Chapter 2
The Retinal Processing of Photoreceptor
Signals

Jan Kremers, Luiz Carlos L. Silveira, Neil R.A. Parry,
and Declan J. McKeefry

Abstract Color vision is the ability to perceive differences in the wavelength con-
tent of a light source, a process which starts with absorption of photons of different
wavelengths and energies by the photopigments. In this chapter, the photopig-
ments and the efficiency with which light of different wavelengths are absorbed by
a photopigment are discussed. In addition, the translation of a photoisomerization
to a photoreceptor excitation is considered as well as the signal transmission from
the photoreceptors to post-receptoral cells and the post-receptoral processing of
this signal in the retina. A large part of the chapter provides an overview of recent
evidence that retinal processes in the major retino-geniculate pathways that are
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relevant for luminance and color vision, can be studied in the intact visual system
by electroretinography (ERG), thus providing the possibility of direct study of
human retinal physiology.

Keywords Photopigments ¢ Fundamentals ¢ Photoreceptors ¢ Retinal pathways ®
Electroretinography e Silent substitution ¢ Horizontal cells ¢ Bipolar cells ¢ Retinal
ganglion cells ¢ Post-receptoral circuitry ® Cone opponency

2.1 Photopigments and Excitation of Photoreceptors

2.1.1 Spectral Sensitivities of Photopigments
and Fundamentals

Photoreceptors are neurons that are specialized for the absorption of light and trans-
forming light information into electrical signals. Signals that are further processed in
the retina and transmitted to the brain for visual perception and non-conscious behav-
iors such as eye movements, pupillary reflexes, and circadian rhythms. The chromo-
phore, an aldehyde of vitamin A called retinal, and the opsin protein, which is an integral
protein of the plasma membrane, together form the photopigment. The visual response
starts with absorption of photons by the photopigments resulting in an isomerization of
the retinal chromophore. Retinal isomerization triggers a cascade of internal changes
that finally leads to photoreceptor hyperpolarization, as a result of changes in ion trans-
fer across the cell membrane thanks to opening and closing of the ion pores controlled
by the chromophore. Unlike most other neurons, photoreceptors (and the majority of
other retinal neurons except retinal ganglion cells) do not propagate electrical signals
through action potentials, but do so instead via graded potential changes.

The absorption of a photon leads to deformation or photo-isomerization of the reti-
nal chromophore from the 11-cis- to the all-frans-configuration. The photopigments
are mainly present in the photoreceptors but some retinal ganglion cells contain mela-
nopsin and as a result are also photoresponsive [1-6]. These recently discovered
intrinsically photosensitive ganglion cells (ipRGCs) are thought to have little or no
role in vision (but see Ecker et al. [7] for a challenging idea) and are probably not
involved in color vision. They are therefore not considered in depth in this chapter.

2.1.2 Variability of Pigment Spectra and Its Consequences
Jor Psychophysics

The Principle of Univariance [8] states that the effect of every photon that is
absorbed is the same, independent of the wavelength or energy content of the
photon. Thus, a photoisomerization always leads to the same configuration change
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of the retinal chromophore as mentioned above and to the same response (i.e.,
hyperpolarization) of the photoreceptor.

Importantly, the chance that a photon is absorbed and that a photoisomerization
takes place is not always the same and depends on the wavelength of the light. The
probability of a photoisomerization as a function of wavelength is described by the
absorption spectrum. The absorption spectrum is determined by the properties of the
retinal and the amino-acid sequence of the opsin protein in which the retinal is embed-
ded. In humans, there are three types of cone opsin, the configurations of which are
genetically determined. The genes for the L- and M-cone opsins are located on the
X-chromosome. The gene for S-cone opsins is located on chromosome 7 (see
Chap. 1). In situ, the absorption spectrum is also influenced by other parameters such
as pigment concentration and length of the photoreceptor outer segments. These fac-
tors influence the absorption spectrum through self-screening effects. The photopig-
ment is ordered in layers in the stacks of membranes in the photoreceptor outer
segments. The first layer absorbs more light with wavelengths close to the maximum
of its spectral sensitivity. As a result, the light reaching the second layer contains less
photons with wavelengths close to this maximum (the first layers is thus screening the
second layer) and therefore will also absorb less light close to maximum and more of
the “submaximal” wavelengths in comparison with the first layer. This self-screening
effect is propagated through all layers. The overall absorption spectrum thus will
become broader the more layers the light will have to pass.

In order to be able to appreciate the effect of light with a certain wavelength
content, the absorption spectrum alone is generally not sufficient to provide all the
necessary information. For many cases and experimental situations (basically those
in which measurements are performed with intact eyes), pre-retinal absorption
(mainly by the cornea and the lens) alters the wavelength content of light reaching
the retina. In these cases, not the rod and cone absorption spectra but the rod and
cone fundamentals, that include pre-retinal absorption, should be taken into account.
The fundamentals therefore describe the efficiency of light at the level of the pupil
entrance of the eye to stimulate the photoreceptors. Figure 2.1 shows the fundamen-
tals of the human photoreceptors. The most often used fundamentals are those of
Smith and Pokorny [9, 10] and of Stockman and colleagues [11-14] (see Chap. 5).

The absorption spectra are more appropriate than the fundamentals when consid-
ering the results of in vitro or ex vivo experiments (in which the retina has been
excised from the eye or pre-retinal tissue has been removed).

2.1.3 Responses of Photoreceptors to Stimuli

The efficiency with which a stimulus is able to excite a photopigment is calculated
by the multiplication of the fundamentals with the emission spectrum of the stimulus
integrated over the wavelength range. Following the Principle of Univariance, the
photopigment excitation is proportional to the response (hyperpolarization) of the
photoreceptor and thus describes the sensitivity of the photoreceptor to the stimulus.
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Fig. 2.1 Normalized cone [11, 14] and rod fundamentals. The fundamentals describe the sensitiv-
ity of the different photoreceptor types for stimulation at the pupil. The sensitivities are normalized
to unity at their maxima. The rod fundamental is identical to the scotopic spectral luminosity func-
tion [V’;; [15]]. The cutoff at short wavelengths is caused by pre-retinal absorption mainly by the
lens and the cornea

Sensitivity is defined as the inverse of the stimulus strength required to evoke a cri-
terion response or a psychophysical threshold. Alternatively, particularly in physio-
logical experiments, sensitivity can be quantified by a gain that is defined as the
change in response amplitude caused by a change in stimulus strength (i.e., the slope
of the response amplitude vs. stimulus strength curve). Crucially, however, the pho-
toreceptors are dynamic, changing their sensitivity via adaptation when the stimulus
is strong, or presented over an extended time.

The strength of a repetitive stimulus around a mean level is quantified by
Michelson contrast (MC):

MC = E o —Enin
Emax + Emin
where E is the cone or rod excitation (or photoreceptor sensitivity), E.x and E.;,
are the maximal and minimal excitations, respectively. Observe that the same for-
mula is also used to calculate luminance contrast where E is replaced by the lumi-
nance. The luminance is calculated in a similar manner as E with the difference that
instead of the fundamentals, the emission spectra are multiplied by the photopic
spectral luminosity function, V;, This definition of stimulus strength is useful when
the modulation of the excitation is evenly distributed around the mean level (such
as in sine-wave or square-wave stimuli). In such instances the addition of the two
(i.e., Enax + Emin) €quals twice the mean excitation. The main advantage in using this
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metric is that stimulus strength (cone and rod contrast; similarly for luminance
contrast) can be changed without changing of the mean level and vice versa.
For pulsed stimuli, Weber contrast (WC) is more useful to describe stimulus strength:

E -E_
WC — max min
E

Here, E.;, equals the excitation caused by the background and, for short-lived weak
pulses (when E,,x— Ei, s small in comparison with E,;,), also the mean excitation.
The problem with pulses is that the mean excitation changes with pulse strength and
duration. This may cause the visual system to adapt and change its sensitivity.

