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Abstract

The distribution of the SNARE protein syntaxin-4 and the cation-chloride transporter NKCC were 

investigated in the outer plexiform layer of human retina using immunohistochemistry. Both 

proteins, which are proposed to be components of a GABA-mediated feedforward circuit from 

horizontal cells directly to bipolar cells, were enriched beneath S-cones. The expression pattern of 

syntaxin-4 was further analyzed in baboon and marmoset to determine if the synaptic 

specialization is common to primates. Syntaxin-4 was enriched beneath S-cones in both species 

which together with the human results indicates that this specialization may have evolved for the 

purpose of mediating unique color vision capacities that are exclusive to primates.

1. Introduction

Recently, we investigated the distribution of the soluble NSF-attachment protein receptor 

(SNARE) core complex protein syntaxin-4, the sodium-potassium-chloride transporter 

NKCC, and GABA receptors in the outer plexiform layer of macaque retina by 

immunohistochemical techniques [1, 2]. The question addressed was if primate horizontal 

cells may employ a feed-forward pathway from horizontal cells directly to cone bipolar 

cells. Syntaxin-4 has been shown to be expressed by horizontal cells in different mammals 

and it was used as an indicator for vesicular GABA release in horizontal cells [3–5]. In 

macaque monkeys, syntaxin-4 was found in HI and HII horizontal cells postsynaptic to all 

photoreceptor types, but highly enriched beneath short (S-) wavelength sensitive cones, co-

localized with dendritic processes of HII horizontal cells. A concomitant enrichment of 

NKCC was observed beneath S-cones, pointing to a depolarizing effect of GABA [6, 7] in 

blue cone ON-bipolar cells. This pathway would allow excitatory signals, for example, 

yellow-OFF responses from long (L-) and middle (M-) wavelength sensitive cones, to travel 

via HII cells directly onto blue cone bipolar cells through sign-conserving synapses into the 

inner retina. Although the corresponding synaptic elements were expressed in mouse and 

ground squirrel retinas, enrichment at S-cones was not observed [1, 2], indicating the 

evolution of a primate-specific adjustment in support of enhanced processing of spectrally 

opponent signals.
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Primate retina contains two types of horizontal cells like retinas of many other mammalian 

species (reviewed in [8]). However, the horizontal cells of primate retina stand out in terms 

of their cone connectivity pattern. The dendrites of HI horizontal cells contact L/M-cones 

but largely avoid contacts with S-cones (while the axon terminals are connected to rods). In 

contrast, HII cells form the majority of their synapses with S-cones via their dendrites and 

axon-like processes, but they form additional contacts with L- and M-cones [9–16]. It has 

been shown that HI cells provide cone opponent signals in the midget pathway in support of 

red-green color vision [17]. However, the role of HII cells is largely unknown. Taking their 

unique connectivity pattern into account, it seems natural that HII cells may play a role in 

the S-cone pathway and in S-cone opponent signaling. In line with this hypothesis, the 

receptive fields of S-cones exhibit a “yellow” surround, which is likely mediated by synaptic 

feedback from HII cells carrying L- and M-cone signals [18]. The feedback from horizontal 

cells onto cone terminals is achieved by either ephaptic feedback via connexin 

hemichannels, by pH changes in the synaptic cleft, or by a combination of both mechanisms 

(reviewed in [19, 20].

In addition, evidence exists for a direct feed-forward pathway between horizontal cells and 

bipolar cells. It is known that mammalian horizontal cells express the neurotransmitter 

gamma-aminobutyric acid (GABA), the GABA-synthesizing enzyme glutamic acid 

decarboxylase (GAD), and the vesicular GABA-transporter vGAT (e.g.[5, 21–32]. 

Ultrastructural studies revealed synaptic contacts between horizontal and bipolar cell 

dendrites in cat and rabbit [33–35] and GABA receptors have been shown to be expressed 

on bipolar cell dendrites at the corresponding sites in the outer plexiform layer (OPL) [25, 

36]. To preserve the proper synaptic sign of a GABAergic communication between 

horizontal cells and bipolar cells, ON bipolar cells express NKCC on their dendritic tips [7]. 

NKCC leads to an accumulation of chloride so that the ON bipolar cell depolarizes upon 

GABA release. Functional evidence for this excitatory feed-forward effect of GABA 

between horizontal cells and ON bipolar cells has been provided in experiments with adult 

mouse retina [6, 37, 38].

