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Midget retinal ganglion cells (RGCs) make up the majority of foveal RGCs in the primate retina. The receptive fields of midget RGCs exhibit both spectral and spatial opponency and are implicated in both color and achromatic form vision, yet the exact mechanisms linking their responses to visual perception remain unclear. Efforts to develop color vision models that accurately predict all the features of human color and form vision based on midget RGCs provide a case study connecting experimental and theoretical neuroscience, drawing on diverse research areas such as anatomy, physiology, psychophysics, and computer vision. Recent technological advances have allowed researchers to test some predictions of color vision models in new and precise ways, producing results that challenge traditional views. Here, we review the progress in developing models of color-coding receptive fields that are consistent with human psychophysics, the biology of the primate visual system and the response properties of midget RGCs.
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INTRODUCTION

The first stage of visual processing occurs in the retina, an outpost of the brain located at the back of the eye. Under photopic conditions, photons of light are absorbed by three types of cone photoreceptor (Figure 1A), processed by five main classes of retinal neuron, then visual signals are conveyed to the brain by the axons of retinal ganglion cells (RGCs; Wässle, 2004). Midget RGCs make up a large majority of all RGCs in the central retina, where each L- and M-cone provides the sole direct input to an ON and OFF midget RGC circuit (Figure 1C; Wässle et al., 1990, 1998; Kolb and Marshak, 2003).
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FIGURE 1. Color-coding receptive fields of the primate retina. (A) The normalized spectral sensitivities of human L-, M-, and S-cone photoreceptors. (B) Demonstration of monochromatic lights that elicit the same probability of photon absorption, and thus elicit the same response from M-cones. On left, 467 and 582 nm lights are indistinguishable, despite a 115 nm difference. On the right, a 467 and 535 nm lights of different intensities can be confounded by adjusting the intensity of the 467 nm light. (C) Circuit diagram of the upstream input to ON and OFF midget RGCs. (D) Same as in (C), but for the midget RGCs of a dichromat. (E) Small bistratified RGC receptive field diagram illustrating the lack of perfectly coincident spectrally opponent receptive fields as required for pure color cells.



The midget RGC receptive field has a center-surround organization (Kuffler, 1953). In the central retina, this receptive field compares the photon catch in the single L- or M-cone center to the photon catch in neighboring L/M-cones in the surround (Figure 1C). Since this configuration compares the activity of cones that differ in both spatial location and spectral sensitivity, midget RGCs have been implicated in both color and spatial vision (Schiller et al., 1990; Martin et al., 2011). Mammalian RGCs have been described as acting as feature detectors, with different types showing specificity for motion, form or color conferred by the spatial, spectral, and temporal characteristics of their receptive field (Field and Chichilnisky, 2007; Gollisch and Meister, 2010; Baden et al., 2016). Here, we review evidence for the role of midget RGC receptive fields as the first step for detection of two elementary visual features, (1) hue detectors which encode information about spectral reflectances of surfaces as red, green, blue and yellow percepts, (2) high acuity edge detectors which encode the boundaries of objects as required for form vision.

Because their receptive fields exhibit both spectral and spatial opponency, midget RGCs respond to both chromatic and achromatic edges and thus confound the two (Wiesel and Hubel, 1966). Like all RGCs, midget RGCs encode and transmit information to the brain in binary, as all-or-nothing action potentials. A downstream neuron has no way of knowing, from an individual midget RGC’s response, whether the midget RGC responses represent the chromatic or spatial structure of a stimulus. At the level of perception, however, we can distinguish between achromatic and equiluminant chromatic edges, even though individual midget RGCs cannot. How and where the spectral and spatial information encoded by midget RGCs is extracted remains one of the most important unanswered questions of primate vision.

Midget RGCs provide, arguably, the best model for linking low-level receptive fields to perception. Understanding how color and spatial information are encoded may provide insight into general organizational principles employed by neural circuits to parse specific features of a stimulus. Furthermore, restoration of color and spatial vision are an important goal for retinal prosthetics, some of which must replace the upstream circuitry that defines the midget RGC receptive field (Yue et al., 2016). Efforts to restore these fundamental aspects of visual perception may benefit from a better understanding of how they are computed in normal vision.

RECEPTIVE FIELDS

All receptive fields are built from the photoreceptor outputs (Figure 1A). The photoreceptors’ output encodes a single variable: the number of photons absorbed (Rushton, 1972; Baylor et al., 1987). An important implication is that wavelength and intensity are interchangeable and, under the right conditions, any two lights differing in wavelength can be “substituted silently” for each other (Estevez and Spekreijse, 1982). For example, the probability of photon absorption by an M-cone is the same for 467 and 582 nm lights, thus the response of the M-cone shown in Figure 1B to the two lights will be indistinguishable. Meanwhile, a 535 nm light with twice the probability of photon absorption can be matched by doubling the intensity of the 467 nm light.

The visual system extracts information about wavelength and spatial contrast by virtue of receptive fields that compare the outputs of multiple cones. The basic computation for extracting wavelength is a comparison between cones of different spectral types, while spatial contrast requires comparing neighboring cones at different spatial locations, regardless of type (Calkins and Sterling, 1999). The characteristics of receptive fields form the foundation of each color vision model discussed here.

WHAT IS THE OPTIMAL RECEPTIVE FIELD FOR SPATIAL VISION?

Because midget RGCs are implicated in high acuity form vision, any discussion of their color-coding role must also include their role in spatial-coding. The first step of spatial vision requires delineating the boundaries of objects, essentially performing an edge detection task.

Spatial Opponency

By comparing the relative activity of cones at different locations, spatially opponent receptive fields signal spatial contrast rather than raw quantal catch (Srinivasan et al., 1982). For low-level edge detectors, circularly symmetric center and surround receptive fields are optimal and will provide sensitivity to all edges, regardless of their orientation (Marr and Hildreth, 1980).

Spectral Opponency

While spatial vision is sometimes assumed to operate only on light intensity (Marr, 1982; Billock et al., 1996), equiluminant edges are also common in natural scenes (Hansen and Gegenfurtner, 2009). Accordingly, an optimal edge detector would be sensitive to all edges regardless of whether the edge is defined by a change in wavelength or intensity. Thus, an optimal edge-detecting receptive field might not just be spatially opponent, but also spectrally opponent. In this case, the purpose of spectral opponency is not to signal the hue of a surface but rather an edge defined by spectral contrast.

WHAT IS THE OPTIMAL COLOR-CODING RECEPTIVE FIELD FOR HUE PERCEPTION?

In the natural world, most colors we perceive are from lights reflected from objects. The purpose of hue perception is to provide information about the surface reflectance of objects, which, in turn, tells us about their internal contents or state. For example, we know the ripeness of fruit and when children are getting sunburned from their surface colors. However, there are significant challenges to this task. Individual cones themselves are not selective for the distribution of wavelengths reflected from a surface. If L-cones are active, light could be coming from a red surface reflecting only long wavelengths, a yellow surface reflecting both middle and long wavelengths, a violet surface reflecting both short and long wavelengths or a white surface reflecting all wavelengths. In addition, information from any individual cone will be further confounded by the spectral characteristics of the illuminant. For example, the amount of illumination from blue sky light relative to direct sunlight changes throughout the day. As a result, the illuminant color can vary from blue to yellow (Foster, 2011; Pauers et al., 2012; Spitschan et al., 2016; Woelders et al., 2018). The ideal receptive fields for serving hue perception would be designed to help extract surface spectral reflectance independent of the illuminant. Here we discuss the features of theoretical receptive fields optimized to overcome the challenges associated with consistently signaling hue, independent of any underlying neural substrates.

Spectrally Opponent

Color vision is the ability to discriminate between different wavelengths, independent of intensity (Jacobs, 2018). Receptive fields with spectrally opponent interactions can extract wavelength information and thus carry color information (Paulus and Kroger-Paulus, 1983; Neitz and Neitz, 2011; Chang et al., 2013). However, cone opponent receptive fields are not necessarily optimized for hue perception.

