OPL, as did the dendrites from the TH-positive 
cells. In the outer OPL, the PNMT immunoreactivity appeared 
somewhat punctate and generally more pronounced than the 
TH reactivity (Fig. 2, arrows). These features may correspond 
to the fine branches and terminal aggregates of A-type horizontal 
cells of the cat as described by Kolb (1974). We never observed 
processes from the TH- or PNMT-reactive cells in the outer tier 
of the INL projecting toward the inner INL or IPL. 

We also observed TH-positive amacrine cells in the innermost 
tier (Fig. 3) of the INL. They arborized primarily in the outer 
layer of the IPL. Some processes traversed the IPL and formed 
sparse arborizations in the middle and inner strata of the IPL 
(Fig. 4). These laminae seemed to correspond to laminae 1, 3, 
and 5 as defined in other vertebrates (see Ehinger, 1982). The 
outermost arborization was always considerably broader and 
more intensely stained than the other two. This pattern is very 
similar to that reported for TH-positive amacrine cells in other 
vertebrates (see Brecha, 1983). We also observed small-caliber, 
sometimes beaded TH-reactive processes traversing the INL 
between the IPL and the OPL. In some cases these processes 
appeared to originate from the inner INL or outer IPL, but we 
were unable to determine the cells of origin. Similar processes 
were not observed in the PNMT-stained sections. We suggest 
that these fibers are equivalent to the catecholaminergic inter- 
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Figure 3. Cross section of ferret retina showing TH-positive horizontal and amacrine cells. The amacrine cell processes arborize in 3 discrete 
laminae of the IPL, while the horizontal cell processes are confined to the OPL. Calibration bar, 30 pm. 

Figure 4. Fluorescence micrograpn of . . . --_ - amacnne cell processes in the IPL. This 
tissue was treated for TH immunoflu- 
orescence. one stainea processes are 
very dense in the outer IPL but much . . . . . . . . . sparser m tne miaale ana inner lami- 

Pol;hv.,t;m, her 3f-l ..m 
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Figure 5. Light micrograph of a horizontal section of the ferret retina. This tissue was processed using anti-TH antibody and the avidin-biotin 
peroxidase technique. The primary dendrites of the cells are in the same plane of focus as the cell bodies. Note the extensive overlap of the dendrites 
of neighboring cells. Calibration bar, 20 pm. 

plexiform processes as described for other vertebrates (Dowling 
and Ehinger, 1978). 

The size of an individual cell’s dendritic field and estimates 
of the density of cells in the retina were determined in material 
sectioned parallel to the vitreal surface and then processed as 
described above. The horizontal cells exhibiting TH-like im- 
munoreactivity were distinguishable from the TH-positive ama- 
crine cells by the position of their cell bodies within the retina, 
their distinctive branching pattern and by a difference in the 
intensity of staining (compare Fig. 5 to Fig. 7 below). In the 
central retina, the TH-positive horizontal cells numbered about 
200 cells/mm*, decreasing to about 80-100 cells/mm2 in the 
periphery. There was a significant degree of overlap of dendrites 
from adjacent TH-positive horizontal cells (Fig. 5). Each TH- 
immunoreactive horizontal cell body gave rise to 4 or 5 usually 
nonoverlapping primary dendrites which formed a more or less 
circular dendritic field (Fig. 6). The major dendrites of a single 
cell in the peripheral areas of the retina encompassed an area 
as large as 170 pm in diameter. This figure decreased towards 
the center of the retina, but the greatly increased cell density 
prevented precise measurements. We were unable to identify 
horizontal cell axons or axon terminals. These cells appear to 
correspond to the A-type horizontal cells as described by Kolb 
(1974) and Boycott et al. (1978). 

