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Amacrine Cells and Bipolar Cells of the Macaque Monkey Retina 

David W. Marshak,’ Leslie B. Aldrich,2 John Del Valle,2 Tadataka Yamada 

‘Department of Neurobiology and Anatomy, University of Texas Medical School, Houston, Texas 77025, and 2Department 
of Internal Medicine, University of Michigan Medical School, Ann Arbor, Michigan 48109 

We used antisera that recognized precursors of the neuro- 
peptide cholecystokinin extended at the carboxyl terminus 
in an immunocytochemical study of the macaque retina. A 
subpopulation of bipolar cells with long, obliquely oriented 
dendrites was labeled. Their axons terminated exclusively 
in the fifth stratum of the inner plexiform layer, where they 
contacted processes of amacrine and ganglion cells. Based 
on their morphology, these cells appeared to be the type 
that contacts short-wavelength cones selectively. Two types 
of amacrine cells were also labeled, and processes from 
both types formed dense plexuses in the second and fourth 
strata of the inner plexiform layer. The majority of their syn- 
aptic connections were with other amacrine cells, but they 
had more contacts with bipolar cell axons and retinal gan- 
glion cell dendrites than any other peptidergic cells in the 
macaque retina. 

We studied extracts of macaque retina with gel-filtration 
chromatography and radioimmunoassays to confirm our im- 
munohistochemical results. We found cholecystokinin oc- 
tapeptide and other immunoreactive forms that were ami- 
dated at their carboxyl termini and were therefore likely to 
be biologically active. Unlike most other regions of the CNS, 
however, the retina had relatively low concentrations of ami- 
dated forms, and forms with extended carboxyl termini that 
are presumably their precursors were far more abundant. 
These findings suggest that the rate of cholecystokinin syn- 
thesis in the retina is quite high, as we would expect if the 
peptide were found in tonically active neurons. 

The neuropeptide cholecystokinin (CCK) has been detected by 
radioimmunoassays in the retinas of all vertebrate classes, and 
CCK immunoreactive (-IR) forms have been characterized by 
chromatography of retinal extracts (Osborne et al., 198 1, 1982; 
Yamada et al., 198 1; Eskay and Beinfeld, 1982; Aldrich et al., 
1987). Like most other retinal neuropeptides, CCK-IR has been 
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localized to amacrine cells in all vertebrates studied to date 
(Eriksen and Larsson, 198 1; Osborne et al., 198 1,1982; Yamada 
et al., 198 1; Brecha, 1983). In frogs, CCK-IR has also been 
localized to retinal ganglion cells (Kuljis et al., 1984; Kuljis and 
Karten, 1988). Mammals have CCK-IR neurons that branch in 
the outer plexiform layer (OPL), in addition to amacrine cells. 
CCK-IR has been localized to horizontal cells in the cat retina 
and to large synaptosomes that originate from the OPL in the 
cow retina (Osborne et al., 198 1; Thier and Bolz, 1985). 

CCK has also met other criteria for identifying neurotrans- 
mitters or neuromodulators in the retina (for a review, see Os- 
borne, 1985). In the frog eyecup preparation, pulse-chase studies 
have shown that CCK-IR was synthesized from a large precursor 
and that a smaller form resembling the amidated octapeptide 
(CCK8) was released (Yamada et al., 198 1). Specific membrane 
receptors for CCK and related peptides have been identified in 
frog and toad retinas, and these were similar to the B-type CCK 
receptors of the brain (Bone and Rosenzweig, 1987). CCK8 
applied to the retina by iontophoresis was also shown to have 
inhibitory effects on the spontaneous and light-evoked activity 
of all briskly responding types of cat retinal ganglion cells (Thier 
and Bolz, 1985). 

The exact roles that neurons containing CCK-IR play in the 
neural circuits of the retina are still uncertain, however. In 2 
previous studies of the localization of CCK-IR in mammalian 
retinas, it was mentioned that it was difficult to label these 
neurons with antisera to CCK8 or the amidated tetrapeptide 
(CCK4) (Eriksen and Larsson, 198 1; Thier and Bolz, 1985). As 
a result, the morphology of neurons containing CCK-IR in 
mammalian retinas had not been described in detail, and there 
had been no previous electron-microscopic studies of the syn- 
aptic connections of retinal neurons containing CCK-IR in any 
species. 

We were able to obtain more reliable labeling of the neurons 
that contain CCK with antisera directed against a synthetic pep- 
tide resembling a posttranslational processing intermediate of 
its precursor (proCCK), rather than with antisera against the 
small, covalently modified forms of CCK. We used 5 different 
antisera that recognized the sequence Trp-Met-Asp-Phe-Gly, 
which is amidated to produce the active forms of CCK (reviewed 
by Sugano et al., 1985). With these antisera, it was possible to 
study the morphology and synaptic connections of neurons con- 
taining CCK-IR in the macaque monkey retina and to propose 
functions for these cells in visual information processing. We 
also confirmed these results in biochemical studies of macaque 
retinal extracts. 