Spatially Coextensive

The first receptive field proposed to create a “pure color cell,” was the single opponent receptive field, which exhibits spectral opponency without any spatial opponency (Figure 2A). Also called spatially co-extensive or Type II (Wiesel and Hubel, 1966; Crook et al., 2009), this receptive field provides color selectivity, the ability to extract spectral information unconfounded by spatial information. Spatially co-extensive, spectrally opponent receptive fields like Figure 2A would be theoretically color selective in that they respond to chromatic stimuli, but not achromatic patterns. However, these receptive fields act as simple wavelength detectors and cannot compensate for the changes in illuminant discussed above.
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FIGURE 2. Models of receptive fields encoding form and color vision. (A) Diagrams of single and double opponent receptive fields. Adapted from Daw (1973). (B) Putative receptive field formed by selective wiring. Adapted from Wiesel and Hubel (1966). (C) Edge detection performed by convolution of an image with an achromatic center-surround receptive field, or Difference of Gaussians filter. (D) Circuit for “de-multiplexing” chromatic and achromatic information from midget RGC receptive fields. Adapted from Derrico and Buchsbaum (1991). (E) Circuit proposed by the multi-stage color model (De Valois and De Valois, 1993). (F) Circuit proposed by the parallel processing model (Neitz and Neitz, 2016).



Double Opponency

To consistently signal hue, an optimal color-coding receptive field must compensate for the changes in illuminant discussed above. Double-opponent receptive fields, superimposing two opposing, spectrally and spatially opponent receptive fields (Figure 2A) have been proposed to help provide this color constancy (Daw, 1973; D’Zmura and Lennie, 1986). Double opponent receptive fields exploit the fact that, in the natural world, hue typically changes abruptly at object boundaries while illumination changes slowly across a visual scene. When the center receives light from the edge of an object surface, some light falling in the surround is reflected from other objects in the scene under the same illuminant. If the illuminant changes to have more long-wavelength light, the increased L-cone stimulation in the center is opposed by greater L-cone stimulation in the surround, and ideally, the change in illumination is removed from the visual signal. Thus, double opponent receptive fields confer sensitivity to chromatic contrast at the edges of objects while remaining relatively insensitive to global changes in illumination.

Trichromatic

Normal humans are trichromats and a special requirement of optimal color coding for trichromats is that the receptive fields must compare all three cone types. This is because for neurons comparing only two out of the three cone types, a change in activity in the unsampled cone will not change the hue signaled by that neuron. For example, an L vs. M opponent neuron without S-cone input, as in Figure 2A, cannot discriminate between a red surface reflecting only long wavelengths and a violet surface reflecting both long and short wavelengths (Fuld et al., 1981).

Low Spatial Resolution

If the ideal retina is composed of multiple types of feature detectors, spatial constraints must be considered, and the relative density of any one type should be no higher than required to serve its specific function. The color of a surface tends to be consistent all across it. Thus, in contrast to spatial vision, that requires a high density of detectors to capture the fine details of the shape of objects, hue detectors can accurately capture surface colors using a much lower resolution array of detectors. In summary, the ideal trichromatic hue-encoding system is a relatively sparse array of receptive fields with structures that are double-opponent and receive input from all three types of cones.

INTERPRETING MIDGET RGC RECEPTIVE FIELDS

Early models linking L vs. M midget RGCs to visual perception focused on either spatial or spectral opponency in isolation. Models focusing on their spectral opponency emphasized their potential role in encoding red and green hues. In contrast, models accounting only for achromatic spatial opponency lead to the perspective that spectral opponency is an unintended consequence of trichromacy and may be considered “poor engineering” (Marr, 1982).

Are Midget RGC Receptive Fields Optimal for Hue Perception?

The earliest models followed the first parvocellular LGN (P cell) recordings (De Valois et al., 1966; Wiesel and Hubel, 1966), which have similar receptive field properties as their L vs. M midget RGC inputs. At the time, opponent process theory was still highly controversial (Hurvich and Jameson, 1957) and the discovery of color-opponent neurons in the visual system was groundbreaking. The resulting hypothesis that the parvocellular LGN projections of midget RGCs are responsible for red-green hue perception arguably played a large role in shaping later research. Further, spatial opponency and the resulting responses to achromatic and spatially-structured stimuli were overlooked in many accounts of the physiological basis of hue perception.

In emphasizing, the proposed role of midget RGCs in mediating red-green hue percepts, it was argued that the optimal color-coding receptive field, was one in which an L-cone is surrounded entirely by M-cones, or vice versa. This receptive field, which would seem to require some cone-specific selective wiring, maximizes the spectral difference between the center and surround to maximally decorrelate the outputs of L- and M-cones’ overlapping spectral sensitivities (Figure 1A; Buchsbaum and Gottschalk, 1983; Párraga et al., 2002; Sun et al., 2006). The “selective-wiring” model in Figure 2B was challenged by theoretical studies demonstrating that mixed L/M-cone receptive fields could generate sufficient spectral opponency (Paulus and Kroger-Paulus, 1983; Lennie et al., 1991). Though still debated by some (Lee, 1996; Wool et al., 2018), there is, at most, only a slight functional bias toward selective wiring (Buzás et al., 2006; Field et al., 2010).

A lack of selective wiring may be one argument against the idea that midget RGCs are optimized for hue perception. However, more importantly, from above, the ideal trichromatic hue-encoding system is a relatively sparse array of receptive fields with structures that are double-opponent and receive input from all three types of cones. The common L vs. M midget RGCs do not conform to any of these theoretical features of hue-encoding neurons. While our theoretical discussion cannot rule out a contribution to hue, we can conclude L vs. M midget RGCs, by themselves, are “non-optimal” for hue perception.

Are Midget RGC Receptive Fields Optimal for Spatial Vision?

Near the fovea, the midget RGC’s receptive field center represents the cone providing direct input to the midget bipolar cell, while the surround is formed by feedback from horizontal cells contacting neighboring cones (Figure 1C; Verweij et al., 2003). This feedback weights each cone’s response by the quantal catch in neighboring cones, essentially subtracting out the mean light level and allowing each individual cone feeding the center of midget RGCs to encode spatial contrast (Jadzinsky and Baccus, 2013). In the central retina, midget RGCs set the limits of human visual acuity (Rossi and Roorda, 2010).

Indeed, theoretical attempts to derive an optimal receptive field for the first step of spatial vision have all converged on the same circularly symmetri center-surround organization (Marr and Hildreth, 1980; Srinivasan et al., 1982; Atick et al., 1992), often modeled as a Difference of Gaussians (Enroth-Cugell and Robson, 1966; Croner and Kaplan, 1995; Dacey et al., 2000). As Figure 2C demonstrates, center-surround receptive fields are ideal edge detectors for encoding spatial contrast.

In contrast to early ideas emphasizing their putative role in color perception, more recent research into the evolution of the primate visual system provides a useful context for a modern understanding of L vs. M midget RGC function. Though sometimes compared to the X-cells of the mammalian retina, there is no true homolog to the midget circuit prior to prosimians (Peng et al., 2019). The midget RGC circuitry evolved before uniform trichromacy (Nathans, 1999). In dichromats, for example, with only S- and L-cones, the midget RGC’s antagonistic center-surround receptive field functions as an achromatic edge detector by comparing the input of a single L-cone to surrounding L-cones (Figure 1D).

Interim Conclusions

The receptive field structure of L vs. M midget RGCs is consistent with a role in edge detection. Their ability to respond to equiluminant edges defined only by wavelength differences makes visible forms that would be otherwise invisible. Spectral opponency can also increase the signal-to-noise ratio for edges defined by both intensity and wavelength. The idea that spectral opponency in L vs. M midget RGCs could enhance edge detection rather than contribute to color perception raises an important point. A response to wavelength changes does not imply a causal role in hue perception. As introduced above, hue perception requires detectors that will not respond to black-white edges.

In conclusion, while it may be arguable whether or not midget L vs. M RGCs are ideal achromatic encoders, it is indisputable that they are far from ideal for red-green hue encoding. This leaves two major unanswered questions: what is the physiological basis for hue perception and what role do midget RGCs play? Several different theories involving both the spectral and spatial aspects of midget RGC receptive fields have been proposed as tentative answers to this question. We next review the two main classes of explanation: multiplexing and parallel processing.