The PNMT-positive cells, as viewed in horizontal sections, 
were very similar to the TH-positive horizontal cells (Fig. 7). 
Each PNMT-reactive cell body also gave rise to 4-5 nonover- 
lapping dendrites, which, in the central retina, formed a roughly 
circular dendritic field. As with the TH-positive cells, we were 
unable to detect axons or axon terminals in the PNMT-stained 
sections. The density of the PNMT cells was about the same as 
that of the TH-positive cells. In some horizontal sections pro- 
cessed for PNMT staining, very small clusters of heavily stained 
structures were observed in the outer OPL. We suspect that 
these represent terminal aggregates as described by Kolb (1974) 
and Fisher and Boycott (1974). These were not found in the 
tissue processed with the TH antibody. 

Each TH-positive amacrine cell body gave rise to 3-4 major 
dendrites, which repeatedly branched and, in contrast to the 
horizontal cells, formed an extremely dense meshwork in lamina 
1 (Fig. 8). We were unable to determine the area encompassed 
by a single cell’s dendritic field due to the density of stained 
processes in lamina 1. 

Discussion 
Amacrine cells 
The TH-positive amacrine cell population in the ferret retina 
is similar to that reported for other vertebrates. The immuno- 
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reactive perikarya were found in the inner tier of the INL, ad- 
jacent to the outer margin of the IPL, as has been reported for 
other species (Ehinger, 1982; Brecha, 1983). The same trilam- 
inar pattern of reactive processes observed in ferret has been 
previously reported for turtles, birds, and other mammals (Dow- 
ling and Ehinger, 1978; Floren, 1979; Witkovsky et al., 1984). 
An apparent exception seems to be the Sprague-Dawley rat, 
which has TH-positive cells in the lowest tier of the INL and 
fibers only in the outermost IPL (Park et al., 1986). The same 
study also reported the presence of a population of cells in the 
inner portion of the INL, which exhibited PNMT immuno- 
reactivity but not TH, aromatic L-amino acid decarboxylase 
(AADC) or dopamine @-hydroxylase (DBH) reactivity. A much 
smaller population of PNMT-positive neurons in the INL ex- 
hibited TH, PNMT, and AADC, but not DBH, immunoreac- 
tivity. An earlier study by Hadjiconstantinou et al. (1984) re- 
ported a class of PNMT-positive cells in the second tier of cells 
in the INL, a sparse population of fibers in the outer IPL and 
a much more dense plexus in the middle of the INL. This study 
concluded that the TH-positive amacrine cells and the PNMT 
cells were distinctly different cell populations. 

In addition, the question of catecholaminergic interplexiform 
cells in the rat retina seems unresolved. One study (Foster et 
al., 1985) reported the existence of TH-positive varicose fibers 
in the OPL of the rat. These fibers were not visible in tissue 
stained for PNMT or DBH. However, the more recent report 

: Figure 6. Light micrograph of a hor- 

’ 
izontal section offerret retina processed 

I 

for TH as in Figure 5. Note the planar, 
nonoverlapping dendrites and the large 
area covered. Calibration bar, 25 pm. 

of Park and his collaborators (1986) made no mention of the 
localization of any catecholamine biosynthetic enzyme in the 
OPL. 

These studies indicate an extremely complex system of cate- 
cholamine neurons in the mammalian retina. Whether the data 
from other, less intensively studied mammalian retinae will 
mirror the situation in rat is unclear. 

Horizontal cells 

On the grounds of location within the retina, branching pattern, 
dendritic field size, and the absence of identifiable axons and 
axon terminals, we have tentatively identified the TH- and 
PNMT-positive cells in the outer INL as A-type horizontal cells. 
These results suggest that horizontal cells may be catecholam- 
inergic. 

A recent study (Sandell and Lam, 1986) reported the existence 
of an indoleamine-accumulating neuron in the rabbit retina, 
designated as a Type 3 neuron. These cells share many char- 
acteristics with the TH/PNMT-positive horizontal cells de- 
scribed above. In view of the fact that both catecholaminergic 
and indolaminergic neurons can take up the same precursors 
(Iversen, 1975) we reexamined our preparations with the mor- 
phology of the Type 3 ceil in mind. The Type 3 cell has a cell 
body in the outer INL and extends processes into both the OPL 
and the IPL. We did not find any inwardly directed processes 
projecting from the TH/PNMT-reactive cells in the ferret. The 
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Figure 7. Light micrograph of a horizontal section of the ferret retina stained for phenylethanolamine N-methyltransferase (PNMT). Note the 
planar dendritic fields and the general similarity to the cells shown in Figure 5. Calibration bar, 25 pm. 