Some of these results were described in a preliminary report 
(Marshak, 1989). 
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Materials and Methods 
Characterization of retinal peptides. Eyes from Macaca mulatta were 
obtained less than 30 min post mortem and incised approximately 4 
mm behind the limbus. Most of the vitreous humor was removed, and 
the retinas were dissected free of the pigmented epithelium. The retinas 
were frozen and stored at -70°C. The frozen retinas were boiled in 10 
vol distilled water for 15 min, homogenized, boiled again for 15 min, 
and centrifuged at 3000 x g. Half the supematant was reserved as the 
water extract, and an equal volume of 6% acetic acid was added to the 
remainder. The extract was boiled for another 15 min and centrifuged 
again; this supematant was designated the acid extract. 

Aliquots of the extracts were assayed for gastrin with antiserum 16 11, 
as described by Rosenquist and Walsh (1980). Calcitonin gene-related 
peptide (CGRP) was assayed according to Cote et al. (1987). The extracts 
were applied to a 1 x 120-cm Sephadex G50 Superfine column cali- 
brated with BSA, NaCI, and CCKI. The water extract was eluted with 
0.025 M sodium barbital buffer (pH, 8.6) with 1% BSA, and the acid 
extract was eluted with 0.1 M sodium acetate buffer (pH, 5.0). The 
extracts and column fractions were assayed for CCK and its posttransla- 
tional processing intermediates using procedures described previously 
(Rosenquist and Walsh, 1980; Sugano and Yamada, 1985; Sugano et 
al., 1985). 

Immunocytochemical labeling. Most of the eyes for these studies were 
obtained from M. mulatta (n = 21) but similar results were obtained 
from M. fascicularis (n = 5) and M. nemestrina (n = 2). A few eyes that 
had been perfused with fixative by other investigators were used, but 
the majority were hemisected and fixed by immersion, either in this 
laboratory or at Regional Primate Research Centers. A 2-step fixation 
procedure for correlated light and electron microscopy was used most 
frequently. The first fixative was 4% paraformaldehyde with 0.05-0.2% 
glutaraldehyde in 0.1 M sodium phosphate buffer (PB) (pH, 7.2) for 60 
min at 20 or 37”C, and the second was 4% paraformaldehyde in PB 
(pH, 10) for up to 48 hr at 4°C. Other eyes were fixed for up to 48 hr 
at 4°C in either picric acid formaldehyde [O.l% picric acid, 2% para- 
formaldehyde, with or without 0.05% glutaraldehyde, in PB (pH, 7.2)]; 
PLP [O. 1 M lysine, 0.01 M sodium m-periodate, 2% paraformaldehyde 
in PB (pH, 7.2)], or 4% paraformaldehyde in PB. 

The retina was either isolated whole or sectioned at 500 pm with a 
Brinkmann tissue chopper and labeled by a modification of the method 
of Eldred et al. (1983). Glutaraldehyde- or picric-acid-fixed tissue was 
incubated for 60 min in 1% sodium borohydride in PBS. The tissue 
was rinsed 3 times for at least 10 min each in PBS after this and all 
succeeding steps, and, unless otherwise noted, PBS was used as the 
diluent for all the reagents. The tissue was then treated for 10 min each 
with an ascending and descending series of ethanol solutions (including 
10,25, and 40%). The tissue was incubated with antisera to the synthetic 
peptide Tyr-Gly-Trp-Met-Asp-Phe-Gly (G6-Gly) diluted 1: 1000 for 2- 
10 days at 4°C. These were raised against keyhole-limpet-hemocyanin- 
conjugated peptide as described previously (Sugano et al., 1985). These 
antisera included 8237 and 4 others with similar characteristics: 20637, 
R5B 16, R6B 16, and R8B 15. All these antisera recognized G6-Gly and 
Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-Gly (CCK-Gly) equally well at 
concentrations ranging from 100-500 fmol/ml. They did not recognize 
G6-Gly-Arg-Arg or peptides such as CCK or gastrin amidated at the 
carboxyl terminus, even at micromolar concentrations. For control ex- 
periments, 16-urn cryostat sections were used, and the antisera were 
preadsorbed with synthetic CCKS, G6-Gly-Arg-Arg, or G6-Gly for 60 
min at 20°C. These were labeled by an indirect immunofluorescence 
technique in which avidin-fluorescein isothiocyanate (FITC) (Vector) 
was substituted for avidin HRP in the protocol above, and the sections 
were viewed with a Zeiss Photomicroscope III with epifluorescent il- 
lumination. 

The tissue was incubated with biotinylated goat anti-rabbit IgG (Vec- 
tor) at 1:200 for 2 days and avidin-biotin peroxidase complex (Vector) 
at 1: 100 for 1 day. The tissue was reacted with diaminobenzidine (0.5 
mgml) and hydrogen peroxide (0.005%) for 60 min, treated for light 
microscopy with 0.1% in PBS (10 min) or for electron microscopy with 
1% in PB osmium tetroxide (1 hr), then dehydrated and embedded in 
Epon. Retinas were sectioned at 20-60 pm for light microscopy and 
photographed with a Zeiss Photomicroscope III or drawn with a camera 
lucida. Ultrathin sections were stained with uranyl acetate (2% in 50% 
methanol, 60 min) and lead citrate (0.2% aqueous, 1 min), then pho- 
tographed in a JEOL 100 CX electron microscope. Bipolar cells were 
identified by their uniform synaptic-vesicle distribution and their char- 
acteristic synaptic ribbons. Profiles that did not contain synaptic ribbons 

but had unevenly distributed synaptic vesicles and other presynaptic 
specializations were classified as amacrine cell processes. Profiles lacking 
presynaptic specializations or containing rough endoplasmic reticulum 
were classified as retinal ganglion cell dendrites (Dowling and Boycott, 
1966). 