There are two ways to isolate the responses from a particular photoreceptor type.
In the early days of psychophysical studies, when there was no precise knowledge
about the fundamentals or the physiological properties of photoreceptors and when
the technical possibilities for stimulus presentation were limited, this was achieved
by selective desensitization of the photoreceptors that were not of interest by a back-
ground and selective isolation of the photoreceptor under study with a flash stimulus
[12, 16, 17] (See also Ch. 5).

Although a well-established technique, this method of selective desensitization
has its disadvantages. First, complete isolation is difficult, if not impossible, to
achieve, particularly when flash and background wavelengths are not very different.
Second, the abovementioned disadvantages of pulsed stimuli also count here. Third,
to study different photoreceptor types, different backgrounds need to be used which
induce different states of adaptation in the retina and the visual system. This may
affect the outcome of the measurements and the results from different photoreceptor
isolation conditions cannot therefore be easily compared.

An alternative is the silent substitution method using periodic stimuli around a
mean luminance and chromaticity (Fig. 2.2). This method was first introduced by
Donner and Rushton [18] and further developed by Estévez and Spekreijse [19, 20].
With the technical advance of cost-effective stimulus devices that can deliver stimuli
with well-defined spectral, temporal, and spatial properties, this method has become
extremely attractive and has now generally replaced the method of selective adapta-
tion. The silent substitution method can be applied to flashed and to continuously
modulating stimuli. In the latter case, as mentioned before, the state of adaptation
can be kept constant even when different mechanisms are studied. Furthermore, iso-
lation of the responses of different photoreceptor types can, at least theoretically, be
more complete than with the selective adaptation method [21]. A silent substitution
is the replacement of one stimulus by another of different spectral composition. It is
possible to choose the luminance (intensity) of the two stimuli so that the number of
photoisomerizations in one photoreceptor type, and thus its excitation, does not
change (and cone or rod contrast, as defined above, equals zero). The principle is
illustrated in Fig. 2.2 for two monochromatic stimuli and two hypothetical photopig-
ments. The number of photoisomerizations depends on the fundamentals of the pho-
toreceptors and on the intensity of the stimuli. In Fig. 2.2 the number of
photoisomerizations of the two hypothetical photoreceptor types, containing
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Fig. 2.2 Explanation of the silent substitution method. The numbers of photoisomerizations in
two photoreceptor types with different photopigments (P and Q) are given as function of wave-
length and intensity of the stimuli. The effect of wavelength is described by the fundamental.
Stimulus intensity is assumed to have linear effect: if the intensity is doubled, the number of isom-
erizations is also doubled. In the right plot an example of a stimulus (an exchange between two
monochromatic lights, 4, and 4,) is shown. The intensity of the two lights is chosen to counteract
the difference in probability of an absorption of a photon in photopigment P as described by the
fundamentals. As a result, the number of isomerizations does not change by the wavelength

exchange. This stimulus results in a silent substitution for photoreceptor P and the isolation of the
response of photoreceptor Q. Reprinted with permission from Kremers [21]

photopigments P and Q, are given as a function of wavelength and of intensity. Three
dimensional plots are given on the left. On the right, the same is displayed in a color
coded manner. The double headed arrows signify a modulation between two mono-
chromatic stimuli (4; and 4,). The intensities of these two stimuli are chosen such
that the number of photoisomerizations in photopigment P (and thus the excitation of
the photoreceptor containing photopigment P) is not altered. The stimulus is a silent
substitution of that photoreceptor. The number of photoisomerizations in photopig-

ment Q is strongly altered. Only the photoreceptor containing photopigment Q
responds to the stimulus and thus is isolated.
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The silent substitution method can be extended to stimuli with broadband and
complex emission spectra, such as LEDs or CRT monitors. The method is not only
suitable for silencing one or more photoreceptor types, but also allows the choice of
any stimulus strength for each photoreceptor type, provided the stimuli are within
the gamut of the stimulator. The number of photopigments that can be indepen-
dently stimulated can be increased when more light sources are used. Theoretically,
the number of independent light sources should at least equal the number of phot-
opigments present. Since humans have normally four different photoreceptor types,
a four primary stimulator is necessary [22]. If the melanopsin pigment also has to be
taken into account, a five primary stimulator is desirable [23].

In practice, the silent substitution method may be contaminated by errors, miscal-
culations, misinterpretations, and oversimplifications. For instance macular pigment,
which only covers the central retina, influences pre-retinal absorption and as a conse-
quence will affect the wavelength composition of light reaching the photoreceptors
differently in the central compared to the peripheral retina. Furthermore, individual
differences in the optical density of the macular pigments [24, 25] result in individual
differences in central cone fundamentals. It is often difficult to take this spatial and
individual variability into account in psychophysical and physiological measure-
ments. However, as work with dichromats and other control experiments have often
shown [26-29], the silent substitution method is generally very effective. For instance,
the isolation of L-cone driven responses can be tested in protanopes who lack the
L-cones. Stimuli that isolate L-cones elicit electrophysiological responses and psy-
chophysically measured perception in trichromats and deuteranopes but not in prota-
nopes. Similarly, M-cone isolating stimuli elicit much smaller responses in
deuteranopes (they are not always completely abolished; we return to this issue later).
Rod isolating stimuli elicit small ERG responses when full field stimuli and high lumi-
nances are used. At low luminances and with smaller stimuli, the rod responses are
increased in amplitude through stimulation of the dark adapted surrounding retina
through stray light (McKeefry, Maguire, Parry, Murray, Kommanapalli, Aher, Kremers
unpublished data; see also Park et al. [30]). In psychophysical experiments, the degree
of rod isolation can be tested by bleaching the rods prior to the measurements. If only
rods are stimulated, the stimuli should not be perceivable directly after bleaching.
Perception of the stimuli should return only after several minutes of dark adaptation.
Cone-driven perception returns to normal much more quickly after bleaching [31].

2.2 Physiological Basis of Color Vision

As mentioned above, color vision is the ability to perceive, within limits, the wave-
length content of light emitted by a luminous source or reflected by an illuminated
surface. Physiologically, there are two prerequisites for color vision. First, photore-
ceptor types with different absorption spectra are necessary. In humans and under
photopic conditions, three different cone types provide the basis for color vision.
Depending on the wavelength content of the light reaching the cones, their relative
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excitations will be different which will influence the percept of color. Because
humans normally have three cone types, color vision is trichromatic: all perceived
colors can be obtained by mixing the outputs of three independent primaries (inde-
pendent in this context means that the output of one of the three primaries cannot be
obtained by mixture of the output of the other two). With these cone types, wave-
lengths between approximately 380 and 780 nm can be distinguished (see Fig. 2.1).
The second prerequisite for color vision is a mechanism that can determine the
relative cone excitations. These mechanisms are thus post-receptoral. Probably,
multiple comparisons are performed at different stages in the visual system.

2.3 Post-receptoral Processing

The signals coming from the photoreceptors are processed in a parallel manner directly
at the first synapse, where connections are made with different types of horizontal cells
and bipolar cells that have different anatomical and physiological properties.