The question arises if different primate species indeed share the abovementioned 

specialization within the blue-yellow opponent circuitry, and at which point during 

evolution it occurred. In the present study, retinas of human, baboon, and marmoset were 

surveyed for their expression patterns of syntaxin-4 at S-cones. Immunohistochemical 

labeling revealed in all of the three different species that syntaxin-4 was enriched at S-cones 

in comparison to L/M-cones. Thus, our data further supports the hypothesis of a primate-

specific, synaptic mechanism by which HII cells mediate color vision capacities that are 

unique to primates, and we conclude that this specialized feed-forward pathway emerged at 

a time during early primate evolution before the division of platyrrhines and catarrhines.

2. Methods

Tissue preparation

Human eyes were obtained through LifeSight (Seattle, WA). The donor was a 69 year old 

female with no known ocular disease. The face was iced within three hours of death, eyes 

were enucleated six hours post-mortem and kept on ice. Dissection for histological analyses 
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of the retinas was performed 8 hours post-mortem. The tissue was fixed in 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4, for 10 or 30 minutes at 

room temperature (RT).

Retinas of adult olive baboons (Papio anubis) were obtained through the Tissue Distribution 

Program of the National Primate Research Center at the University of Washington in 

accordance with guidelines for the care and use of animals at the University of Washington. 

After initial perfusion with carbogenated, bicarbonate-based Ames medium, the tissue was 

then transferred to the fixative for 20 minutes at RT.

Common marmosets (Callithrix jacchus) were tranquilized with ketamine and euthanized 

with an overdose of pentobarbital (80 – 150 mg/kg i.v.). Eyes were immediately removed 

and the posterior eyecups were immersion fixed in 4% PFA in PB for 15 minutes at RT. All 

procedures were approved by the local animal care committee and were in accordance with 

the law for animal experiments issued by the German government (Tierschutzgesetz).

Following fixation and washing in PB, retinas were cryoprotected in graded sucrose 

solutions (10, 20, 30% w/v), and stored in 30% sucrose at −20°C until use. Retinal pieces 

were sectioned vertically at 20 µm using a cryostat (Leica Microsystems).

Antibody characterization

All primary antibodies used in this study have been characterized in other studies of 

mammalian retina and the staining patterns observed here were consistent with previous 

reports. Polyclonal antibodies against syntaxin-4 (Millipore AB5330, immunogen 

corresponding to amino acids 2–23 of rat or mouse syntaxin-4) were raised in rabbit and 

used at a dilution of 1:500. Specificity of this antibody has been shown by Western blots of 

mouse retina and brain, where it recognized a single band at the appropriate molecular 

weight [4]. Immunostaining with syntaxin-4 shows the same staining pattern in the outer 

plexiform layer of guinea pig [5] mouse, rat, rabbit [3, 4] macaque, and ground squirrel ([1, 

2] and this study). Preadsorption of the antibody with the corresponding control peptide 

blocked all staining in rabbit retina [3].

The monoclonal mouse NKCC (T4) antibodies used in this study were purchased through 

Developmental Studies Hybridoma Bank and are directed against both NKCC isoforms 1 

and 2 (immunogen corresponding to the 38 kDa C-terminal fragment of human NKCC1 

cotransporter [39] and have been shown to produce specific staining of a band above 140 

kDa in Western blots of mouse, rat, rabbit, and ferret retinas and brain [7, 40]. NKCC 

staining has been shown before in macaque retina [1, 2, 7] and the overall staining pattern 

presented in our study (dilution 1:100) closely resembles immunohistochemical data from 

those earlier studies. However, immunostaining in mouse retina and control experiments in 

NKCC1-deficient mice yielded controversial results. [41] reported the immunostaining of 

NKCC-T4 in mouse retinas to be unspecific, whereas [42] have shown that all staining is 

abolished in NKCC1-deficient mice. Chloride accumulation – as the result of NKCC being 

present in the cell membrane – has been unequivocally localized to the dendrites of ON 

bipolar cells [6]. In addition, the effects were abolished by the NKCC-specific inhibitor 

bumetanide [6, 38]. Considering these unambiguous results at a functional level and the fact 
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that the NKCC-T4 antibodies have been raised against primate NKCC, we conclude that 

despite the above mentioned discrepancy in mouse, the anatomical data obtained in macaque 

[1, 2, 7] and human (this study) are valid.