TH-positive processes, which we thought to be interplexiform 
fibers, might originate from the horizontal cells, although we 
were unable to confirm this suggestion. However, this seems 
unlikely, as these fibers were never seen in the PNMT-stained 
material. Additionally, the fibers that we interpreted as inter- 
plexiform processes were sometimes beaded, of small caliber, 
and frequently coursed laterally in the INL as it projected out- 
ward. In contrast, the Type 3 cell apparently has a short inwardly 
directed process and does not appear to extend laterally as it 
traverses the INL. Finally, the Type 3 cells have much lower 
densities than the cells in the present report. The Type 3 cell 
has its highest density of 6 cells/mm2 in the ventral retina, while 
the putative Type A TH/PNMT-positive horizontal cell has its 
peak density of about 200 cells/mm2 in the central retina. In 
spite of these differences, however, we cannot yet conclude that 
the 2 populations are distinct. 

The question of co-occurrence of PNMT and TH immuno- 
reactivity in ferret horizontal cells cannot be resolved from our 
data. The fact that both the primary antisera available to us 
were generated in rabbits precluded reliable double-label stud- 
ies. If both enzymes do, in fact, occur in the same cells, it would 
indicate that the A-type horizontal cells in the ferret may use 
epinephrine as a neurotransmitter. It is also possible that there 
are 2 A-type subtypes that both produce enzymes involved in 

the synthesis of catecholamines. In the cat, there are reported 
to be 75,000 A-type horizontal cells with the density at the 
periphery of the retina about 11 O-l 30 cells/mm2 increasing to 
over 700 cells/mm2 in the central area (Wassle et al., 1978). 
Although we are not aware of any quantitative information 
concerning retinal cell types in mustelids, there is no reason to 
assume that the density and total number of A-type cells in 
ferret is substantially higher than that in cat. It seems reasonable 
to conclude, then, that the cells that exhibit TH and/or PNMT 
immunoreactivity comprise a significant fraction of the total 
A-type horizontal cell population. 

Despite a number of studies of the vertebrate retina using 
techniques such as formaldehyde histofluorescence and im- 
munohistochemistry, there are, to our knowledge, no prior re- 
ports of the detection of catecholamines or their synthesizing 
enzymes in any vertebrate horizontal cells. We can only spec- 
ulate as to the reasons for this. It is possible that TH and its 
synthesizing enzymes are present in horizontal cells of other 
vertebrates but in amounts below the detection sensitivity of 
current techniques or in a nonreactive form. An alternative 
explanation is that the transmitter content of ferret retinal neu- 
rons is different from that in other vertebrates. Since the pattern 
of TH immunoreactivity in ferret amacrine cells is similar to 
that reported for other vertebrates, this seems unlikely. Neither 
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can we ignore the possibility that the antisera used in this study 
reacted with some intracellular constituent other than TH, al- 
though our previous experience with the antibody suggests this 
is not the case. 

Similar arguments apply for the results from the PNMT stud- 
ies. However, the antiserum we used is directed against rat 
PNMT. Previous studies have employed PNMT antisera di- 
rected against bovine or rabbit enzyme. 

The unavailability of data concerning the physiology or bio- 
chemistry of mammalian horizontal cells precludes conclusions 
about the possible functional significance of our observations. 
Ultrastructure studies of cat retina have indicated that the den- 
dritic terminals of both A- and B-type horizontal cells constitute 
some of the lateral elements of cone triads. The central element 
is contributed by the cone bipolar cell. This arrangement sug- 
gests that there may be direct adrenergic influence on infor- 
mation transfer in the OPL. 
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