Color vision can only occur when the relative excitations of the three cone types
are determined by post-receptoral processing of cone signals. In the retina, the sig-
nals are processed in parallel in different post-receptoral channels or pathways. The
main retinal pathways are already separated at the level of the bipolar cells. The
properties of the different pathways and signal processing therein are subject of
Chap. 4. Here, we summarize the properties with an emphasis on how the signals,
originating in the different cone types, are distributed and processed.

Many studies on primate color vision are performed in Old and New World mon-
keys. New World monkeys are closely related to humans and Old World monkeys but
show different photoreceptor phenotypes. Therefore they make it possible to study
the relationship between cone phenotypes and retinal wiring and the effect this has on
their color vision [32]. Most New World monkeys have only one gene coding for a
cone photopigment on the X-chromosome, but there are three or even more alleles of
this gene in the population. As a result, color vision is polymorphic with all males and
the homozygous females are dichromats whereas the heterozygous females are tri-
chromats. One species, the howler monkey, displays full trichromacy similar to Old
World monkeys [33, 34]. However, trichromacy in these species has probably evolved
independently [35, 36]. Finally, the nocturnal owl monkeys lack S cones and are
therefore obligatory monochromats [37, 38]. These species form natural experiments
in which the signals of different photoreceptor types can be studied.

2.3.1 Horizontal Cells and Their Connectivity

Horizontal cells and bipolar cells form the first steps of the neuronal processing of
photoreceptor outputs and bipolar cells transmit information from the inner to the
outer plexiform layers [32]. Amacrine cells and ganglion cells further process the
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photoreceptor signals, whereas inter-plexiform cells transmit information from the
inner plexiform layer back to the outer plexiform layer. Ganglion cells send the
results of retinal processing to higher visual centers located in the mesencephalon
and diencephalon [32]. We refer to Chap. 4 for a more detailed discussion of the
responses of retinal ganglion cells and neurons of the lateral geniculate nucleus with
respect to cone opponent processing and generation of the information necessary
for color perception.

The retinae of all primates so far studied (including humans) have post-receptoral
neurons, comprising horizontal cells, bipolar cells, amacrine cells, inter-plexiform
cells, and ganglion cells. Their morphologies and functional roles are similar across
species. The morphology of these cells, the connections that they make in the inner
and outer plexiform layers, and the two-dimensional mosaics they form in the reti-
nal layers have been studied using techniques that stain individual cells [33-35] or
cell populations [36—41]. Intracellular injection of neurotracers is a powerful
method to study both the morphology of individual cells and the properties of cell
populations [42-46].

Primates have two classes of horizontal cells, H1 [33] and H2 [47], whose morphol-
ogy, cone connectivity, and distribution have been extensively described in humans
[47-50] and several diurnal monkeys [45, 51-55] (see Fig. 2.3). H1 and putative H2
horizontal cells have also been described in the single extant nocturnal monkey, the
owl monkey, although H2 cells seem to be very rare and exhibit a simple morphology
[56]. H1 horizontal cells have large cell bodies and radiate stout primary dendrites
bearing conspicuous clusters of terminals which can be traced to axon pedicles of M or
L cones. In the majority (85 %) of HI horizontal cells, the dendritic terminals make
synapses exclusively with M and L cones. In the other 15 %, a few synapses contact S
cones [54]. H1 horizontal cells typically have 4 dendritic clusters in the foveal region,
increasing to 8 at about 1 mm of eccentricity, and 30 or more at higher eccentricities
[49, 55]. From the fovea to the retinal periphery, the inter-cluster distance strictly fol-
lows the inter-cone distance, as measured in cone mosaics visualized in retinal flat-
mounts [56]. H1 horizontal cells have axons that are thick, run away from the cell body
in straight paths for a long distance and then exhibit fan-shaped terminals with compact
branches and tiny knobs, which can be traced to rod spherules.

H2 horizontal cells have medium-sized cell bodies and thin, curved, intertwined,
profusely branched dendrites with dendritic terminals that, unlike H1 cells, are not
clearly organized to form clusters. The dendrites of H2 horizontal cells are directed
to contact all cone pedicles—S, M, or L —overlying their dendritic fields. However,
S cone pedicles make more synapses with H2 dendrites than M or L cone pedicles
do [45] (Fig. 2.3). In an anatomical study of the marmoset retina, about 11 % of
synapses to a single H2 horizontal cell were formed by a single S cone pedicle
which represented only 4 % of all cones under the cell dendritic tree [54]. The H2
axons are short and convoluted, branch one or more times, and bear a small number
of terminals along their paths that also contact S cone pedicles.

HI1 and H2 dendritic trees and H1 axon terminals form three cell networks in the
outer plexiform layer extensively coupled by specific types of gap junctions [58—60].
Thus, the response to light of a single horizontal cell occurs in a retinal region much
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Fig. 2.3 H1 and H2 horizontal cells and their cone contacts. The morphology, connectivity, and retinal
distribution of retinal cells can be studied by combining different techniques to stain individual cells,
to label a particular cell population, and to double label the overlying cone mosaic. (a) Photomicrograph
of macaque H1 and H2 cells stained with the method of Golgi, which uses heavy metals such as silver
and mercury compounds to impregnate neurons. Cells are shown in flat view focused on the dendritic
trees and terminal dendritic clusters. (b) Drawings of macaque H1 cells stained by neurobiotin injec-
tion in one of the cells. The tracer diffused to the neighboring H1 cells through gap junctions between
them. H1 cells form dense terminal dendritic clusters at all M- and L-cone pedicles (indicated by yel-
low patches), but almost completely miss three S-cones (blue patches). (¢) Drawing of macaque H2
cells similarly labeled with neurobiotin. They form dense terminal dendritic clusters at the three
S-cones (blue), but also contact the M- and L-cones. Scale bars=25 pm. Images kindly provided by
Dennis Dacey to Leo Peichl. Reproduced with permission from: Peichl, L. [57]
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larger than that covered by its processes. The strength of coupling in the cell network
is highly dynamic and is modulated by light-dependent changes in the levels of sev-
eral neuromodulators including dopamine, nitric oxide and retinoic acid [60].This
allows horizontal cells to play an important role in the spatial extent of the interactions
between photoreceptors and post synaptic interneurons [61]. Horizontal cells send
feed-back and feed-forward inhibitory signals to cones and rods and bipolar cells,
thereby mediating lateral inhibition. Thus they serve to integrate and control photore-
ceptor output, allowing the retina to adapt to a broad range of light intensities and
contributing to center-surround organization of bipolar and ganglion cells [61].

The difference between the two types of horizontal cells suggests that H2 cells
may have a role in the blue-yellow pathway that receives S cone signals. The exact
function of horizontal cells in color vision is, however, unclear. Considering the H1
morphologies of trichromatic, dichromatic, and monochromatic Old- and New-
World monkeys, there are no major inter-species differences that could be related
to their cone phenotypes. This implies that horizontal cells play only a minor role
in primate color vision [54-56, 62, 63]. The sparseness and simple morphology of
H2 horizontal cells in the retina of the owl monkey is probably related to the
absence of S cones [56]. Thus, horizontal cells in primates (and other mammals)
seem to exhibit cone specificity without cone opponency [45] (Fig. 2.4). This is in
contrast with fish and turtles where horizontal cells seem to be the basis of color
vision [64, 65].