Goat polyclonal antibodies directed at the N-terminal peptide of human blue-sensitive opsin 

(Santa Cruz, sc-14363, dilution 1:100) used to label the corresponding cones including their 

pedicles in primates as well as other species [43, 44]. The specificity of the antibody was 

tested by the manufacturer with a Western blot analysis using mouse retinal extract, 

revealing a single band at the predicted size of 40 kDa. Rabbit polyclonal antibodies raised 

against human recombinant L/M-opsin (Millipore, AB5405, 1:100) were used for the same 

purpose. The antibody was used to label the corresponding cones in mouse [45] and 

macaque retina (manufacturer’s information).

Mouse monoclonal antibodies against the calcium-binding proteins calbindin (CaBP, 

1:1000, Sigma C8666, raised against calbindin-D-28K from chicken gut) and parvalbumin 

(1:5000 Swant 235, raised against carp muscle parvalbumin) are well-established as 

horizontal cell markers in primate retina. CaBP labels HII horizontal cells (besides cone 

photoreceptors and two bipolar cell types), while parvalbumin labels both HI and HII 

horizontal cells [9, 46, 47]. The calbindin and parvalbumin antibodies which we have used 

here specifically stain the 45Ca-binding spot of calbindin-D (MW = 28,000, pI = 4.8) or of 

parvalbumin (MW 12,000 and IEF 4.9), respectively, in a two-dimensional immunoblot 

according to the information provided by the manufacturers.

Immunohistochemistry and confocal microscopy

Immunocytochemical labeling was performed using the indirect fluorescence method. 

Sections were incubated overnight at RT with primary antibodies diluted in blocking serum 

(5% normal donkey serum, 1% bovine serum albumin, and 0.5 or 1% Triton X-100 in PB). 

After washing in PB, secondary donkey antibodies conjugated to DyLight 488, 549 (Jackson 

ImmunoResearch) or Alexa 633 (Invitrogen) were applied for 1 hour RT at a dilution of 

1:250 – 1:500 in blocking serum.

Images were taken using an Olympus FV1000 confocal microscope equipped with an argon 

and a HeNe laser. High-resolution scanning of image stacks was performed using an 

Olympus UPlanSApo 60×/1.35 oil immersion objective with at least 1024 × 1024 pixels and 

a z-axis increment of 0.3 µm. Brightness and contrast of the final images were adjusted 

using Adobe Photoshop.

3. Results

In a preceding study of macaque outer retina, syntaxin-4 has been shown to be expressed by 

HI and HII horizontal cells [1, 2]. It was clustered at the invaginating dendritic and axonal 

tips of these cells, postsynaptic to cones and rods, respectively. Beneath cone pedicles in 

more proximal regions of the OPL, syntaxin-4 was clustered in horizontal cells forming 

another dense immunoreactive layer per pedicle approximately at the level of desmosome-

like junctions [48], where horizontal cells are known to express further synaptic proteins, 

including glutamate receptors and connexins [25, 43, 49].

Puller et al. Page 4

J Opt Soc Am A Opt Image Sci Vis. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Here, vertical cryostat sections of human retina were labeled with antibodies against 

syntaxin-4 and parvalbumin (Fig.1A–F). The calcium-binding protein parvalbumin was used 

as a marker for both HI and HII horizontal cells [9]. The syntaxin-4 staining pattern 

observed here was very similar to that in outer retinas of macaque and other mammals. 

Syntaxin-4 immunoreactive puncta showed complete overlap with parvalbumin, indicating 

that syntaxin-4 is expressed by horizontal cells. The majority of syntaxin-4 positive puncta 

were clustered at the dendritic horizontal cell processes beneath cone pedicles and at their 

axonal tips contacting rod spherules. In mouse [4] and macaque [1, 2] syntaxin-4 

immunoreactivity at cone pedicles occurred as two distinct bands. The upper and lower band 

correspond to the level of invaginating dendritic tips of horizontal cells or the level of 

desmosome-like junctions between their dendrites beneath the cone pedicle, respectively 

(see also Fig. 2 in the current study). In addition, synatxin-4 was found in the dendritic 

shafts between these two layers. In human retina, this particular pattern of syntaxin-4 

staining at cone pedicles was not readily observed, due to the slightly compromised tissue 

structure as a result of the constraints while working with human tissue (e.g. extended period 

of time between time of death and tissue dissection). Nevertheless, syntaxin-4 was found at 

the outermost region of the parvalbumin staining at putative cone pedicles and also well 

below that level (Fig. 1D–F).