Results 
Radioimmunoassays 
Three different antisera that recognized peptides derived from 
the CCK or gastrin precursors were used, and the mean values 
in the acid and water extracts were summed to determine total 
immunoreactivity. The highest concentrations of peptides in 
retina1 extracts were observed with antisera to intermediates of 
proCCK extended at the carboxyl terminus. Antiserum 5 135, 
which recognized forms amidated at the carboxyl terminus, de- 
tected 2.1 + 0.9 (mean & SD) pmol/gm. Antiserum 8237 to 
G6-Gly detected 4.8 -t 1.2 pmol/gm of forms with glycine re- 
maining at the carboxyl terminus. Antiserum 8207 against G6- 
Aly-Arg-Arg detected 11.8 * 3.8 pmol/gm of peptides that were 
further extended at the carboxyl terminus. Nothing was detected 
with antiserum 16 11, which recognized a sequence unique to 
gastrin. Because progastrin is the only other precursor for this 
“family” of structurally related peptides in mammals, these 
negative results indicated that all the immunoreactive peptides 
detected in the retina were derived from proCCK. 

Geljiltration chromatography 

The elution profiles of the extracts on Sephadex G50 are illus- 
trated in Figure 1. The largest peaks were observed in the acid 
extract with antiserum 8207 (Fig. la). There was a large peak 
at the position where CCK8 eluted and a broader peak near the 
void volume. Antiserum 8237 (Fig. 16) also detected a peak in 
the same position near the void volume of the water extract 
and another, somewhat smaller one centered in fractions 37 and 
38 in the acid extract. Peaks at the void volume and at the 
CCK8 standard were also observed with antiserum 5135 (Fig. 
lc). 

Specificity of immunolabeling 

G6-Gly antisera labeled distinct populations of amacrine and 
bipolar cells in the macaque retina. The labeling was completely 
blocked when 1 pg G6-Gly was preincubated with 100 ~1 diluted 
G6-Gly antisera. An equal amount of G6-Gly-Arg-Arg dimin- 
ished the labeling somewhat, and the labeling was unaffected 
by sulfated CCK8 at even higher concentrations. Other antisera 
to CCK4, CCK8, or other CCK precursors gave negative or 
inconsistent results. The antisera did not recognize CGRP, an 
unrelated peptide that has been shown to cross-react with some 
CCK8 antisera (Williams et al., 1987). Although the assay for 
CGRP yielded positive results in immunoassays of macaque 
uveal tissues, the same antisera did not detect CGRP in extracts 
or sections of the macaque retina (R. F. Gage1 and D. W. Mar- 
shak, unpublished observations). 

Labeled bipolar cells 

The bipolar cells were clearly distinguishable from the labeled 
amacrine cells. The bipolar cell perikarya were smaller in di- 
ameter, approximately 7-7.5 pm in the midperipheral retina. 
In addition, the labeled bipolar cells were located more distally, 
either in the most proximal or in the second row of the inner 
nuclear layer (INL) in most animals (see Figs. 2, 3). Perikarya 



Table 1. Synapses of labeled bipolar cells 

Presynaptic Postsynaptic Postsynaptic 
amacrine cells amacrine cells ganglion cells 

N 9 19 21 

% total 18% 39% 43% 

% type - 48% 53% 

The synapses of the labeled neurons in this table are described in 3 different ways. 
On the first line, the absolute numbers in each category were listed (N). The term 
“presynaptic cells” refers to the unlabeled cells that provide inputs to the labeled 
neurons (in this case, bipolar cells). Amacrine cells were the only cell types that 
were presynaptic; reciprocal and nonreciprocal synapses were not distinguished. 
The term “postsynaptic cells” refers to the cells that received synapses from the 
labeled cells (in this case, bipolar cells). The second line, “% total,” compares the 
number of synapses in that category to the total number of synapses made by the 
labeled bipolar cell axons, those where they are presynaptic and those where they 
are postsynaptic. The third line, “% type,” compares the number in each category 
to either the other presynaptic cells or the other postsynaptic cells. In this case, 
there is nothing in the presynaptic category because amacrine cells were the only 
presynaptic type. Note that approximately half the postsynaptic elements were 
amacrine cell processes and that halfwere retinal ganglion cell dendrites. Generally, 
the bipolar cell axons made many more synapses than they received. 

displaced to the outer nuclear layer (ONL) were observed in 
only 1 M. mulutta in our sample (not illustrated). 

There was some variability in the morphology of the labeled 
dendrites. Frequently, one dendrite was l-2 Km in diameter, 
and the others were much smaller, approximately 0.2 pm in 
diameter. In other labeled bipolar cells, the dendrites were roughly 
equal in diameter (see Fig. 3). Despite these differences, all the 
labeled cells appeared to contact the same population of cones 
selectively. The cell in Figure 3a is an example ofthe rare bipolar 
cells that contacted cones directly above their perikarya. The 
labeled dendrites typically took a long, oblique course through 
the OPL (see Fig. 3b, c). The dendrites typically bypassed 3 
neighboring cones before they branched, formed small expan- 
sions, and terminated. In some instances, labeled cells sent 2 
dendrites to the same cone (see Fig. 3~). Another indication of 
the selectivity of the contacts with cones was that labeled den- 
drites from 2 or 3 cells often converged on the same cone. 