2.3.2 Bipolar Cells and Their Connectivity

Primate bipolar cells comprise several morphological classes with specific connec-
tions in the outer and inner plexiform layers, and with putatively diverse roles in
vision [33, 34, 66—69]. The work of Boycott and Wiissle [35] established the current
classification of primate bipolar cells. Specific antibodies are now available that
selectively label several bipolar cell classes. As a result there is increasing interest
in a detailed characterization of primate bipolar cell morphology, spatial distribu-
tion, cone connections, and synaptic targets in the inner retina. In spite of the amount
of information about individual cells provided by the Golgi method [35] or Dil
labeling [70], immunocytochemistry has been particularly critical for the advance-
ment of knowledge on the populations of these small, very numerous, and diversi-
fied retinal interneurons [38, 70-72].

The cone signals diverge to several cone bipolar cell classes, suggesting that, at
the very first synapse of the visual pathway, visual information is distributed into
parallel pathways for further processing. Thus, the identification and characteriza-
tion of the bipolar cell classes is paramount to understand how parallel processing
in the visual system starts and is organized through the retinal layers. Boycott and
Wiissle [35] described ten different bipolar cell classes in the retina of rhesus
macaque, characterizing them by the number of cones or rods they contact with
their dendrites, the depth of their cell body in the inner nuclear layer and the shape
and level of branching of their axon terminals in the inner plexiform layer. Further
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Fig. 2.4 Electrophysiology of cone inputs to Hl and H2 horizontal cells. Responses of horizontal
cells to different stimuli are depicted below each trace. The five rows display responses to lumi-
nance (in phase modulation of S-, M-, and L-cones), chromatic (counter-phase modulation of
M- and L-cones), and to L-, M-, and S-cone isolating stimuli respectively. HI cells (left column)
display sustained hyperpolarizing responses to luminance increments (a) and small responses at
twice the stimulus frequency to chromatic modulation (b). Selective modulation of L- or M-cones
also elicits a hyperpolarizing response (¢ and d). Selective S-cone stimulation elicits no response
in H1 cells (e). H2 cells respond (right column) to luminance modulation with a sustained hyper-
polarization (f). There is no response to chromatic modulation (g). H2 cells hyperpolarize in
response to L- and M-cone excitation (h and i) but also to S-cone excitation (j). Modified with
permission from: Dacey et al. [45]

details of macaque bipolar cell classes were provided by a series of immunocyto-
chemistry studies [38, 39, 41, 71, 73]. More recently, another series of studies
revealed that marmosets and other New World monkeys with abovementioned
polymorphic color vision possess the same classes of bipolar cells as macaques,
indicating that color processing in bipolar cells is not based on its morphology
[70, 72, 74, 75]. However, there is evidence that the cone inputs to centers and
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Fig. 2.5 Schematic diagram of bipolar cell classes found in the primate retina. Cells were studied
in retinal flat mounts or in transverse sections impregnated with the method of Golgi [35]. They
were classified using morphological criteria: shape of dendritic trees, number of dendritic clusters,
cell body position in the inner nuclear layer, shape and position of their axon terminals in the inner
plexiform layer. OPL outer plexiform layer, /NL inner nuclear layer, /PL inner plexiform layer,
GCL ganglion cell layer, OFF superficial strata of the inner plexiform layer where the axon termi-
nals of OFF bipolar cells branch, ON deep strata of the inner plexiform layer where the axon ter-
minals of ON bipolar cells branch. Modified with permission from Boycott and Wissle [35]

surrounds of parvocellular retinal ganglion and LGN cells are more selective than
expected on the basis of random wiring, indicating that in course of evolution the
functional wiring of bipolar cells may have changed such that responses to color
stimuli were increased [76] (see also Chap. 4). Below, we argue that electroretino-
grams (ERGs), that presumably reflect bipolar cell activity, can display responses
that are reminiscent of those of the parvocellular pathway, suggesting that some
bipolar cells (probably the midget bipolar cells) indeed may be involved in chro-
matic processing.

Bipolar cell classes comprise a single class of rod bipolar cells (RB cells) and at
least nine different classes of cone bipolar cells: two midget bipolars (FMB cells
and IMB cells), six diffuse bipolars (DB1-6 cells), and a single class of S-cone
bipolars (BB cells) [32] (Fig. 2.5). In addition, giant cone bipolar cells (GB cells)
have been reported in several studies [33, 35, 48, 68, 77, 78].

Midget bipolar (MB) cells make very distinct connections and form the origin of
the M/L cone opponent parvocellular pathway which is considered to be the basis
for the red-green channel of color vision. They connect small patches of the photo-
receptor mosaic with small dendritic trees of midget ganglion cells (also called
parvocellular or PC ganglion cells) in the inner plexiform layer [35, 41]. In the
central region, MB cells have a single primary dendrite and a single dendritic cluster
that contact the pedicles of one L- or M-cone. Single-cone MB cells are found up to
45 deg of eccentricity, but at greater eccentricities there is an increasing proportion
of MB cells that have two to four dendritic clusters each contacting a distinct cone
[41]. MB cells comprise two separate populations with distinctive morphology and
connectivity: FMB cells make flat synapses with cone pedicles and send axons to
the upper half of the inner plexiform layer while IMB cells make invaginating syn-
apses with cone pedicles and send axons to the lower half of the inner plexiform
layer [35, 41, 66]. Every M or L cone pedicle contacts an FMB and an IMB cell
[79]. Below, we discuss the functional implication of these morphological findings
for red-green color vision and for recent ERG findings.


http://dx.doi.org/10.1007/978-3-319-44978-4_4

46 J. Kremers et al.

BB cells form a pathway dedicated to conveying information from S cones to
specific ganglion cells and thus provide S cone input to S-/ML-cone opponent path-
ways. They are probably the basis for blue-yellow color vision. BB cells are easily
identified by their long, smoothly curved dendrites which are horizontally oriented
in the outer plexiform layer and contact between one and three cone pedicles.
Double labeling of BB cells and S cones showed that their dendrites are clearly
cone-selective and reach toward one or more S cones, making invaginating synapses
with them. Their axon terminals are relatively large and stratify in the deeper stra-
tum of the inner plexiform layer, close to the ganglion cell layer.

DB cells comprise several different classes, some of them providing M or L cone
input to S-/ML-cone opponent pathways, for which they provide the “yellow” input
of the blue-yellow color channel. DB cells can be divided into two groups using
similar criteria of flat and invaginating synapses as used for distinguishing MB
cells: DB1, DB2, and DB3 make flat synapses with cone pedicles and send axons to
the upper half of the inner plexiform layer while DB4, DB5, and DB6 cells make
invaginating or flat synapses with cone pedicles and send axons to the lower half of
the inner plexiform layer; the different classes have been sequentially numbered
following the depth of their axon terminals in the inner plexiform layer [35, 38, 71].
A subdivision of DB3 cells into DB3a and DB3b has recently been proposed [72,
80, 81]. DB cells contact all cones in their dendritic trees by the means of multiple
dendritic clusters (4—10 clusters in the retinal periphery) [35, 38, 71, 73, 82, 83], but
DB4 and DB6 are biased against S cones and make proportionally more dendritic
contacts with M and L cones [84] while there is no evidence for a bias in favor or
against S cones in the other DB classes [82].