MULTIPLEXING MODELS

The first class of models share the idea that each individual midget RGC does “double duty,” carrying information for both color vision and achromatic spatial vision, which are extracted by circuitry at higher levels of processing in the geniculostriate pathway. It has been said that red-green and black-white percepts are “de-multiplexed” by downstream circuits (Boycott and Wässle, 1999; Lennie and Movshon, 2005). The idea of multiplexing originated as an analog to attempts to efficiently compress chromatic and spatial information for color televisions (Ingling and Martinez-Uriegas, 1983; Derrico and Buchsbaum, 1991).

The most common models, summarized in Figure 2D, combine the outputs of midget RGCs to perform two main transforms: one to extract spectral information by removing spatial correlations and another to extract achromatic spatial information by removing spectral information. The achromatic channels (L + M) sum L- and M-center midget RGC signals to serve as intensity contrast detectors. The putative chromatic channels (L vs. M) difference L-ON-center with M-ON center receptive fields to produce spatially coincident spectrally opponent receptive fields, as discussed above (Figure 2A). Accordingly, achromatic spatial structure will be absent in the chromatic channel, resulting in a low-pass chromatic filter, while the achromatic channel will retain the band-pass spatial tuning necessary for spatial vision.

A separate aspect of one of the best-known versions, the De Valois and De Valois (1993) multi-stage color model, was the need to reconcile the difference in cone inputs measured for L vs. M cone-opponent neurons and the opponent receptive fields required to account for hue perception, illustrated in Figure 3A. The four fundamental hue sensations are often assumed to represent the responses of four groups of hue-encoding neurons. Over the last 50 years, there have been different ideas about the exact nature of the cone inputs to the four fundamental hues. However, a convergence of modern evidence from experiments directly measuring hue perception indicate that all three cone types contribute to each hue in the following combinations: L + S vs. M for red-green and M + S vs. L for blue-yellow, respectively (Figure 3A; Wooten and Werner, 1979; Drum, 1989; Webster et al., 2000a; Schmidt et al., 2016).
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FIGURE 3. Experiments inspiring the revision of existing color models. (A) Spectral sensitivities and the corresponding cone inputs of the mechanisms responsible for red, green, blue, and yellow hues. The data was obtained from a hue scaling experiment, where participants report the percentage of red, green, blue, and yellow. Bottom: Averaged responses of color-opponent LGN neurons, which reflect their color-opponent RGC inputs. Both panels are replotted with wavelength units from De Valois (2004). (B) Percepts associated with stimulating individual L- and M-cones in isolation may represent the responses of two types of individual midget RGCs, a larger group of achromatic contrast detectors and a smaller group that function as hue detectors. Adapted from Sabesan et al. (2016).



One of the great insights of the DeValois and DeValois model was that hue perception requires S-cone inputs to L vs. M opponent pathways (Wooten and Werner, 1979; Drum, 1989; Webster et al., 2000b). As an ad hoc solution to the discrepancy between L vs. M midget RGCs and the receptive fields required for hue perception, their multi-stage color model proposed that the necessary S-cone input to an L vs. M channel is accomplished by mixing in the outputs of S-cone opponent neurons (Figure 2E).

Evaluating the Double Duty Hypothesis

The DeValois and DeValois model was firmly based on the most recent anatomical, psychophysical and physiological results of the time, yet a number of assumptions were necessary where open questions remained. We can now revisit these assumptions in light of the research published in the 25 years since the multi-stage model was first proposed. One example is their explanation of how the required S-cone inputs from small bistratified RGCs are added in the process of building cortical receptive fields for hue perception. More recently, the classification of small bistratified RGCs as single opponent “pure color cells” has been called into question [compare Figures 1E, 2A (Field et al., 2007; Tailby et al., 2010); but see Crook et al. (2009)]. Thus, small bistratified RGCs and their S-ON projections may also confound spatial and spectral information. Moreover, the S-cone ON neurons were later identified as a part of the functionally distinct koniocellular pathway (Martin et al., 1997) and there is no direct evidence for specific circuits combining signals from the koniocellular and parvocellular pathways.

While the theoretical L-M and L + M channels would decorrelate the outputs of midget RGCs, it has been argued that not all decorrelations are created equal (Pitkow and Meister, 2012) and the benefits depend on how these channels are implemented by neural circuitry. In general, however, asking a neuron to perform two jobs simultaneously has been said to ensure that both are done poorly (Sterling and Laughlin, 2017). Moreover, there don’t appear to be any true modern examples of multiplexing RGCs involving two functions performed simultaneously. Perhaps the closest parallel is the fact that the same RGCs serve both photopic and scotopic vision, however, these functions are primarily performed separately under different conditions (Field et al., 2009; Grimes et al., 2014). Other examples of multiplexing RGCs involve one stimulus dimension modulating the encoding of another (Deny et al., 2017), however, this is different from two functions being encoded simultaneously.

The “de-multiplexing” multi-stage models are the result of speculation about the type of computation that would be required to produce selective detectors for wavelength and spatial contrast from combinations of spectrally opponent center-surround neurons, however, they lack firm experimental evidence from cortical physiology (Lee, 2008). They have also been criticized from an image compression standpoint, with the argument that decorrelation of chromatic and spatial information is best done early, ideally before transmission through the optic nerve (Derrico and Buchsbaum, 1991). In contrast, an effort to test de-multiplexing models concluded the two dimensions cannot be disentangled in the early visual system (Kingdom and Mullen, 1995). Moreover, the most successful models based on the “double duty” hypothesis do not make predictions about both spatial and spectral responses (Rider et al., 2018).

The assumption that different aspects of color vision are all based on the same underlying neural substrates (e.g., L vs. M midget RGCs) has resulted in a tendency to expect the visual system to somehow extract hue information from the midget RGCs’ receptive field output. However, the computational complexity required to separate chromatic from spatial information at subsequent stages of visual processing should not be underestimated. One higher stage is proposed to decorrelate spatial and spectral information, a second higher stage to add the required S-cone input (Figure 2E) and yet an additional stage, that has not been incorporated into current de-multiplexing models, to generate the double opponent receptive field structure required to create neurons that are able to contribute to invariant hue-encoding of spectral reflectance.

Multiplexing in the Light of Information Coding in the Retina

The need to compress RGC axons down to a 2 mm cable is often referred to as an “information bottleneck” within the visual system. Proponents of multiplexing models might claim superiority on this account: combining color and spatial information into one RGC could reduce the number axons in the optic nerve without reducing the transmission of information. Indeed, there are about six to seven million cones in a human eye and only about a million optic nerve fibers (Sterling and Laughlin, 2017). However, this represents the situation in the peripheral retina where convergent input from a large number of cones to each RGC results in a huge reduction in visual acuity relative to what could be supported by the cone mosaic. The loss of spatial information from this convergence is never recovered at higher levels in the visual pathway.

At the time multiplexing models were first proposed, a dominant view on the purpose of retinal function was to reduce redundancy and compress visual information to fit through the optic nerve, with the computations defining visual perception occurring in the cortex (Barlow, 1961). However, contrary to the idea of information compression, in the fovea there is a divergence from cones to RGCs such that the ratio is about 3:1 RGCs:cone. Recent work in non-primate animal models has contributed to a growing appreciation for the diversity of RGC types (Wässle, 2004; Baden et al., 2016) and the sophisticated computations occurring within the retina (Gollisch and Meister, 2010; Wienbar and Schwartz, 2018). Even near the primate fovea, many of the at least 20 different RGC types are represented (Percival et al., 2013; Peng et al., 2019). What failed to be appreciated in the early work on the primate retina is that, with the exception of the midget RGCs, for which there are two for every cone (one ON and one OFF), each of the twenty or more RGC types represents a small percentage of the total. Thus, the retina is a massively parallel processing machine with many different types of RGCs carrying out diverse functions most of which operate at low spatial acuity and require only sparse representations. Thus, as discussed below, it seems plausible that, consistent with the current understanding of the plan of the retina, hue perception could be mediated by a relatively sparse set of RGCs that serve as hue detectors.