Further indicators of the bi-layered appearance of syntaxin-4 occurred in experiments where 

S-opsin was used as a marker for the corresponding cone pedicles (Fig. 1G–L). There, the 

syntaxin-4 labeled area showed a partial overlap with the pedicle base according to the 

expression in the invaginating horizontal dendritic tips while a large portion of syntaxin-4 

immunoreactive puncta was also found beneath the pedicle base, resembling the 

aforementioned pattern of syntaxin-4 at cone pedicles in other species. Furthermore, these 

double labeling experiments with syntaxin-4 and S-opsin revealed that syntaxin-4 was 

enriched in the region beneath S-cone pedicles in comparison with the corresponding 

clusters at the remaining L-/M-cones (Fig. 1G–I), in line with our previous findings in 

macaque monkey.

In primate, antibodies against the calcium-binding protein calbindin (CaBP) label HII 

horizontal cells [9]. This marker was used in a triple labeling combined with syntaxin-4 and 

S-opsin (Fig. 1J–L). The brightly fluorescent syntaxin-4 puncta beneath the S-cone were 

colocalized with CaBP, which points to the proximal dendritic regions of HII horizontal 

cells as the source for enhanced syntaxin-4 expression at these sites. It should be noted that 

S-opsin negative cone pedicles were occasionally observed in some specimen, where the 

syntaxin-4 labeling was more intense than at other L-/M-cones or even at S-cones (data not 

shown). These aberrant clusters did not form regular patterns and sometimes occurred in 

patches, and they were not observed in any of the other primate species. Thus, it is likely a 

staining artifact, elicited by the aforementioned lack of routinely pristine human tissue for 

the purpose of immunolabeling synaptic components. However, the overall staining pattern 

and quality as well as the enrichment of syntaxin-4 S-cones in human is completely 

consistent with data from optimally treated macaque, baboon, and marmoset retinas and can 

therefore be considered as valid results.
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Feed-forward signaling from horizontal cells to ON bipolar cells via GABA requires NKCC 

as an additional postsynaptic component to cause the adequate excitatory effect of this 

otherwise inhibitory neurotransmitter. Thus, vertical sections of human retina were triple 

labeled against S-opsin, L/M-opsin, and NKCC (Fig. 2). The experiments yielded an overall 

staining pattern of NKCC which was similar to previously published results from the OPL 

of macaque retina [7], where diffuse immunoreactivity was observed at most cone pedicles 

and a brighter, more punctate staining occurred at rods. Consistent with the idea of enhanced 

GABA release beneath S-cones, and in line with our data from macaque [1, 2], we found 

that the NKCC labeling at S-cone pedicles was stronger than at L/M-cones.

The expression pattern of syntaxin-4 was further investigated in the outer retinas of baboon 

and marmoset monkeys (Fig. 3), representative for Old and New World monkeys, 

respectively. Similar to what has been observed before, syntaxin-4 was primarily clustered 

in two bands at all cone pedicles and weak labeling was found at rod spherules. Again, the 

most prominent labeling was found beneath S-cones, where expression levels of syntaxin-4 

were elevated.

4. Discussion

The primate retina underwent several 'adjustments' through evolution in support of color 

vision. Some of these modifications from the classic blueprint of the mammalian retina are 

well known and include, for instance, the expression of a third cone opsin, the midget 

system, and cone-type selective wiring of the horizontal cells. These optimizations finally 

led to a sophisticated neuronal circuitry, specialized to create and processes cone opponent 

signals. The data presented here are concerned with a new component of primate-specific 

features in the early visual system, which is likely involved in the generation of color vision. 

This study provides evidence that the previously observed enrichment of syntaxin-4 beneath 

S-cone pedicles in macaque retina [1, 2] is a shared phenomenon between Old World 

monkeys as well as New World monkeys and humans. In addition, we show that NKCC 

expression is likewise enhanced beneath human S-cones.

Syntaxin-4 was used as an indicator for vesicular GABA release via horizontal cells [5]. 

Therefore, our data points to enhanced GABA release via HII horizontal cells beneath S-

cones. In addition, NKCC expression was extraordinarily high at these sites in macaque [1, 

2] and human retina (this study), attributable to a dense clustering of this protein in dendrites 

of blue cone bipolar cells. It is known that NKCC accumulates chloride in dendrites of ON 

cone bipolar cells, leading to an excitatory effect of the otherwise inhibitory 

neurotransmitter GABA [6, 37, 38].