2.3.3 The Transmission of Photoreceptor Signals to Bipolar
Cells

Photoreceptor signals are transmitted to a series of post-receptoral elements that are
described in the previous section which process these signals and send them to sec-
ond order retinal neurons. The result is coded in the train of neural impulses sent by
about 1,100,000 retinal ganglion cell axons to higher visual centers of the human
visual system (described in Chap. 4). There are important limits to vision imposed
by the properties of photoreceptors and post-receptoral neurons and, consequently,
several aspects of the information content present in the retinal image are consider-
ably transformed by retinal neural circuits. The existence of ON and OFF pathways,
the temporal responses of different class of neurons, the spatial pooling by retinal
elements of the same class, and the coding of spectral reflectance are relevant
aspects of visual information processing that take place in the retina. In this section
we describe those more directly relevant for color vision.

Cones and rods transmit their signals directly to horizontal cells and bipolar cells
through complex synapses located at their axon terminals —cone pedicles and rod
spherules, respectively. Cones of all classes and rods respond to light with changes
of electrical potential across their plasma membrane, always with the same polarity.
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When the light level is increased, cones and rods hyperpolarize and decrease the
amount of glutamate released by the cone pedicles or rod spherules and, conversely,
when the light level is decreased, cones and rods depolarize and increase the amount
of glutamate released by their axon terminals. However, in the subsequent steps of
the visual pathway there are not only neurons that respond to light in the same man-
ner as photoreceptors, but also others that respond in the opposite way. Neurons that
conserve the photoreceptor response polarity are called OFF cells while those that
invert the photoreceptor response polarity are called ON cells [85, 86]. This is pos-
sible because there are complex mechanisms of photoreceptor signal transmission
that conserve or invert the sign of photoreceptor responses to light based on differ-
ent kinds of glutamate receptors that are found in the photoreceptor synapses [87].
Both classes of horizontal cells—H1 and H2 cells—and about half of the bipolar
cell classes—DB1, FMB, DB2, DB3a, and DB3b cells, with axon terminals branch-
ing in the upper half of the inner plexiform layer—have AMPA and/or KA gluta-
mate receptors (iGluRs) in their post-synaptic membranes facing the cones and rods
axon terminals [88]. The ionotropic nature of these receptors means that they act
directly by opening or closing ion pores in the plasma membrane, in this case
responding to glutamate by increasing conductance to cations. A decrease of gluta-
mate release by the photoreceptors in response to light results in a decrease of the
iGluR activation and in a hyperpolarization of the post-receptoral horizontal and
bipolar cells. These are consequently of the OFF type. The sign conserving syn-
apses are located in horizontal cell dendrites (contacting cone pedicles) or axons
(contacting rod spherules) that form the lateral elements of the triads in invaginating
synapses. Flat synapses of cone pedicles with bipolar cell dendrites are also sign
conserving [79]. Therefore, these bipolar cells are also of the OFF type. Their axon
terminals are located in the outer half of the plexiform layer. BB and RB cells do not
make flat synapse contacts with the S cones and rods, respectively, and they are
exclusively of the ON-type.

DB4, DBS5, IMB, DB6, BB, and RB bipolar cells, which have axon terminals pro-
gressively deeper in the inner half of the inner plexiform layer, have metabotropic
receptors, i.e., they do not act directly via ion pores (although this can be the end
effect of the cascade) but modify a G-protein molecule which in turn activates a sec-
ondary messenger molecule. These bipolars possess the glutamate receptor mGluR6 in
their postsynaptic membranes [89]. The mGluR®6 is a G-coupled receptor that acti-
vates a membrane phosphodiesterase, decreasing intracellular cGMP levels and, con-
sequently, decreasing cGMP-dependent membrane conductance for cations. Thus, a
decrease of glutamate release by the photoreceptors in response to increased light
results in increased intracellular cGMP levels leading to an increased membrane cat-
ion conductance, which depolarizes the postsynaptic bipolar cells. Thus, these bipolar
cells are ON cells and their dendrites constitute the central elements of the triads of
the invaginating synapses with rod spherules or cone pedicles [79].

The retinal image is sampled at a spatial resolution that is initially determined by
the photoreceptor mosaic. However, convergence of signals along the visual path-
way may progressively degrade the spatial resolution. Convergence starts at the
first synapses between photoreceptors and bipolar cells, and further increases in
synapses between bipolar cells and ganglion cells. In macaque, convergence of
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cones onto cone bipolar cells differs according to the bipolar cell class and varies
only slightly as a function of retinal eccentricity: MB cells contact a single cone
(1-4 in the retinal periphery), BB cells 1-3 cones, and DB cells 4-10 cones (with
slight differences for different DB classes) [35, 39, 41]. The one-to-one connectiv-
ity between cones, MB cells, and PC-ganglion cells is preserved in the foveal
region, but the convergence of MB cells onto PC-ganglion cells increases steeply
with increasing retinal eccentricity [41]. In other visual channels, such as the one
formed by cones connected to DB cells and thence to magnocellular (MC-) gan-
glion cells, the convergence of DB cells onto MC-ganglion cells also increases
towards retinal periphery. Thus, the spatial resolution of PC-, MC-, and
KC-(koniocellular) channels is set by their respective ganglion cell mosaics.

The ON/OFF dichotomy of bipolar cells and the convergence of single cones onto
MB bipolar cells have important consequences for the M/L cone opponent mechanism
of color vision. They result in the existence of four kinds of MB cells [32]. Two of these
receive sign conserving synapses from a single M or L cone. These are the M-OFF
FMB and L-OFF FMB cells. A further two receive sign inverting synapses from a
single M or L cone. These are the M-ON IMB and L-ON IMB cells. In the central
retina, each MB bipolar cell makes synapses with a single PC ganglion cell. Thus, PC
ganglion cells have center-surround receptive fields with four different mechanisms
driving the receptive field center, provided by the MB cells described above, and recep-
tive field surrounds of opposite polarity whose origin is not well understood: M-OFF/
L-ON, L-OFF/M-ON, M-ON/L-OFF, and L-ON/M-OFF cells. It is believed that these
four ganglion cell subclasses underpin red-green color vision (reviewed in Chap. 4).

2.3.4 Midget, Parasol and Bi-stratified Ganglion Cells

There are three major retinal pathways that process cone signals for conscious
visual perception including color vision. The magnocellular (MC-) pathway con-
sists of diffuse bipolar cells and parasol ganglion cells that project to the two ventral
layers of the lateral geniculate nucleus (LGN). MC-ganglion cells receive additive
input from the L- and M-cones, which makes them luminance sensitive. They are
therefore the physiological basis of luminance vision [62, 63, 90-92] (see Chap. 4).
They can respond to high temporal frequencies and have relatively large receptive
fields and this is probably why their responses are used for motion processing [93].
Their large receptive fields make them probably less important for form perception,
although their high responsivity for luminance stimuli allows them to code for spa-
tial position on a hyperacuity level [94-96]. The receptive fields can be subdivided
in centers and surrounds which are antagonistic. As described above for bipolar
cells, stimuli leading to a luminance increase in the center (or a luminance decrease
in the surround) lead to a depolarization in the ON-center cells and to a hyperpolar-
ization in the OFF-center cells. Conversely, ON-center cells are hyperpolarized by
luminance decreases in the centers and luminance increases in the surrounds. These
stimuli lead to depolarizations in the OFF-center cells.
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The PC-pathway contains midget bipolar cells and midget ganglion cells, which
project to the four dorsal layers of the LGN. Like the MC-pathway, the PC-pathway
processes exclusively L- and M-cone signals. However, in contrast to the
MC-pathway, the cone signals provide opponent inputs. Furthermore, there are
strong indications that the cone strengths are much more balanced compared to the
MC-pathway, since the ratio of L-cone to M-cone responses in the parvocellular
pathway is close to unity [97]. Again they have receptive fields with centers and
surrounds. Foveal parvocellular cells have centers that receive input from only one
cone. It is not clear yet if the surrounds receive inputs from the two cone types or
whether there is a bias towards the cone type that is not represented in the center
[98, 99]. With a random cone input, cone opponency would only occur because of
the obligatory cone selective center. It is not clear in that case how an L:M cone ratio
of about unity can arise. The centers of peripheral PC-cells are larger and again may
receive mixed cone input (see above). However, under such circumstances the cells
would lose their cone opponency.