Labeled axons descended to the most proximal fifth of the 
inner plexiform layer (IPL), where they bifurcated. Despite an 
extensive search, no axons were observed terminating in more 
distal strata of the IPL (see Figs. 2, 3). The synaptic connections 
of the labeled axons are summarized in Table 1. The axons 
received inputs from unlabeled amacrine cells, but these com- 
prised only 18% of all their synapses. The majority of the inputs 
to labeled cells were found at sites without synaptic ribbons like 
the one illustrated in Figure 4. The bipolar cell axons were 
presynaptic at asymmetric, ribbon synapses like the ones illus- 
trated in Figure 4. Most of these were dyads, where 1 amacrine 
cell dendrite and 1 ganglion cell dendrite were postsynaptic. 
There were only 2 dyads that contained 2 ganglion cell dendrites 
and only 2 dyads with 2 amacrine cell dendrites. There were 
also several instances in which only 1 postsynaptic element 
could be identified at the ribbon synapses. As indicated in Table 
1, approximately half the output of the labeled bipolar cells was 
directed to amacrine cells, and half was directed to ganglion 
cells. 

Labeled amacrine cells 

Antisera to G6-Gly also labeled 2 distinct types of amacrine 
cells. The most common was a small, bistratified amacrine cell 
(see Figs. 5, 6a, 6) with dendrites in 2 narrow strata centered at 

The Journal of Neuroscience, September 1990. 10(Q) 3047 

a PMOL/GM 
1,200 

CCKB 
h 

600 

600 

400 

200 

0 

b 300 , 

nnn / I 
50 60 

250 

CCK8 
h 

IO 20 30 40 50 60 

‘.i,1 
10 20 30 40 50 60 

FRACTION NUMBER 

Figure I. Chromatograms of retinal extracts. Three antisera that rec- 
ognized different products of proCCK were used to analyze Sephadex 
G-50 chromatograms of retinal extracts. The fractions in which large 
proteins (Vo), salts (I’..) and CCK8 eluted are indicated above each 
chromatogram. a, Open bars indicate the forms detected with antiserum 
8207 raised against G6-Gly-Arg-Arg. b, Gray bars indicate the material 
detected with antiserum 8237 raised against G6-Gly. c, Solid bars in- 
dicate the material detected with antiserum 5 135 against CCK. 

approximately 30% and 65% of the distance from the INL to 
the ganglion cell layer (GCL). The diameter of the perikarya 
ranged from 8-9 Frn in central retina to 10-l 1 Km in peripheral 
retina. Approximately halfthe perikarya were found in the prox- 
imal row of the INL, and half were found in the GCL, but they 
appeared to be similar in all other respects. Regardless of the 
positions of their perikarya, they sent thin, varicose dendrites 
to both the distal and the proximal strata. The slender dendrites 



3048 Marshak et al. l CCK Localization in Macaque Retina 

Figure2. Labeled bipolar cell. A labeled bipolar cell has long, obliquely 
oriented dendrites in the OPL, and its axon descends to the proximal 
stratum of the IPL (open triangle). Note the labeled amacrine cell per- 
ikaryon and the 2 plexuses of labeled amacrine cell processes (980 x). 

interconnecting the 2 strata were not always as conspicuous as 
the ones illustrated in Figure 5; some of these dendrites origi- 
nated from higher-order branches at sites farther from the peri- 
karya. There were no apparent morphological differences be- 
tween the dendrites in the proximal and distal strata. 

The second type of amacrine cell occurred less frequently and 
was larger than the first type at the same retinal locations (see 
Figs. 5, 6c, d). The diameters of the perikarya were approxi- 
mately 1 O-l 5 pm and increased with eccentricity. The proximal 
dendrites of the second type were somewhat larger in diameter 
at their origins than the first type, and no examples of dendrites 
from the second type running between strata were observed. 
The dendrites ramified in the same 2 strata of the IPL as did 

Figure 3. Labeled bipolar cells. In 
these camera lucida drawings, the solid 
lines are the OPL, and the dashed lines 
are the boundaries of the IPL (scale bar, 
10 pm). The cell in a is one of the rare 
cells whose dendrites contact cones di- 
rectly above their perikarya. The other, 
more typical dendrites run obliquely 
through the OPL to contact a subpop- 
ulation of cones. The cells in the upper 
drawings (a, b) appear to contact only 
1 cone, but the others below (c) contact 
2 or 3 cones. Note the specialized ter- 
minals on the dendrites and the ter- 
minals of the axons in the fifth stratum 
of the IPL. 