Recent considerations of the metabolic cost of information transmission have also questioned the efficiency of compressing information into a smaller set of RGCs, and revealed a more nuanced set of constraints defined not by the number of axons, but by their diameter. RGC axon diameters scale linearly with average firing rate (Perge et al., 2009, 2012). This relationship forms the basis of a law of diminishing returns – metabolic cost increases supralinearly with axon diameter while the information per spike falls as spike rate increases (Rieke et al., 1997; Koch et al., 2006).

A population of parallel neurons, each carrying as much information as possible, is the most efficient coding scheme (Laughlin, 2001). The midget RGC circuit, acting as an edge contrast detector, is already a model of energy-efficient parallel processing – each cone in the central retina contacts a single ON and OFF midget bipolar cell (Figure 1C). This allows baseline activity to remain low while the response ranges of each ON and OFF cell are devoted to signaling increments or decrements, respectively, in parallel (Berry et al., 1997). Theoretically, multiplexing increments and decrements would double the information per axon, thus halving the number of axons while increasing axon diameter (and thus energetic cost) fourfold (Sterling and Laughlin, 2017). Taking these costs into account creates a strong pressure for more types of RGCs with thinner axons and lower spike rates, consistent with a parallel processing model.

PARALLEL PROCESSING MODELS

L vs. M midget RGCs receptive fields are near optimal for high acuity spatial vision and are poorly suited for encoding hue. These facts plus the computational complexity required to separate hue from spatial information from L vs. M midget RGCs and a newer understanding of information processing in the retina has led to the suggestion of an alternative hypothesis: that the L vs. M midget RGCs’ only serve spatial vision – the function for which they are optimized – and they do not contribute to red-green hue perception. According to this idea, the front-end computations for hue perception are served, in parallel, by a second population of RGCs that have receptive field properties that are specifically optimized as hue detectors (Rodieck, 1991; Calkins and Sterling, 1999; Schmidt et al., 2014; Neitz and Neitz, 2016). The “pixel density” of the L vs. M midget RGCs is high to serve high spatial acuity but, as introduced above, the proposed parallel set of hue detectors need to be only relatively sparse to recover surface reflectance with much lower spatial acuity.

Separate Subtypes of Midget RGCs for Hue and Spatial Vision

If L vs. M midget RGCs mediate spatial vision, which RGCs encode color? To match the acuity of our hue perception, an undiscovered RGC type would need roughly the sampling density of the S-cone mosaic (Mullen, 1985; Calkins and Sterling, 1999). The lack of alternative hue encoders makes midget RGCs an obvious candidate. We have proposed that the four fundamental hues are encoded by a small subset of L vs. M midget RGCs receiving input from neighboring S-cones (Figure 2F; Schmidt et al., 2014). The resulting L + S vs. M and M + S vs. L midget RGCs match the cone inputs for the four fundamental hues, as well as a population of rare RGCs (De Monasterio and Gouras, 1975; De Monasterio et al., 1975) and LGN neurons (Derrington et al., 1984; Tailby et al., 2008). These rare RGCs should not be ignored, as a potential hue-encoding RGC type needs to be only ∼5–10% of foveal RGCs to match color acuity (Calkins and Sterling, 1999).

Each S-cone has a surround created by S-cone-preferring HII horizontal cells. Hue-encoding receptive fields are proposed to arise from the superposition of the S-cone center-surround receptive field with the L vs. M cone center-surround. These two are predicted to be combined by feedforward synapses (Puller et al., 2014) from HII horizontal cells to L vs. M midget bipolar cells. The result simultaneously creates the S-cone input to L vs. M opponent cells and double opponency required to create nearly ideal hue-encoding RGCs (discussed in detail in Neitz and Neitz, 2016). Indeed, computational models of such color-coding midget RGCs can account for previously unexplained color phenomena, such as unique hues and variations in hue perception with L/M-cone ratios (Schmidt et al., 2016).

Key strengths of this parallel processing hypothesis are its simplicity and specificity. All the key features of ideal hue-encoding neurons are proposed to be created in the retina simply by feed-forward from HII horizontal cells at the level of the bipolar cells in a single step as opposed to the idea of multiple stages at unspecified higher levels. The predicted mechanism for a parallel set of double opponent neurons includes specific cell types, neurotransmitters, and biophysical mechanisms (Puller et al., 2014). While this level of detail may invite additional criticism, it also generates testable predictions that can be addressed by experiment. In contrast, the DeValois and DeValois model specified the computations for their “de-multiplexing” neurons, but not the underlying neural substrates.

Recent Research Supporting Parallel Processing Models

The parallel processing approach draws from the idea that each RGC’s receptive field acts as a feature detector, tuned to extract a specific type of visual information, such as direction, defocus, edges or hue. From this perspective, L vs. M midget RGCs that respond equally to red–green and black–white edges are not multiplexing, nor even confounding, red–green and black–white signals. Rather, they are reliably signaling a particular feature – the presence or absence of an edge. Accordingly, hue-encoding RGCs are signaling a different feature – the detection of a specific spectral reflectance distribution (Figure 3A). Importantly, these RGCs would not be directly responsible for percepts of hue and edges, but instead we are proposing that they serve as front-end mechanisms for making these computations.

A particularly influential line of evidence has been provided by high-precision psychophysics experiments enabled by the development of adaptive optics systems capable of delivering small spots of light while simultaneously imaging the underlying mosaic of cones (Harmening et al., 2014). Early experiments investigating spatial acuity found individual midget RGCs set the limit for spatial resolution (Rossi and Roorda, 2010). These results are inconsistent with models proposing midget RGC outputs are combined to “de-multiplex” color and spatial information. The loss of spatial information from the convergence in Figure 2D can never be recovered at higher levels in the visual pathway.

The unprecedented precision provided by adaptive optics imaging systems combined with recent advances in eye tracking and cone type classification (Sabesan et al., 2015) have enabled highly precise psychophysics experiments investigating the percepts resulting from single cones (reviewed by Kling et al., 2019). The responses are highly consistent and reflect activity in the midget RGCs with single cone centers (Schmidt et al., 2019). Consistent with parallel processing of hue and spatial information by separate types of midget RGCs, stimulation of most L/M-cones in the central retina results in percepts of white, with only a small subset eliciting color percepts (Figure 3B; Sabesan et al., 2016; Schmidt et al., 2018a, b). Further, the homogeneity of the surrounding cone type had no effect on which cones were associated with a perceived color, arguing against the idea that midget RGCs with strong L vs. M opponency serve hue perception. These experiments were the first to target stimuli to single cones of a known type and represent a major advance in linking perception to underlying neural substrates in awake, behaving humans and the results will undoubtedly continue to challenge long-held assumptions.

HOW DOES THE CORTEX USE WAVELENGTH INFORMATION?

Hue perception is just one of many functions that uses wavelength information. For example, the retina contains photopigments such as melanopsin and neuropsin, which carry additional wavelength information, but have no impact on the dimensionality of color vision (Horiguchi et al., 2013; Buhr et al., 2015). There are many examples of neurons carrying temporal, spatial or spectral information that is not extracted for visual perception, including color-opponent V1 neurons responding to chromatic stimuli that are not perceived (Gur and Snodderly, 1997; Jiang et al., 2007).

In fact, many RGCs do not contribute to conscious perception at all, but instead mediate functions such as visually guided movements or circadian photoentrainment (for review, see Neitz and Neitz, 2016). Wavelength information is extracted by several types of spectrally opponent RGCs for many functions other than color vision. For example, circadian rhythm photoentrainment and the pupillary light reflex are mediated by intrinsically photosensitive RGCs (reviewed in Do and Yau, 2010). Their receptive fields match the wavelength-encoding, single opponent receptive fields discussed above (Figure 2A; Dacey et al., 2005) – ideal for measuring the changes in chromaticity of ambient light throughout the day (Pauers et al., 2012; Spitschan et al., 2017) but they do not contribute to hue perception.