Again there are ON- and OFF-center cells so that in the end there are four types
of parvocellular ganglion cells (+L—M, +M —L as the ON-center cells; OFF-center
cells are -L+M and —M +L) The L-/M-cone opponency in the parvocellular gan-
glion cells is the physiological basis for red-green color vision. The small receptive
field sizes are probably used for the perception of forms of objects [100, 101].

The KC-pathway processes input from all three cone types, in which the S-cone
signals are antagonistic to those from L- and M-cones (i.e., the cone input can be
described as +S-[L+M]). As described above, two types of bipolar cells are
involved: DB cells provide the L- and M-cone inhibitory signals whereas the S-cone
excitatory signal are transmitted by BB cells [102]. The ganglion cells belonging to
this pathway are of the small-field bi-stratified type [44] and project to the inter-
laminar regions and the areas surrounding the parvocellular and magnocellular lay-
ers of the LGN. The antagonistic input is not organized in center and surround
substructures of the receptive fields; instead they are spatially co-extensive and con-
stitute Hubel and Wiesel’s [103] type 2 cells. Therefore these cells are thought to be
unimportant for spatial vision but provide the basis for blue-yellow color vision.

The physiological properties of retinal ganglion cells and neurons in the LGN are
well described. Those of primate bipolar cells are less well known. From recent ERG
data, it can be inferred that the properties of the diffuse and midget bipolar cells are
very similar to those of the MC- and PC-ganglion cells respectively (see below).

2.4 Photoreceptor and Post-receptoral Processes Leading
to the Electroretinogram

The electroretinogram (ERG) is an electrical signal of retinal origin that is elicited
by the same excitation of photopigments that leads to a visual response. The ERG
has important clinical value because it is a non-invasive electrophysiological, and
thus objective, method which can be used to monitor the functional integrity of the
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Fig. 2.6 Example of a full Normal subject
field flash ERG measured
in a normal subject. The
main components are
identified

retina. In addition, the ERG has emerged as an important tool for the measurement
of retinal function in animals in vivo. This has been particularly evident following
the development of transgenic mouse lines, where the retinal organization has been
genetically altered, and the use of mouse models of retinal diseases.

Originally, the ERG was measured to short light pulses [104]. These flash ERGs
are still measured. However, increasing numbers of other stimuli and resulting ERG
types are measured nowadays. Below, we describe those that are important for
revealing cone opponent processes. In the flash ERG, three components can be dis-
tinguished that have different cellular origins (Fig. 2.6). The early negative a-wave
originates in activity of the photoreceptors and off-bipolar cells The next wave is
positive b-wave that is mainly determined by activity of on-bipolar cell [105]. The
b-wave of the flash ERG is in fact an addition of a positivity as a response to stimu-
lus onset and a slightly delayed positive response to stimulus offset known as the
d-wave [106]. The d-wave has identical implicit times to stimulus offset as the
a-wave after stimulus onset indicating that they have the same cellular origins [107].
The b-wave is followed by a photopic negative response (PhNR) that reflects activ-
ity of retinal ganglion cells [108-110].

The value of the ERG in studying vision, and more particularly color vision, is,
however, not straightforward. Armington [111] in his book “The Electroretinogram”
emphasized the potential of the ERG in the study of visual processing in the retina.
Yet at the same time he was also aware of the difficulties in establishing correlations
between the ERG and psychophysical data.

2.4.1 Early Research on Chromatic Processes in the ERG

Armington [111] dedicated a whole chapter to the ERG related to human spectral
sensitivity and color vision. As discussed above, different cone spectral sensitivities
are necessary but not sufficient for color vision. Cone opponent processing is a
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second prerequisite for color vision. At the time when Armington’s book appeared,
the notion of cone opponency was still quite novel [112]. Riggs and colleagues
[113, 114] showed, using equiluminant alternating gratings (5.35 Hz; 10.7 reversals
per second), that the wavelength separation for a criterion ERG response is similar
to psychophysically derived measures of wavelength discrimination with minima
around 500 and 600 nm, indicating that repetitive stimuli may elicit ERGs that
reflect cone-opponent processing.

Beginning in the early 1970s, data on the spectral sensitivity of the b-wave in
flash ERGs emerged [115-119]. The b-wave spectral sensitivity as a function of
wavelength of flashed stimuli upon a background displayed similarities with psy-
chophysically determined detection sensitivities using similar stimuli [118, 120].
Such spectral sensitivities are an indication that detection is mediated by cone oppo-
nent mechanisms. Nowadays, the b-wave is thought to originate from bipolar cell
activity [121]. Armington [122] found spectral sensitivities that also indicated spec-
tral opponent processing as early as 1959, but at that time the data were difficult to
interpret. The similarity with the psychophysical data indicates that the same post-
receptoral mechanisms may underlie the psychophysical and ERG data.

On the other hand, the a-wave exhibits different spectral sensitivity which does
not reflect cone opponent processing, indicating that it has a different cellular ori-
gin. Indeed, it is now thought that the a-wave mainly reflects the activity of the
photoreceptors and the OFF-bipolar cells. The main origin of the b-wave resides in
the ON-bipolar cells [105].

Single cell recordings in the 1960s showed that retinal ganglion cells and LGN
cells could display cone opponent processing [103, 123], indicating that the subtrac-
tive interaction between cone signals, necessary for color vision, occurs already in
the retina. The exact site was, and still is, not exactly known. Data from fish and
turtle indicated that cone opponency occurs in the outer retina in these species and
Baron [124] proposed that, similarly, opponency might also occur there in primate
and would therefore be discernable in the primate ERG. He described a component
that possibly reflects cone opponency in the foveal ERG of monkeys using intra-
retinal electrodes. This component could subsequently also be identified in the ERG
as measured at the cornea [125]. However, the data are not easy to interpret as being
related to cone opponency. Nowadays it is clear that cone opponent processing in
“lower” vertebrates and in primates is quite different. Horizontal cells in turtle and
fish retinae show distinct cone opponency [65] that is absent in horizontal cells of
the primate [45].