Table 2. Amacrine cell synapse types by sublamina 

Pre- Pre- Post- Post- Post- 
synaptic synaptic synaptic synaptic synaptic 
bipolar amacrine bipolar amacrine ganglion 

Distal 
N 17 20 5 21 8 
Total 24% 28% 7% 30% 11% 

%vPe 46% 54% 15% 62% 24% 
Proximal 

N 6 31 4 22 14 
Total 8% 40% 5% 29% 18% 
% type 16% 84% 10% 55% 35% 

The conventions here are the same as in Table 1, but the labeled amacrine cells 
are described, instead. Using 46% as the dividing line, the synapses in the distal 
and proximal sublaminae are compared. Using the statistical method described 
in the text, we showed that the types of processes postsynaptic to the labeled ones 
were not significantly different. Amacrine cell processes received most of the 
synapses from the labeled processes. A significant proportion of their output was 
directed to retinal ganglion cell dendrites, but bipolar cell axons received very few 
synapses. The only statistically significant difference between sublaminae was in 
the processes that were presynaptic to the labeled ones. In the distal sublamina, 
nearly half the inputs were from bipolar cell axons, but there were far fewer in 
the proximal sublamina. 

the first one, however, and it was not always possible to distin- 
guish the 2 types of amacrine cell dendrites in the electron 
microscope. Thus, the synaptic connections in the figures and 
in Tables 2 and 3 include both types of labeled amacrine cells. 

The laminar distribution of labeled amacrine cell synapses 
irrespective of type is illustrated in Figure 7. There were very 
few synapses between 0 and 15% or between 75% and 100% of 
the distance from the INL to the GCL. These 2 regions of low 
density roughly correspond with the first and fifth strata defined 
by classical techniques. There were also 2 peaks of high synapse 
density, one from approximately 2040% and the other from 
approximately 55-75%. These strata containing most of the 
labeled dendrites would be classified as the second and fourth 
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Table 3. Synapses of labeled amacrine cells L x “h. 

Pre- Pre- Post- Post- Post- 
synaptic synaptic synaptic synaptic synaptic 
bipolar amacrine bipolar amacrine ganglion 

Distal 
N 45 118 11 68 54 
Total 15% 40% 4% 23% 18% 
% type 28% 72% 8% 41% 24% 

Total inputs 163 Total outputs 133 
55% 45% 

The conventions are the same as in Table 1. The sample for this table includes 
additional labeled amacrine cell synapses whose depth in the IPL was not determined. 
The labeled processes made roughly the same number of synapses as they received, 
as expected for typical dendrites of amacrine cells. Note that the cells containing 
G6-Gly-IR interacted with bipolar cell axons at 19% of all their synapses. Most 
of these contacts were inputs from bipolar cell axons to labeled amacrine cell 
processes. 

strata of the IPL. There were also a few synapses in the third 
stratum between the 2 peaks. The same sample of synapses was 
divided into distal and proximal sets using 46% as the border 
between the 2, and the types of synapses they contain were 
compared in Table 2. The output synapses (i.e., synapses from 
labeled to unlabeled cells) were very similar in the 2 strata. When 
compared by x2 analysis, the outputs were not significantly dif- 
ferent (x2 = 3.46, p = 0.175). However, the difference between 
the input synapses (i.e., synapses from unlabeled to labeled cells) 
in the 2 strata was highly significant (x2 = 21.04, p = 0.0001). 
There were roughly equal numbers of inputs from amacrine cell 
dendrites and bipolar cell axons in the distal sublamina, and 
3 1% of all synapses of labeled cells found there were with bipolar 
cells. In the proximal sublamina, on the other hand, there were 
far fewer inputs from bipolar cells. 

Table 3 lists data from Table 2 and 148 additional synapses, 
all those whose polarity could be determined. The rare gap 
junctions made by labeled processes and contacts between 2 
labeled processes (not illustrated) were omitted. The labeled cells 
received approximately the same number of synapses (55%) as 
they made (45%). The labeled amacrine cell processes received 
a substantial proportion of their input (28%) from bipolar cell 
axons. All except 1 of these inputs occurred at typical ribbon 
synapses like that illustrated in Figure 8. The majority of the 
inputs to labeled amacrine cells (72%) came from unlabeled 
amacrine cells like those illustrated in Figure 9; contacts between 
labeled cells were extremely rare. Some of the amacrine cell 
processes presynaptic to the labeled processes had relatively 
electron-dense cytoplasm (see Fig. 10). Approximately half the 
outputs of labeled amacrine cells (5 1%) were directed to ama- 
crine cells (see Fig. 11). There were also, however, a considerable 
number of synapses (4 1% of the outputs) onto processes clearly 
or tentatively identified as retinal ganglion cell dendrites (see 
Figs. 12, 13). There were also a few synapses (8% of the outputs) 
from labeled dendrites onto unlabeled bipolar cell axons (see 
Fig. 14). 

Discussion 
Radioimmunoassays of peptides in retinal extracts 
The radioimmunoassay results indicated that all the immuno- 
reactive peptides in macaque retinal extracts were derived from 
proCCK. The negative results with antiserum 1611 indicated 
that progastrin was not present (Rosenquist and Walsh, 1980). 

Figure 4. Bipolar cell axonal synapses. A labeled bipolar cell is pre- 
synaptic to a retinal ganglion cell dendrite (g) and 2 amacrine cell pro- 
cesses (a) at 2 ribbon synapses. The labeled bipolar cell also receives a 
synapse from an unlabeled amacrine cell above (40,000~). The open 
triangle indicates the direction of synaptic transmission. 