Several lines of evidence indicate that the ability to detect red-green edges is a distinct feature encoded separately from the ability to classify the appearance of lights as red or green. For example, patients with cerebral achromatopsia who suffer a total loss of hue perception, but still can detect chromatic borders, perceive shape from color and discriminate the direction in which colored patterns move (Cowey and Heywood, 1997). The existence of multiple mechanisms and uses for wavelength information also seems evident when comparing the cone inputs mediating color detection and color appearance. The studies identifying L + S vs. M and M + S vs. L as the cone inputs to hue perception measured color appearance (Wooten and Werner, 1979; Drum, 1989; Webster et al., 2000a; Schmidt et al., 2016). However, the classic psychophysical experiments that identified L vs. M and S vs. L + M as the “cardinal directions of color space” (Krauskopf et al., 1982), measured detection. Krauskopf et al. (1982) noted the disparity between their cardinal directions and the red-green (L + S vs. M) and blue-yellow (M + S vs. L) hue axes of color appearance and later questioned the evidence for cardinal mechanisms (Krauskopf, 1997).

There is common ground between multiplexing and parallel processing models. In discussing the abundance of chromatic cortical neurons, DeValois and DeValois argue that only a few are responsible for the specification of color, while the majority instead use color information to specify the spatial (or other) characteristics of stimuli. A problem was a lack of agreement on which cells were relevant for hue perception. Though their proposed color transformations were not consistent with the majority of published cortical color tuning studies, DeValois and DeValois pointed out inconsistencies in the literature and claimed one could “cite some cortical study in support of (or against) almost any suggestion about cortical color processing” (De Valois and De Valois, 1993) We argue a similar situation exists today in the retina where different studies can be sited in support or against the existence of S-cone inputs to midget RGCs [for example, compare the cone opponency reported by De Monasterio and Gouras (1975), Sun et al. (2006), and Field et al. (2010)].

FUTURE DIRECTIONS

Both the parallel processing and multiplexing models would benefit from experiments linking the theories to their underlying neural substrates. However, an overarching difficulty for resolving the controversy over parallel vs. multiplexing theories is that each point of view reflects a deep-seated theoretical conviction. For those preferring the multiplexing view of L vs. M midget RGCs, “If the color signal is extractable, it makes little sense not to use it” (Billock et al., 1996). From a parallel processing standpoint, encoding color and spatial vision, two of the most fundamental aspects of visual perception, in a single binary channel makes little sense (Calkins and Sterling, 1999) and the information gained must outweigh the cost of extracting a color signal (Laughlin et al., 1998).

Thus, further experiments to characterize the response properties of visual neurons alone are not going to settle the controversy. Initial surveys of cone inputs to neurons in the retinal and LGN reported S-cone input to a subset of L vs. M neurons (De Monasterio and Gouras, 1975; De Monasterio et al., 1975; Derrington et al., 1984) and later surveys confirmed these findings (Tailby et al., 2008; Field et al., 2010). However, skeptics of the parallel processing models favor a study by Sun et al. (2006) in which the authors recorded from a large population of midget RGCs and concluded S-cone input was unlikely (Sun et al., 2006). An underlying problem is that the answers depend on how you ask the question. Results from receptive field measurements are a function of stimulus choice. For example, a full-field stimulus (Lee et al., 1998) may have reduced S-cone responses by driving the antagonistic S-cone surround receptive field mediated by HII horizontal cell feedback (Dacey et al., 1996). Indeed, the Sun et al. (2006) experiments did not detect S-OFF midget RGCs, despite a growing consensus that these neurons make up 5–10% of OFF midget RGCs in the macaque central retina (Klug et al., 2003; Field et al., 2010; Tsukamoto and Omi, 2015; Patterson et al., 2019). Taken together, these results further demonstrate the need to account for both the spatial and spectral dimensions of midget RGC receptive fields.

Consideration of underlying theoretical perspectives and stimulus biases will be essential for designing future experiments linking color vision models to their underlying neural substrates. Also, a broader perspective may help answer the larger questions about how our eye and brain process visual information. Hopefully, future research using cutting-edge technologies will provide satisfying explanations for long unanswered mysteries of vision.

AUTHOR CONTRIBUTIONS

SP wrote the manuscript. MN and JN edited the final version of the manuscript.

FUNDING

This work was supported by NIH grants R01EY027859 (JN), T32EY07031 (SP), T32NS099578 (SP), P30EY001730 (Core Grant for Vision Research), and Research to Prevent Blindness. The National Institute of Health contributed to the salaries of the authors and the institutional facilities. A research to prevent blindness unrestricted grant supports the authors research efforts in the Department of Ophthalmology.

ACKNOWLEDGMENTS

We thank Steve Buck and Ram Sabesan for helpful discussions.

REFERENCES

Atick, J. J., Li, Z., and Redlich, A. N. (1992). Understanding retinal color coding from first principles. Neural Comput. 4, 559–572. doi: 10.1162/neco.1992.4.4.559

Baden, T., Berens, P., Franke, K., Román Rosón, M., Bethge, M., Euler, T., et al. (2016). The functional diversity of retinal ganglion cells in the mouse. Nature 529, 345–350. doi: 10.1038/nature16468

Barlow, H. (1961). “Possible principles underlying the transformations of sensory messages,” in Sensory Communication, ed. W. A. Rosenbith (Cambridge, MA: MIT Press).

Baylor, D. A., Nunn, B. J., and Schnapf, J. L. (1987). Spectral sensitivity of cones of the monkey Macaca fascicularis. J. Physiol. 390, 145–160. doi: 10.1113/jphysiol.1987.sp016691

Berry, M. J., Warland, D. K., and Meister, M. (1997). The structure and precision of retinal spike trains. Proc. Natl. Acad. Sci. U.S.A. 94, 5411–5416. doi: 10.1073/pnas.94.10.5411

Billock, V. A., Dacey, D. M., and Masland, R. H. (1996). Consequences of retinal color coding for cortical color decoding. Science 274, 2118–2120.

Boycott, B., and Wässle, H. (1999). Parallel processing in the mammalian retina: the proctor lecture. Investig. Ophthalmol. Vis. Sci. 40, 1313–1327.

Buchsbaum, G., and Gottschalk, A. (1983). Trichromacy, opponent colours coding and optimum colour information in the retina. Proc. R. Soc. Lond. B Biol. Sci. 220, 89–113. doi: 10.1098/rspb.1983.0090

Buhr, E. D., Yue, W. W., Ren, X., Jiang, Z., Liao, H. W., Mei, X., et al. (2015). Neuropsin (OPN5)-mediated photoentrainment of local circadian oscillators in mammalian retina and cornea. Proc. Natl. Acad. Sci. U.S.A. 112, 13093–13098. doi: 10.1073/pnas.1516259112

Buzás, P., Blessing, E. M., Szmajda, B. A., and Martin, P. R. (2006). Specificity of M and L cone inputs to receptive fields in the parvocellular pathway: random wiring with functional bias. J. Neurosci. 26, 11148–11161. doi: 10.1523/jneurosci.3237-06.2006

Calkins, D. J., and Sterling, P. (1999). Evidence that circuits for spatial and color vision segregate at the first retinal synapse. Neuron 24, 313–321. doi: 10.1016/s0896-6273(00)80846-6

Chang, L., Breuninger, T., and Euler, T. (2013). Chromatic coding from cone-type unselective circuits in the mouse retina. Neuron 77, 559–571. doi: 10.1016/j.neuron.2012.12.012

Cowey, A., and Heywood, C. A. (1997). Cerebral achromatopsia: colour blindness despite wavelength processing. Trends Cogn. Sci. 1, 133–139. doi: 10.1016/S1364-6613(97)01043-7

Croner, L. J., and Kaplan, E. (1995). Receptive fields of P and M ganglion cells across the primate retina. Vision Res. 35, 7–24. doi: 10.1016/0042-6989(94)e0066-t

Crook, J. D., Davenport, C. M., Peterson, B. B., Packer, O. S., Detwiler, P. B., Dacey, D. M., et al. (2009). Parallel ON and OFF cone bipolar inputs establish spatially coextensive receptive field structure of blue-yellow ganglion cells in primate retina. J. Neurosci. 29, 8372–8387. doi: 10.1523/JNEUROSCI.1218-09.2009

Dacey, D., Packer, O. S., Diller, L., Brainard, D., Peterson, B., Lee, B., et al. (2000). Center surround receptive field structure of cone bipolar cells in primate retina. Vision Res. 40, 1801–1811. doi: 10.1016/s0042-6989(00)00039-0

Dacey, D. M., Lee, B. B., Stafford, D., Polkorny, J., and Smith, V. C. (1996). Horizontal cells of the primate retina: cone specificity without spectral opponency. Science 271, 656–659. doi: 10.1126/science.271.5249.656

Dacey, D. M., Liao, H. W., Peterson, B. B., Robinson, F. R., Smith, V. C., Pokorny, J., et al. (2005). Melanopsin-expressing ganglion cells in primate retina signal colour and irradiance and project to the LGN. Nature 433, 749–754. doi: 10.1038/nature03387

Daw, N. W. (1973). Neurophysiology of color vision. Physiol. Rev. 53, 571–603.