2.4.2 Recent Developments

One possible reason for the limited correlation between early ERG and psycho-
physical data is that ERGs were mainly measured to short flashes of light. Possibly,
the circuitries leading to an ERG and those leading to a visual percept have substan-
tially different response properties when using very short stimuli. In the following
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section, we provide evidence that the use of repetitive stimuli, leading to steady
state responses, may reveal more similarities between ERG and psychophysical
data. One example of the use of repetitive stimuli is the heterochromatic flicker
photometry (HFP) method that is also used in psychophysical measurements to
determine the luminance of a light source. Briefly, two lights, a reference and a test
light, are modulated in counter-phase at relatively high temporal frequencies
(=16 Hz) at equal and fixed contrast. The mean luminance of the test light is altered
by the subject to minimize the perception of flicker, where, by definition, the two
lights are equiluminant. Using the same stimuli, it proved to be possible to also
minimize the ERG response. The spectral sensitivities that could be measured in
this way were also identical in psychophysical and ERG experiments (resulting into
the photopic spectral luminosity function, V, [126-131]). Furthermore, the HFP
method leads to psychophysical results that differ between different individuals.
This inter-individual variability was also present in the ERG data [129] and is the
result of a variability in the ratio of L- to M-cone signals in the luminance channel.
The L/M cone ratio could also be measured directly in psychophysical and ERG
experiments and it was shown that the amplitude ratio of the high frequency ERG in
response to L- and M-cone isolating stimuli can be correlated to the sensitivity ratio
for detection of L- and M-cone isolating at high temporal frequencies [132, 133]. At
high temporal frequencies, the ratio is on average about 2:1 and reflects the ratio of
L- to M-cone packing densities [134]. Data from RNA expression have shown that
the far peripheral retina may contain nearly exclusively L-cones [135-137]. This
peripheral L-cone dominance was also found with ERG measurements [138, 139].
Finally, changes in L/M cone sensitivity ratio in individual observers, caused by
difference states of adaptation, were again also represented in the L/M cone ampli-
tude ratio in the high temporal frequency ERG [28].

The correlations described above between psychophysics and ERGs were found
for high temporal frequency stimuli (about 25 Hz and higher) where the psycho-
physical data were mediated by the luminance channel of which the MC-pathway is
the physiological basis. The question is: are there also ERG responses to modulat-
ing stimuli that can be linked to chromatic sensitivities? Psychophysically, chro-
matic sensitivity can be mainly measured at lower temporal frequencies [92, 97,
140, 141]. If stimuli contain both luminance and chromatic modulation, then psy-
chophysical detection thresholds are mediated by the chromatic channel at low tem-
poral frequencies and by the luminance channel at high temporal frequencies [92,
141]. With L- and M-cone isolating stimuli, chromaticity and luminance are simul-
taneously modulated and detection thresholds for these stimuli are indeed deter-
mined by the luminance content at high temporal frequencies and by the chromatic
modulation at low temporal frequencies [132].

Recently, it has indeed been found that the ERG responses to intermediate temporal
frequency stimuli (around 12 Hz), containing red-green chromatic contrast, can reflect
activity of the L-M opponent parvocellular pathway. The evidence for this comes from
several experiments. In the first type of experiment, L- and M-cone isolating stimuli
are used (see Fig. 2.7). L- and M-cone driven responses are of about equal amplitudes
and thus the L:M ratio is close to unity at intermediate temporal frequencies (about
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Fig. 2.7 ERG responses in a trichromatic subject to full field L- and M-cone isolating stimuli of
similar contrast (18 % M-cone contrast: dashed green line; 19 % L-cone contrast: solid red line) at
two temporal frequencies: 12 Hz (left) and 36 Hz (right). Triple silent substitution conditions were
used (i.e., only the photoreceptor type of interest—either L- or M-cones—were stimulated; the
three others were silenced). The 12 Hz responses have similar amplitudes whereas the L-cone
driven responses are larger than the M-cone driven responses at 36 Hz [143, 144]

12 Hz). At high temporal frequencies (30 Hz and above), the L-cone driven responses
are larger than the responses to M-cone isolating stimuli [142—144]. Furthermore, the
phases of the L- and M-cone driven responses can behave differently at low and high
temporal frequencies. Generally, the phases of the response to L- and M-cone isolating
stimuli at intermediate temporal frequencies are about 180° apart indicating cone
opponency. The phase differences at high temporal frequencies seem to be more vari-
able. They can be large as well (as is seen in Fig. 2.7) but there are conditions in which
the phase of L- and M-cone driven responses are relatively similar [26].

In the second type of experiment, red and green lights were modulated sinusoi-
dally in counter-phase. The contrasts of the two were varied such that the sum of the
red and green contrasts (R +G) was kept constant. Thus, the fraction of red contrast
relative to the total contrast (R/(R+G)) was varied (and the fraction of green con-
trast was complementary; see Fig. 2.8a). The chromatic contrast (Fig. 2.8b left plot;
red line) in these stimuli was constant. The luminance contrast (Fig. 2.8b left plot;
black line), however, varies linearly as a function of red fraction, reaching zero
when R/(R+G) is about 0.5 (depending on the present L:M ratio of the signals
entering the luminance signal). Also, the phase has different characteristics
(Fig. 2.8b right plot): the phase of the chromatic output is constant whereas the
luminance modulation follows the modulation of the green light for small values of
R/(R+G) and is determined by the red stimulus when R/(R+G) is larger than 0.5.
Using this type of stimulus it was found that the responses to high frequency stimuli
(Fig. 2.8c) were very similar to the expected activity of the luminance channel with
a clear minimum [145]. In accordance with the notion that the responses reflect
luminance activity, the phase changed by 180° at the amplitude minimum. These
data are in accordance with the well-known flicker photometric data, described
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Fig. 2.8 Results of ERG experiments with red-green sinusoidal modulation. (a) Six examples of
stimuli. One period is shown. The red and green lights (from light emitting diodes; LEDs) were
modulated sinusoidally in counterphase. The mean luminance levels were equal for the red and
green lights and were not varied. The contrast in the two lights was varied, but the sum of the red
and green contrast was constant. (b) Expected output amplitude (left plots) and phase (right plot)
of the luminance channel (black line) and red-green chromatic channel (red line) as a function of
red fraction in the stimulus. (¢) ERG response amplitude and phase to 36 Hz stimuli as a function
of red fraction. Observe the resemblance with the expected response of the luminance channel in
b. (d) Response characteristics measured in the same observer at 12 Hz. These responses are like
those of the red-green chromatic channel in b (Adapted from Kremers et al. [145].)

above. More importantly, it was found that at an intermediate temporal frequency
(12 Hz) neither amplitude nor phase changed appreciably as a function of red frac-
tion (Fig. 2.8d), thereby resembling the properties of the red-green chromatic
channel.

An important control experiment was performed with dichromats, who lack a
functional red-green chromatic channel because they only possess L or M cones. In
these subjects, the responses at all temporal frequencies clearly followed the
response properties of the sole cone type (Fig. 2.9), indicating that the mechanism
that is responsible for the ERG responses at 12 Hz, is not present in the dichromats,
and thus most probably originates in the red-green chromatic channel.

In the third type of experiment, red and green lights were again modulated in coun-
ter-phase. But now they were alternately activated. That means that when one light is
switched on the other is switched off and vice versa. When activated, the output of the
light sources followed a raised cosinusoidal profile. The luminance output of the red
and green light were carefully balanced to be equal in luminance. As a result, the chro-
maticity of the stimulus is modulated at a temporal frequency that is half the lumi-
nance frequency (see Fig. 2.10). In this experiment, the temporal frequency of the
stimulus was varied. In contrast to the second experiment, where the LEDs were
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Fig. 2.9 Responses measured in a deuteranope. The same stimuli as displayed in Fig. 2.8 were
used. Both the 36 Hz (upper plots) and 12 Hz (lower plots) responses display the characteristics of
a luminance reflecting mechanism. The minimum has shifted towards smaller values of the red
fraction in the stimulus. This can be expected for responses that are exclusively driven by L-cones.
(Adapted from Kremers et al. [145])

always simultaneously activated, here only one LED is activated at a time. Furthermore,
in this experiment the luminance was always modulated with 100 % contrast, whereas
the luminance modulation in the second experiment was variable and did not exceed
50 % (for the conditions in which R/(R+G) were 0 and 1). In single cell recordings
from the macaque retina it was found that the PC-ganglion cells mainly responded at
the frequency of the chromatic modulation whereas MC-cells mainly responded to the
luminance modulation (i.e., at twice the response frequency of the parvocellular cells;
[146]). These stimuli were also used while recording the ERGs (Fig. 2.10, upper
plots). In these experiments, it was found that the high temporal frequency ERGs of
normal trichromats (Fig. 2.10, left two columns) contained, almost exclusively, fre-
quency components that were identical to those of the luminance modulation in the
stimulus. No response was observed at the chromatic modulation frequency. At low
and intermediate temporal frequencies, a clear response component at the frequency
of the chromatic modulation was present. In Fig. 2.10, this can be observed because
the responses to the red and green stimuli are dissimilar at low temporal frequencies
(here particularly for the 6 Hz stimulus conditions). The latter component could not be
observed in red-green dichromats (Fig. 2.10, the two right columns) because the
responses to the red and green stimuli were very similar in the dichromats also at low
temporal frequencies. This result strongly indicates that this component indeed origi-
nates in the red-green chromatic channel [147].