In this respect, the macaque retina resembled most other regions 
of the primate CNS in which products of proCCK are the only 
members of this “family” of related peptides present (reviewed 
by Rehfeld, 1985). The immunoassay methods were designed 
to detect all the products of proCCK that contain the sequence 
that imparts biological activity. The 3 radioimmunoassays were 
able to detect that sequence without covalent modification (8207) 
after the cleavage of the arginine residues (8237) or after the 
conversion of the carboxyl terminal glycine to an amide group 
(5 135). 

All the molecular forms containing that sequence were likely 
to be extracted by the 2-step procedure employed in this study. 
It has been shown previously that the small, amidated forms 
were extracted in the boiling water and that larger forms were 
extracted in the acetic acid (reviewed by Rehfeld, 1985). An 
early study of the molecular forms of mammalian retinal pep- 
tides related to CCK concluded that CCK8 was the predominant 
form (Eskay and Beinfeld, 1982), but the methanol extraction 
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Figure 5. Labeled amacrine cells. The solid triangles indicate the perikarya of small, bistratified labeled amacrine cells. Two examples of the 
larger, unistratified cells are indicated with open triangles. Approximately equal numbers of both types of perikarya were found in the INL and 
CCL. 

technique used in that study has been shown to yield only small 
forms such as CCK8 and not the larger or more basic forms 
detected in more recent studies with acetic acid extracts. 

Molecular forms derived from proCCK 
The molecular forms of CCK in the macaque retina were un- 
usual because of the abundance of precursors. However, the 
same antisera to G6-Gly and G6-Gly-Arg-Arg that were used 
in the present study also detected large amounts of peptides with 
extensions at the carboxyl terminus in other mammalian retinas 
(Aldrich et al., 1987). Previous studies of proCCK-derived pep- 
tides in other regions ofthe mammalian CNS have usually found 
much higher concentrations of active, amidated forms relative 
to precursor forms extended at the carboxyl terminus (Beinfeld, 
1985; Sugano et al., 1985; Jonsson et al., 1986; Han et al., 1987). 
An exception is the cerebellum, which has been reported to 

contain higher concentrations of carboxyl-terminal-extended 
forms of CCK than amidated forms (Han et al., 1987). 

A previous immunocytochemical study of gastrin-secreting 
endocrine cells that also used these antisera suggests a possible 
explanation. Immunoreactive G6-Gly was found only in im- 
mature granules, where peptide processing occurs, but not in 
mature granules storing the amidated product (Funata et al., 
1989). If the metabolism of proCCK in neurons were similar, 
the prevalence of precursors relative to active forms in the retina 
might indicate that the rates of CCK turnover are higher there 
than in most other parts of the CNS. This finding is consistent 
with the localization of this peptide in bipolar cells, which are 
thought to release their neurotransmitter tonically. 

Six major peptides derived from proCCK were detected by 
gel-filtration chromatography and the region-specific radioim- 
munoassays. Large-molecular-weight forms eluting near the void 

b -----------:--------...------,----------------- 

Figure 6. Labeled amacrine cells. a, b, 
Camera lucida drawings show the small, 
bistratified type of labeled amacrine cell 
(scale bar. 10 rrm). The dendrites form 
2 plexuses in the second and fourth 
strata of the IPL. The processes con- 
necting the 2 plexuses were not usually 
as conspicuous as the ones illustrated 
here; typically, they were thinner and 
originated from more distal dendrites. 
The larger, unistratified type is shown 
in c and d. 
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Figure 7. Distribution of labeled synapses. The distribution of all types 
of labeled amacrine cell synapses is plotted as a function of depth in 
the IPL with 0 at the inner nuclear layer and 100% at the ganglion cell 
layer. Note the 2 peaks centered at approximately 30% and 65%. 
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volume were detected with all 3 antisera. While these peptides 
were similar in size, they were clearly different in structure. The 
G6-Gly-IR form was found in the water extract, and the G6- 
Gly-Arg-Arg-IR form was found in the acid extract. In addition 
to this difference in solubility, the 3 forms must have also been 
different in the structure of their carboxyl termini. Previous 
studies have shown that antiserum 5 135 only recognizes ami- 
dated forms, that antiserum 8237 only recognizes forms with 
glycine at the carboxyl terminus, and that antiserum 8207 rec- 
ognizes only forms with longer carboxyl-terminal extensions 
(Sugano and Yamada, 1985; Sugano et al., 1985). Most larger 
products of proCCK previously reported have been found in 
acid extracts, as was the case with the G6-Gly-Arg-Arg-IR form, 
but a large water-extractable form like the one observed with 
the G6-Gly antiserum has been described previously in the 
hippocampus (reviewed by Rehfeld, 1985). A very large form 
of proCCK similar to these has been described previously in 
primate tissue and named “component I” (Rehfeld, 1987). 

The only intermediate-sized form was detected with the anti- 
serum to G6-Gly, and it appeared to be similar to one described 
previously in the brain (Beinfeld, 1985). A small peptide was 
detected with the antiserum to amidated CCK, and it appears 
to be identical to CCK8, as reported previously in the retina 

Figure 8. Bipolar cell presynaptic. A labeled amacrine cell dendrite receives a synapse from a bipolar cell axon at a ribbon synapse (54,000 x). 
The open triangle indicates the direction of synaptic transmission. 
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Figure 9. Amacrine cells presynaptic. A labeled amacrine cell process 
receives 2 inputs from electron-lucent amacrine cells (50,000x). The 
open triangles indicate the direction of synaptic transmission. 