De Monasterio, F. M., and Gouras, P. (1975). Functional properties of ganglion cells of the rhesus monkey retina. J. Physiol. 251, 167–195. doi: 10.1113/jphysiol.1975.sp011086

De Monasterio, F. M., Gouras, P., and Tolhurst, D. J. (1975). Trichromatic colour opponency in ganglion cells of the rhesus monkey retina. J. Physiol. 251, 197–216. doi: 10.1113/jphysiol.1975.sp011087

De Valois, R. L. (2004). “Neural coding of color,” in The New Visual Neurosciences, eds J. S. Werner and L. M. Chalupa (Cambridge, MA: MIT Press), 1003–1016.

De Valois, R. L., Abramov, I., and Jacobs, G. H. (1966). Analysis of response patters of LGN cells. J. Opt. Soc. Am. 56, 966–977.

De Valois, R. L., and De Valois, K. K. (1993). A multi-stage color model. Vision Res. 33, 1053–1065. doi: 10.1016/0042-6989(93)90240-w

Deny, S., Ferrari, U., Macé, E., Yger, P., Caplette, R., Picaud, S., et al. (2017). Multiplexed computations in retinal ganglion cells of a single type. Nat. Commun. 8:1964. doi: 10.1038/s41467-017-02159-y

Derrico, J. B., and Buchsbaum, G. A. (1991). computational model of spatiochromatic image coding in early vision. J. Vis. Commun. Image Represent. 2, 31–38. doi: 10.1016/1047-3203(91)90033-c

Derrington, A. M., Krauskopf, J., and Lennie, P. (1984). Chromatic mechanisms in lateral geniculate nucleus of macaque. J. Physiol. 357, 241–265. doi: 10.1113/jphysiol.1984.sp015499

Do, M. T. H., and Yau, K.-W. (2010). Intrinsically photosensitive retinal ganglion cells. Physiol. Rev. 90, 1547–1581. doi: 10.1152/physrev.00013.2010

Drum, B. (1989). Hue signals from short- and middle-wavelength-sensitive cones. J. Opt. Soc. Am. A 6, 153–157.

D’Zmura, M., and Lennie, P. (1986). Mechanisms of color constancy. J. Opt. Soc. Am. A 3:1662.

Enroth-Cugell, C., and Robson, J. G. (1966). The contrast sensitivity of retinal ganglion cells of the cat. J. Physiol. 187, 517–552. doi: 10.1113/jphysiol.1966.sp008107

Estevez, O., and Spekreijse, H. (1982). The ‘silent substitution’ method in visual research. Vision Res. 22, 681–691. doi: 10.1016/0042-6989(82)90104-3

Field, G. D., and Chichilnisky, E. J. (2007). Information processing in the primate retina: circuitry and coding. Annu. Rev. Neurosci. 30, 1–30. doi: 10.1146/annurev.neuro.30.051606.094252

Field, G. D., Gauthier, J. L., Sher, A., Greschner, M., Machado, T., Jepson, L. H., et al. (2010). Functional connectivity in the retina at the resolution of photoreceptors. Nature 467, 673–677. doi: 10.1038/nature09424

Field, G. D., Greschner, M., Gauthier, J. L., Rangel, C., Shlens, J., Sher, A., et al. (2009). High-sensitivity rod photoreceptor input to the blue-yellow color opponent pathway in macaque retina. Nat. Neurosci. 12, 1159–1164. doi: 10.1038/nn.2353

Field, G. D., Sher, A., Gauthier, J. L., Greschner, M., Shlens, J., Litke, A. M., et al. (2007). Spatial properties and functional organization of small bistratified ganglion cells in primate retina. J. Neurosci. 27, 13261–13272. doi: 10.1523/jneurosci.3437-07.2007

Foster, D. H. (2011). Color constancy. Vision Res. 51, 674–700. doi: 10.1016/j.visres.2010.09.006

Fuld, K., Wooten, B. R., and Whalen, J. J. (1981). The elemental hues of short-wave and extraspectral lights. Percept. Psychophys. 29, 317–322. doi: 10.3758/bf03207340

Gollisch, T., and Meister, M. (2010). Eye smarter than scientists believed: neural computations in circuits of the retina. Neuron 65, 150–164. doi: 10.1016/j.neuron.2009.12.009

Grimes, W. N., Schwartz, G. W., and Rieke, F. (2014). The synaptic and circuit mechanisms underlying a change in spatial encoding in the retina. Neuron 82, 460–473. doi: 10.1016/j.neuron.2014.02.037

Gur, M., and Snodderly, D. M. (1997). A dissociation between brain activity and perception: chromatically opponent cortical neurons signal chromatic flicker that is not perceived. Vision Res. 37, 377–382. doi: 10.1016/s0042-6989(96)00183-6

Hansen, T., and Gegenfurtner, K. R. (2009). Independence of color and luminance edges in natural scenes. Vis. Neurosci. 26, 35–49. doi: 10.1017/S0952523808080796

Harmening, W. M., Tuten, W. S., Roorda, A., and Sincich, L. C. (2014). Mapping the perceptual grain of the human retina. J. Neurosci. 34, 5667–5677. doi: 10.1523/JNEUROSCI.5191-13.2014

Horiguchi, H., Winawer, J., Dougherty, R. F., and Wandell, B. A. (2013). Human trichromacy revisited. Proc. Natl. Acad. Sci. U.S.A. 110, E260–E269. doi: 10.1073/pnas.1214240110

Hurvich, L. M., and Jameson, D. (1957). An opponent-process theory of color vision. Psychol. Rev. 64, 384–404. doi: 10.1037/h0041403

Ingling, C. R., and Martinez-Uriegas, E. (1983). The relationship between spectral sensitivity and spatial sensitivity for the primate r-g X-channel. Vision Res. 23, 1495–1500. doi: 10.1016/0042-6989(83)90161-x

Jacobs, G. H. (2018). Photopigments and the dimensionality of animal color vision. Neurosci. Biobehav. Rev. 86, 108–130. doi: 10.1016/j.neubiorev.2017.12.006

Jadzinsky, P. D., and Baccus, S. A. (2013). Transformation of visual signals by inhibitory interneurons in retinal circuits. Annu. Rev. Neurosci. 36, 403–428. doi: 10.1146/annurev-neuro-062012-170315

Jiang, Y., Zhou, K., and He, S. (2007). Human visual cortex responds to invisible chromatic flicker. Nat. Neurosci. 10, 657–662. doi: 10.1038/nn1879

Kingdom, F. A. A., and Mullen, K. T. (1995). Separating colour and luminance information in the visual system. Spat. Vis. 9, 191–219. doi: 10.1163/156856895x00188

Kling, A., Field, G. D., Brainard, D. H., and Chichilnisky, E. J. (2019). Probing computation in the primate visual system at single-cone resolution. Annu. Rev. Neurosci. 42, 169–186. doi: 10.1146/annurev-neuro-070918-050233

Klug, K., Herr, S., Ngo, I. T., Sterling, P., and Schein, S. (2003). Macaque retina contains an S-cone OFF midget pathway. J. Neurosci. 23, 9881–9887. doi: 10.1523/jneurosci.23-30-09881.2003

Koch, K., McLean, J., Segev, R., Freed, M. A., Berry, M. J., Balasubramanian, V., et al. (2006). How much the eye tells the brain. Curr. Biol. 16, 1428–1434. doi: 10.1016/j.cub.2006.05.056

Kolb, H., and Marshak, D. (2003). The midget pathways of the primate retina. Doc. Ophthalmol. 106, 67–81.