Horizontal cells perform different tasks to directly control or modulate the responses and 

receptive field properties of cones and bipolar cells by both feedback and feed-forward 

mechanisms (reviewed in [50]. The enrichment of syntaxin-4 beneath S-cones indicates a 

primate-specific adjustment of the feed-forward component in the S-cone pathway: HII 

horizontal will release GABA when they get depolarized by the synaptic input from L-/M-

cones at the offset of red or green light. The syntaxin-4 expression pattern suggests that 

GABA release is extraordinarily high beneath S-cones. Directly associated with this 
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presynaptic specialization, blue cone bipolar cells appear to express high levels of NKCC [1, 

2], and this study) therefore causing a strong excitatory effect of GABA. Thus, the blue cone 

bipolar cell is enabled to transmit not only the canonical “blue ON” signals, but also the 

corresponding “yellow OFF” opponent signals elicited by this newly proposed feed-forward 

input from HII cells. This response pattern lines up with the reported light responses in one 

of the output targets of blue cone bipolar cells, which is the small bistratified ganglion cell 

[51].

The fact that this specialization of the synaptic circuitry in the outer retina is found in New 

World monkeys, Old World monkeys, and humans but not in other mammals suggest that 

this phenomenon is unique to primates.

Spectrally opponent processing exists in other mammals (e.g. [52–56], however, among the 

mammals, red-green (RG) color vision is only found in primates. Moreover, the color 

processing associated with the ventral occipitotemporal cortex which is related to the 

conscious perception of hue is not present in other mammals. The midget ganglion cells are 

another primate innovation and ventral stream destinations are the major target of midget 

ganglion cell signals. Horizontal cells that are homologous to the HIIs are seen in other 

mammals; however, it is only in primates in which these cells combine S-cone and L/M 

cone signals. Above, we have noted how HII horizontal cells could provide circuitry for 

feedforward of L/M-OFF signals directly to blue-cone ON bipolar cells. If so, S-cone ON 

and OFF signals flowing in the other direction would also feedforward by the same circuitry 

to a subset of midget ganglion cells that have S-cones in their surround. In a dichromatic 

ancestor to modern primates this could have produced a midget ganglion cell based blue-

yellow (BY) projection for the conscious perception of hue that is independent of the small 

bistratified ganglion cell blue-yellow system. Later, when primates evolved a third cone 

type, it would have split the midget BY system into separate BY and RG systems without 

the addition of new circuitry. This may explain many aspects of human conscious perception 

that have previously been mysterious [57].
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Fig. 1. Syntaxin-4 in human retina
A–C: Maximum intensity projection of an image stack from vertical cryostat sections of the 

outer plexiform layer of human retina, double labeled against syntaxin-4 (red) and 

parvalbumin (green), a marker for HI and HII horizontal cells. D–E: Magnification of a 

single optical slice from the boxed region in C. Two putative cone pedicles (arrowheads) can 

be identified by clusters of syntaxin-4 staining. Syntaxin-4 is colocalized with horizontal cell 

dendrites and axon terminals. G–I: Double labeling of syntaxin-4 (red) and S-opsin (green). 

A projection of an image stack is shown which covers the full depth in z-direction of all four 

cone pedicles in the image (3 putative L-/M-cones indicated by arrowheads in G, 1 S-cone 

pedicle indicated by S-opsin labeling in H, I). Syntaxin-4 immunoreactive puncta appear 

brighter and denser at S-cones than at the remaining L-/M-cones. J–L: Single optical slice of 

a triple labeling of syntaxin-4 (red), calbindin (CaBP, a marker for HII horizontal cells, 

green), and S-opsin (cyan). Syntaxin-4 is colocalized with CaBP at S-cones. Scale bars: 10 

µm in C, I; 5 µm in L.
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Fig. 2. NKCC in human retina
Single optical slice of a triple labeling of syntaxin-4 (red), S-opsin (green), and M/L-opsin 

(cyan). Labeling of syntaxin-4 at an S-cone surrounded by three M/L-cones is shown. 

Bright, punctate staining can be observed at the S-cone pedicle (and at putative rod 

spherules in the distal OPL) while staining at M/L-cones appears weaker and more diffuse. 

Scale bar: 5 µm.
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Fig. 3. Syntaxin-4 in Old and New World monkeys
Maximum intensity projections of image stacks from vertical cryostat sections of the outer 

plexiform layer of baboon (A, B) and marmoset (C, D) retinas are shown. Sections were 

double labeled against syntaxin-4 (red) and S-opsin (green). In both species syntaxin-4 

immunoreactivity is enriched at S-cones. Scale bars: 5 µm
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