(Yamada et al., 198 1; Eskay and Beinfeld, 1982). In addition, 
a small G6-Gly-Arg-Arg-IR form was found, and it appeared 
to be similar to the small carboxyl-terminal-extended form de- 
scribed previously in the brain (Beinfeld, 1985). 

Identification of the labeled bipolar cells 

One type of neuron labeled with G6-Gly antisera was clearly a 
bipolar cell. The perikarya were small, elongated vertically, and 
found in the distal 2 rows of the INL. Their axons also made 
ribbon synapses in the IPL characteristic of bipolar cells (Dow- 
ling and Boycott, 1966). Their long, obliquely oriented dendrites 
resembled those of the short-wavelength-con&selective type 
described previously in the macaque, and their axons ramified 
in the same stratum of the IPL (Mariani, 1984a). The critical 
feature for identifying the short-wavelength bipolar cells in Gol- 
gi preparations was their selective dendritic contacts with a 
subpopulation of cones, and, in this respect, the G6-Gly-IR 
bipolar cells were virtually identical to the type labeled by Mari- 
ani (1984a). Unlike other primate bipolar cells (reviewed by 
Mariani, 1984b), these dendrites never contacted 2 adjacent 
cones, and there were 3 cones on average between the cones 
contacted. The distances between the cones contacted corre- 
sponded well with the known spacing of the short-wavelength 

Figure 10. Amacrine cell presynaptic. A labeled amacrine cell process 
receives a synapse from a relatively electron-dense amacrine cell process 
that resembled the glycinergic type. Note that there are many other 
labeled processes nearby (40,000x). The open triangle indicates the 
direction of synaptic transmission. 

cones (de Monasterio et al., 1985; Ahnelt et al., 1987). The 
axons of both types also terminated exclusively in the most 
proximal stratum of the IPL (Mariani, 1984a). Because the en- 
tire population of G6-Gly-IR bipolar cells appeared to be la- 
beled, detailed studies of their contributions to the spatial res- 
olution function of the short-wavelength system will be possible 
in future experiments. 

The most likely candidate for a colocalized neurotransmitter 
in these bipolar cells is glutamate, which has been localized to 
all, or at least a large percentage, of bipolar cells in primates 
(Lam et al., 1982; Brandon and Lam, 1983; Sarthy et al., 1986; 
Massey, 1990). Bipolar cells of the macaque have also been 
shown to contain immunoreactive aspartate aminotransferase 
(Mosinger and Altschuler, 1985). Another bipolar cell neuro- 
transmitter candidate, glycine, is less likely to be colocalized 
with G6-Gly-IR because glycine-positive bipolar-cell termi- 
nals are most numerous in strata 3 and 4, but not stratum 5, 
of the IPL (Lam et al., 1982; Frederick et al., 1984; Marc and 
Liu, 1985; Hendrickson et al., 1988). The techniques used pre- 
viously all label large numbers of bipolar cells, and, because 
G6-Gly-IR bipolar cells only comprise a small percentage of the 
total, they could easily have been missed if they had not been 
labeled. Thus, it is still uncertain whether these bipolar cells 
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Figure I I. Amacrine cell postsynaptic. A large, labeled amacrine cell 
process is presynaptic to an unlabeled amacrine cell process (45,000 x). 
The open triangle indicates the direction of synaptic transmission. 

containing G6-Gly-IR also contain a conventional neurotrans- 
mitter. 

IdentiJication of the labeled amacrine cells 
There were 2 types of labeled amacrine cells, and both had 
dendrites in strata 2 and 4 of the IPL. The unstratified cells with 
the larger perikarya resembled types Al 3 and Al4 described 
recently by the Golgi method (Mariani, 1988). The bistratified 
cells with smaller perikarya and more slender dendrites were 
far more common. Cells like these have been described using 
the Golgi method in vertical sections (Polyak, 1941) and in 
whole isolated retinas, in which they were classified as the A8 
type (Mariani, 1988). 

While there were some similarities between the “starburst” 
or cholinergic amacrine cells of the macaque and the smaller 
G6-Gly-IR amacrine cells, they were clearly 2 morphologically 
distinct types (Mariani and Hersh, 1988; Rodieck, 1989). Al- 
though both types ramified in strata 2 and 4 of the IPL, the 
cholinergic cell was unistratified, and the G6-Gly-IR cell was 
bistratified. Also, the dendrites of the G6-Gly-IR cells did not 
show the characteristic distal expansions of cholinergic den- 
drites. Although the G6-Gly-IR cells made more contacts with 
bipolar cells and ganglion cells than other peptidergic amacrine 
cells (Marshak, 1989) they did not make as many as the cho- 
linergic cells (Mariani and Hersh, 1988). In addition, the cho- 
linergic cells received a large proportion of their amacrine cell 
input from other cells of the same type, but synapses between 
2 G6-Gly-IR cells, on the other hand, were extremely rare. 