Krauskopf, J. (1997). “Paucity of evidence for cardinal mechanisms,” in John Dalton’s Color Vision Legacy, eds C. Dickinson, I. Murray, and D. Carden (Routledge: Taylor & Francis).

Krauskopf, J., Williams, D. R., and Heeley, D. W. (1982). Cardinal directions of color space. Vision Res. 22, 1123–1131. doi: 10.1016/0042-6989(82)90077-3

Kuffler, S. W. (1953). Discharge patterns and functional organization of mammalian retina. J. Neurophysiol. 16, 37–68. doi: 10.1152/jn.1953.16.1.37

Laughlin, S. B. (2001). Energy as a constraint on the coding and processing of sensory information. Curr. Opin. Neurobiol. 11, 475–480. doi: 10.1016/s0959-4388(00)00237-3

Laughlin, S. B., De Ruyter Van Steveninck, R. R., and Anderson, J. C. (1998). The metabolic cost of neural information. Nat. Neurosci. 1, 36–41. doi: 10.1038/236

Lee, B. B. (1996). Receptive field structure in the primate retina. Vision Res. 36, 631–644. doi: 10.1016/0042-6989(95)00167-0

Lee, B. B. (2008). Neural models and physiological reality. Vis. Neurosci. 25, 231–241. doi: 10.1017/S0952523808080140

Lee, B. B., Kremers, J., and Yeh, T. (1998). Receptive fields of primate retinal ganglion cells studied with a novel technique. Vis. Neurosci. 15, 161–175. doi: 10.1017/s095252389815112x

Lennie, P., Haake, P. W., and Williams, D. R. (1991). “The design of chromatically opponent receptive fields,” in Computational Models of Visual Processing, eds M. S. Landy and J. A. Movshon (Cambridge, MA: MIT Press), 71–82.

Lennie, P., and Movshon, J. A. (2005). Coding of color and form in the geniculostriate visual pathway (invited review). J. Opt. Soc. Am. A 22, 2013–2033.

Marr, D. (1982). Vision: A Computational Investigation into The Human Representation and Processing of Visual Information. Cambridge, MA: MIT Press.

Marr, D., and Hildreth, E. (1980). Theory of edge detection. Proc. R. Soc. Lond. Ser. B 207, 187–217.

Martin, P. R., Blessing, E. M., Buzás, P., Szmajda, B. A., and Forte, J. D. (2011). Transmission of colour and acuity signals by parvocellular cells in marmoset monkeys. J. Physiol. 589, 2795–2812. doi: 10.1113/jphysiol.2010.194076

Martin, P. R., White, A. J. R., Goodchild, A. K., Wilder, H. D., and Sefton, A. E. (1997). Evidence that blue-on cells are part of the third geniculocortical pathway in primates. Eur. J. Neurosci. 9, 1536–1541. doi: 10.1111/j.1460-9568.1997.tb01509.x

Mullen, K. T. (1985). The contrast sensitivity of human colour vision to red-green and blue-yellow chromatic gratings. J. Physiol. 359, 381–400. doi: 10.1113/jphysiol.1985.sp015591

Nathans, J. (1999). The evolution and physiology of human color vision: insights from molecular genetic studies of visual pigments. Neuron 24, 299–312. doi: 10.1016/s0896-6273(00)80845-4

Neitz, J., and Neitz, M. (2011). The genetics of normal and defective color vision. Vision Res. 51, 633–651. doi: 10.1016/j.visres.2010.12.002

Neitz, J., and Neitz, M. (2016). Evolution of the circuitry for conscious color vision in primates. Eye 31, 286–300. doi: 10.1038/eye.2016.257

Párraga, C. A. C. A., Troscianko, T., and Tolhurst, D. J. D. J. (2002). Spatiochromatic properties of natural images and human vision. Curr. Biol. 12, 483–487. doi: 10.1016/s0960-9822(02)00718-2

Patterson, S. S., Kuchenbecker, J. A., Anderson, J. R., Bordt, A. S., Marshak, D. W., Neitz, M. M., et al. (2019). An S-cone circuit for edge detection in the primate retina. Sci. Rep., doi: 10.1101/667204

Pauers, M. J., Kuchenbecker, J. A., Neitz, M., and Neitz, J. (2012). Changes in the colour of light cue circadian activity. Anim. Behav. 83, 1143–1151. doi: 10.1016/j.anbehav.2012.01.035

Paulus, W., and Kroger-Paulus, A. (1983). A new concept of retinal colour coding. Vision Res. 23, 529–540. doi: 10.1016/0042-6989(83)90128-1

Peng, Y. R., Shekhar, K., Yan, W., Herrmann, D., Sappington, A., Bryman, G. S., et al. (2019). Molecular classification and comparative taxonomics of foveal and peripheral cells in primate retina. Cell 176, 1222–1237. doi: 10.1016/j.cell.2019.01.004

Percival, K. A., Martin, P. R., and Grünert, U. (2013). Organisation of koniocellular-projecting ganglion cells and diffuse bipolar cells in the primate fovea. Eur. J. Neurosci. 37, 1072–1089. doi: 10.1111/ejn.12117

Perge, J. A., Koch, K., Miller, R., Sterling, P., and Balasubramanian, V. (2009). How the optic nerve allocates space, energy capacity, and information. J. Neurosci. 29, 7917–7928. doi: 10.1523/JNEUROSCI.5200-08.2009

Perge, J. A., Niven, J. E., Sterling, P., Mugnaini, E., and Balasubramanian, V. (2012). Why do axons differ in caliber? J. Neurosci. 32, 626–638. doi: 10.1523/JNEUROSCI.4254-11.2012

Pitkow, X., and Meister, M. (2012). Decorrelation and efficient coding by retinal ganglion cells. Nat. Neurosci. 15, 628–635. doi: 10.1038/nn.3064

Puller, C., Haverkamp, S., Neitz, M., and Neitz, J. (2014). Synaptic elements for GABAergic feed-forward signaling between HII horizontal cells and blue cone bipolar cells are enriched beneath primate S-cones. PLoS One 9:e88963. doi: 10.1371/journal.pone.0088963

Rider, A. T., Henning, G. B., Eskew, R. T., and Stockman, A. (2018). Harmonics added to a flickering light can upset the balance between ON and OFF pathways to produce illusory colors. Proc. Natl. Acad. Sci. U.S.A 115, E4081–E4090. doi: 10.1073/pnas.1717356115

Rieke, F., Warland, D., de Ruyter van Steveninck, R. R., and Bialek, W. (1997). Spikes: Exploring the Neural Code. Cambridge, MA: MIT Press.