Although their processes are found in the same strata, neither 
type of G6-Gly-IR amacrine cell resembled the glycinergic ama- 

Figure 12. Retinal ganglion cell postsynaptic. A large, proximal retinal 
ganglion cell dendrite receives an input from a labeled amacrine cell 
process. This dendrite was identified unequivocally by its ribosomes, 
which are indicated by small open triangles on (30,000x). The large 
open triangle indicates the direction of synaptic transmission. 

crine cells that have been described in the primate retina (Lam 
et al., 1982; Frederick et al., 1984; Marc and Liu, 1985; Hen- 
drickson et al., 1988). The G6-Gly-IR cells were far more nar- 
rowly stratified, had larger dendrite fields, and lacked the lob- 
ulated appendages characteristic of glycinergic amacrine cells. 
Multiple types of primate amacrine cells that contain GABA 
have also been described (Brandon, 1985; Hendrickson et al., 
1985; Nishimura et al., 1985; Mariani and Caserta, 1986; Agardh 
et al., 1987), but it is unlikely that they contain G6-Gly-IR. 
Their terminals are most dense in strata 1, 3, and 5 of the IPL, 
rather than in strata 2 and 4, where the G6-Gly-IR cells ramified. 
The other amacrine cells in the macaque retina known to contain 
immunoreactive peptides were also clearly different in their 
morphology and synaptic connections (Marshak, 1989). 

The G6-Gly-IR amacrine cells most closely resembled the 
cells containing immunoreactive aspartate aminotransferase 
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Figure 13. Retinal ganglion cell postsynaptic. Another process post- 
synaptic to a labeled amacrine cell process was tentatively identified as 
a retinal ganglion cell dendrite by the absence of presynaptic special- 
izations (47,000 x). The open triangle indicates the direction of synaptic 
transmission. 

(AAT-IR) (Mosinger and Altschuler, 1985; Sarthy et al., 1986). 
The AAT-IR terminals were most dense in strata 2 and 4 of the 
IPL, and their synaptic connections were also similar. Assuming 
that the profiles “not clearly identifiable as amacrine cell pro- 
cesses” in the study by Mosinger and Altschuler (1985) were 
ganglion cell dendrites, they received nearly the same number 
of contacts from AAT-IR and G6-Gly-IR processes. The AAT- 
IR amacrine cells made fewer contacts with amacrine cells and 
more with bipolar cells. These results indicate that G6-Gly and 
AAT may be colocalized in some, but not in all, instances. There 
is some controversy about the identity of the neurotransmitter 
used by AAT-IR cells (Massey, 1990), however, and it remains 
uncertain whether the G6-Gly-IR amacrine cells also contain a 
conventional neurotransmitter. 

Functions of labeled amacrine cells 
Most of the synapses of the labeled amacrine cells (63% of the 
total) were with amacrine cells. Glycinergic and cholinergic cells 
are particularly likely to contact G6-Gly-IR amacrine cells be- 
cause both are common and both ramify most extensively in 
the same 2 strata of the IPL (Lam et al., 1982; Frederick et al., 
1984; Marc and Liu, 1985; Hendrickson et al., 1988; Mariani 
and Hersh, 1988). The glycinergic amacrine cells are relatively 
electron dense, and the presynaptic process illustrated in Figure 
10 may be an example. 

Figure 14. Bipolar cell postsynaptic. A bipolar cell axon that receives 
a synapse from a labeled amacrine cell process was identified by its 
synaptic ribbon (solid triangle). The open triangle indicates the direction 
of synaptic transmission. 

The labeled amacrine cells directed 4 1% of their output syn- 
apses to retinal ganglion cells. Because the strata containing G6- 
Gly-IR dendrites were centered at 30% and 65% of the IPL 
depth, they were likely to contact the “parasol” types, which 
have been shown to ramify in the second and fourth strata of 
the IPL (reviewed by Watanabe and Rodieck, 1989). 

The G6-Gly-IR amacrine cells also made a substantial num- 
ber of synapses (19% of the total) with bipolar cells. The fre- 
quency of synapses from labeled amacrine cells onto bipolar 
cells was similar in both strata (only 8% of the output synapses). 
Most of the contacts with bipolar cells were synapses onto the 
labeled cells, and these accounted for 28% of their inputs overall. 
These inputs from bipolar cells were particularly common in 
stratum 2 of the IPL, where bipolar cells provided 46% of the 
input to labeled amacrine cells. It is likely that the presynaptic 
bipolar cells included the “flat diffuse” type that ramify exten- 
sively there (reviewed by Mariani, 1984b; Rodieck, 1988). 

The amacrine cells that contained G6-Gly-IR received more 
inputs from bipolar cell axons than any peptidergic neurons 
described in the macaque to date (Marshak, 1989), and they 
directed a considerable proportion of their output synapses to 
retinal ganglion cells. In this respect, they resemble other ama- 
crine cells thought to contribute directly to visual information 
processing and differ from amacrine cells that are thought to 
have only modulatory functions (Masland, 1988). Taken with 
the result that this peptide has rapid effects on retinal ganglion 
cell activity (Thier and Bolz, 1985), these anatomical data sug- 
gest that CCK may act more like a conventional neurotrans- 
mitter than a neuromodulator. Additional physiological studies 
of CCK’s effects on retinal neurons and double-label immu- 
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nocytochemical studies to look for conventional neurotrans- 
mitters in the cells containing this peptide will be necessary to 
test this hypothesis. 
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