Rodieck, R. (1991). “Which cells code for color?,” in From Pigments to Perception: Advances in Understanding Visual Processes, eds A. Valberg and B. Lee (New York, NY: Plenum Press), 83–93. doi: 10.1007/978-1-4615-3718-2_10

Rossi, E. A., and Roorda, A. (2010). The relationship between visual resolution and cone spacing in the human fovea. Nat. Neurosci. 13, 156–157. doi: 10.1038/nn.2465

Rushton, W. A. H. (1972). Review lecture. Pigments and signals in colour vision. J. Physiol. 220, 1–31. doi: 10.1113/jphysiol.1972.sp009719

Sabesan, R., Hofer, H., and Roorda, A. (2015). Characterizing the human cone photoreceptor mosaic via dynamic photopigment densitometry. PLoS One 10:e1003652. doi: 10.1371/journal.pone.0144891

Sabesan, R., Schmidt, B. P., Tuten, W. S., and Roorda, A. (2016). The elementary representation of spatial and color vision in the human retina. Sci. Adv. 2:e1600797. doi: 10.1126/sciadv.1600797

Schiller, P. H., Logothetis, N., and Charles, E. R. (1990). Functions of the colour-opponent and broad-band channels of the visual system. Nature 343, 68–70. doi: 10.1038/343068a0

Schmidt, B. P., Boehm, A. E., Foote, K. G., and Roorda, A. (2018b). The spectral identity of foveal cones is preserved in hue perception. J. Vis. 18:19. doi: 10.1167/18.11.19

Schmidt, B. P., Boehm, A. E., Tuten, W. S., and Roorda, A. (2019). Spatial summation of individual cones in human color vision. bioRxiv

Schmidt, B. P., Neitz, M., and Neitz, J. (2014). Neurobiological hypothesis of color appearance and hue perception. J. Opt. Soc. Am. A. Opt. Image Sci. Vis. 31, 195–207. doi: 10.1364/JOSAA.31.00A195

Schmidt, B. P., Sabesan, R., Tuten, W. S., Neitz, J., and Roorda, A. (2018a). Sensations from a single M-cone depend on the activity of surrounding S-cones. Sci. Rep. 8:8561. doi: 10.1038/s41598-018-26754-1

Schmidt, B. P., Touch, P., Neitz, M., and Neitz, J. (2016). Circuitry to explain how the relative number of L and M cones shapes color experience. J. Vis. 16, 1–17. doi: 10.1167/16.8.18

Spitschan, M., Aguirre, G. K., Brainard, D. H., and Sweeney, A. M. (2016). Variation of outdoor illumination as a function of solar elevation and light pollution. Sci. Rep. 6, 1–14. doi: 10.1038/srep26756

Spitschan, M., Lucas, R. J., and Brown, T. M. (2017). Chromatic clocks: color opponency in non-image-forming visual function. Neurosci. Biobehav. Rev. 78, 24–33. doi: 10.1016/j.neubiorev.2017.04.016

Srinivasan, M. V., Laughlin, S. B., and Dubs, A. (1982). Predictive coding: a fresh view of inhibition in the retina. Proc. R. Soc. B Biol. Sci. 216, 427–459. doi: 10.1098/rspb.1982.0085

Sterling, P., and Laughlin, S. (2017). Principles of Neural Design. Cambridge, MA: MIT Press.

Sun, H., Smithson, H. E., Zaidi, Q., and Lee, B. B. (2006). Specificity of cone inputs to macaque retinal ganglion cells. J. Neurophysiol. 95, 837–849. doi: 10.1152/jn.00714.2005

Tailby, C., Dobbie, W. J., Solomon, S. G., Szmajda, B. A., Hashemi-Nezhad, M., Forte, J. D., et al. (2010). Receptive field asymmetries produce color-dependent direction selectivity in primate lateral geniculate nucleus. J. Vis. 10, 1–18. doi: 10.1167/10.8.1

Tailby, C., Solomon, S. G., and Lennie, P. (2008). Functional asymmetries in visual pathways carrying S-cone signals in macaque. J. Neurosci. 28, 4078–4087. doi: 10.1523/JNEUROSCI.5338-07.2008

Tsukamoto, Y., and Omi, N. (2015). OFF bipolar cells in macaque retina: type-specific connectivity in the outer and inner synaptic layers. Front. Neuroanat. 9:122. doi: 10.3389/fnana.2015.00122

Verweij, J., Hornstein, E. P., and Schnapf, J. L. (2003). Surround antagonism in macaque cone photoreceptors. J. Neurosci. 23, 10249–10257. doi: 10.1523/jneurosci.23-32-10249.2003

Wässle, H. (2004). Parallel processing in the mammalian retina. Nat. Rev. Neurosci. 5, 747–757. doi: 10.1038/nrn1497

Wässle, H., Grünert, U., Röhrenbeck, J., and Boycott, B. B. (1990). Retinal ganglion magnification cell density and cortical magnification in the primate. Vision Res. 30, 1897–1911. doi: 10.1016/0042-6989(90)90166-i

Wässle, H., Grünert, U., Rohrenbeck, J., and Boycott, B. B. (1998). Cortical magnification factor and the ganglion cell density of the primate retina. Nature 341, 643–645.

Webster, M. A., Miyahara, E., Malkoc, G., and Raker, V. E. (2000a). Variations in normal color vision. I. Cone-opponent axes. J. Opt. Soc. Am. A 17, 1535–1544.

Webster, M. A., Miyahara, E., Malkoc, G., and Raker, V. E. (2000b). Variations in normal color vision II Unique hues. J. Opt. Soc. Am. A Opt. Image Sci. Vis. 17, 1545–1555.

Wienbar, S., and Schwartz, G. W. (2018). The dynamic receptive fields of retinal ganglion cells. Prog. Retin. Eye Res. 67, 102–117. doi: 10.1016/j.preteyeres.2018.06.003

Wiesel, T. N., and Hubel, D. H. (1966). Spatial and chromatic interactions in the lateral geniculate body of the rhesus monkey. J. Neurophysiol. 29, 1115–1156. doi: 10.1152/jn.1966.29.6.1115

Woelders, T., Wams, E. J., Gordijn, M. C. M., Beersma, D. G. M., and Hut, R. A. (2018). Integration of color and intensity increases time signal stability for the human circadian system when sunlight is obscured by clouds. Sci. Rep. 8, 1–10. doi: 10.1038/s41598-018-33606-5

Wool, L. E., Crook, J., Droy, J. B., Packer, O. S., Zaidi, Q., Dacey, D. M., et al. (2018). Nonselective wiring accounts for red-green opponency in midget ganglion cells of the primate retina. J. Neurosci. 38, 1520–1540. doi: 10.1523/JNEUROSCI.1688-17.2017

Wooten, B. R., and Werner, J. S. (1979). Short-wave cone input to the red-green opponent channel. Vision Res. 19, 1053–1054. doi: 10.1016/0042-6989(79)90231-1

Yue, L., Weiland, J. D., Roska, B., and Humayun, M. S. (2016). Retinal stimulation strategies to restore vision: fundamentals and systems. Prog. Retin. Eye Res. 53, 21–47. doi: 10.1016/j.preteyeres.2016.05.002

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Patterson, Neitz and Neitz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fnins-13-00865-g003.jpg
Cone type:
e |-cone
e M-cone
O Untested

Cone Opponent Neurons

m
(=
9O
+—
o
)
O
o _
AR)
e_
S5 >
i i
=
d))
>
|
o
o
b

<

any 1usoJad

Percept:
e White
e Red

\.\\

—le _ -
_. \O\\\
M/Ix\

\\“ Il.lll
M.K. "y
- e
h
I T —
o

o
e 8 o
asuodsay

3 arcmin

425 500 570 700

nm)

(

wavelength





OPS/images/fnins-13-00865-g002.jpg
Single opponent:

Double opponent:

i \.

D

Midget RGC .
receptive fields Chromatic

@*@

O €9

-L-M

Achromatic

surround

Y|

v

$.9

achromatic

Ganglion Cells

Optic Nerve

-+

DoG
filter

Hue:
red
green
blue
yellow

achromatic

Cone inputs:
(L+S)-M
M-(S+L)
(M+S)-L
L-(M+S)





OPS/images/fnins-13-00865-g001.jpg
>
|
w
|

Confounds
intensity

= L

M-cone
- M

Confounds
~wavelength

- m— m— o — e— -

o Sensitivity

Probability of
photon absorption
1

400 500 600 700
wavelength (nm) 0—
T | 1 ] T | 1 T
C 400 500 600 700 400 500 600 700
wavelength (nm) wavelength (nm)

B
H1 Wy
' M
ON midget @ e iget *
bipolar cell :
; bipolar cell |
/ ‘f/
ON midget | . - (L+M) |
ganglion cell OFF midget

ganglion cell






OPS/images/cover.jpg
’ frontiers
In Neuroscience

Reconciling Color Vision Models
With Midget Ganglion Cell
Receptive Fields









OPS/images/logo.jpg
' frontiers

in Neuroscience