In a fourth experiment, transient ERG responses to L- and M-cone isolating
stimuli with sawtooth and square-wave temporal profiles were measured [148, 149].
With sawtooth and square wave stimuli, On- and Off-responses (i.e., responses to
sudden increments or decrements in cone excitation) can be studied separately.
These measurements revealed a response inversion: responses to L-increments
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Fig. 2.10 Results of ERG recordings performed with alternating red and green stimuli. 7op rows:
Depiction of the stimuli with Raw ERG responses. In the left two columns, recordings in trichro-
mats are displayed, whereas the right two columns show the responses measured in dichromats (a
deuteranope and a protanope). The temporal frequencies, given on the right, indicate the frequency
of the luminance modulation in the stimulus. The temporal frequency of the chromatic modulation
equals half the luminance frequency. Two bottom rows: Amplitude as a function of temporal fre-
quency of the first (chromatic) and second (achromatic) harmonics. Note the marked reduction in
the chromatic response in the dichromats, particularly at low temporal frequencies. Adapted from
Parry et al. [147]

(L-On) resembled those to M-decrements (M-Off) and the responses to L-decrements
(L-Off) and M-increments (M-On) were similar in waveform (see Fig. 2.11 for
responses to sawtooth stimuli). The responses to L-cone isolating stimuli had the
same polarity as the responses to luminance modulation with the same temporal
profile [148, 149]. The response inversion between L- and M-cone driven responses
suggests that cone opponent processes are involved. Furthermore, the data show that
the textbook explanation of the origins of the different components [105], in which
only On- and Off-bipolar cells without a distinction between the responses from for
example midget and diffuse bipolar cells, is probably only part of the story. The data
strongly suggest that such a distinction between different types of midget bipolar
cells should be taken into account. Although the response inversion seems to be
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Fig. 2.11 Responses to L- and M-cone isolating sawtooth stimuli (4 Hz temporal frequency). The
left column displays the responses to L-cone increment stimuli (solid red line; the L-cone excita-
tion is rapidly increased and gradually decreased as shown in the stimulus sketch below) and to
M-cone decrements (having the opposite profile; dashed green line). The right column shows the
responses to L-cone decrements (dashed red line) and M-cone increments (solid green line).
Observe that the responses to L- and M-cone isolating stimuli of opposite polarities resemble each
other [148]. This effect was also found in responses to square wave stimuli [149] but may be less
clear for full field stimuli [148]

present for all response components (a-, b-, d-wave-like and other components), the
picture is more complicated because the ratios of the L- and M-cone signal strengths
is different for the different components. The early components (a- and d-wave)
display large L:M ratios and resemble the ratios of cone numbers and of the psycho-
physical luminance channel. The later components (b-wave and photopic negative
response) display an L/M ratio closer to unity, suggesting stronger chromatic input
[148]. The responses to M- and L-cone increments in protanopes and deuteranopes
respectively had similar waveforms indicating that the inversion of responses is not
present in dichromats [148, 149].

From these experiments, a picture emerges that, in trichromatic observers, ERG
responses to stimuli that contain luminance and red-green chromatic modulation
reflect activity of the luminance channel and the MC-pathway at high temporal fre-
quencies (>30 Hz). This is also the basis of the ERG results with the HFP paradigm.
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At intermediate temporal frequencies (between about 8 and 14 Hz), the ERG reflects
the activity of the red-green chromatic channel and of the PC-pathway. Therefore in
the years since Armington’s book appeared, evidence has been obtained in favor of
the notion that ERG signals indeed can reflect the properties of post-receptoral retinal
pathways and have perceptual relevance. This result may be of importance for basic
vision research because it now will be possible to study properties of these pathways
and channels in human subjects using objective non-invasive techniques.

To investigate the influence of the size and spatial configuration of the stimulus on
the two pathways, ERGs were recorded using L- and M-cone isolating sinusoidal
stimuli at intermediate (8 and 12 Hz) and at high (30, 36, 42, and 48 Hz) temporal
frequencies. These responses were measured for full field stimuli and for circular
stimuli with different diameters. In addition, annular stimuli with different inner
diameters were used [139]. The response amplitudes at high temporal frequencies
strongly depended on stimulus area. The responses to 8 and 12 Hz stimuli were simi-
lar for all stimulus areas except for the smallest circular stimulus. The responses at
high temporal frequencies increase with increasing stimulus size (Fig. 2.12). This
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Fig. 2.12 Response amplitudes to sinusoidal modulation of L- and M-cone excitation for different
stimulus spatial configurations. Responses at two different temporal frequencies (left plot: 12 Hz;
right plot: 36 Hz) are shown. The sketch above the plots shows the spatial stimulus configurations
that were used and corresponds to the labels on the x-axes of the plots. Amplitude does not vary
strongly with spatial configuration at 12 Hz. The 36 Hz stimuli strongly depend on the spatial
arrangement of the stimuli. Redrawn from Ref. [139]
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indicates that the PC- and MC pathways may either have different spatial distributions
or their response characteristics change differently with retinal eccentricity.

The physiological properties of retinal ganglion cells and neurons in the LGN are
well described (see above and Chap. 4). Those of primate bipolar cells are less well
known. ERG responses to repetitive stimuli mainly reflect activity of bipolar cells
[121]. From the results of the ERG measurements, it can be inferred that the proper-
ties of the diffuse and midget bipolar cells are probably very similar to those of the
MC- and PC-ganglion cells respectively, indicating that these properties are already
present after the first synapse (from photoreceptors to bipolar cells) in the visual
pathway. Sperling and colleagues’ work, showing that the b-wave may also reflect
cone opponent processing [115-118], is in agreement with this proposal because the
b-wave is also thought to originate in bipolar cell activity [105]. It should be noted,
however, that bipolar cells not only receive feed forward signals from photorecep-
tors but also from horizontal cells. They also receive feedback signals from horizon-
tal and amacrine cells. These signals influence their response properties. Furthermore,
KC-cell responses make use of two types of bipolar cells, one of which (the diffuse
bipolar cell) has properties similar to that of the magnocellular channel. Therefore
it is possible that the bipolar cells belonging to the +S-(L+M) pathway do not dis-
play similar physiological properties as the small field bi-stratified cells. Combined
with the fact that S-cones and KC + S-(L +M) ganglion cells are much sparser than
the other cone and ganglion cell types, respectively, possibly make the signals of
this pathway in the ERG difficult to detect.

2.5 Open Questions

These new developments open up many possibilities to answer basic scientific and
clinical questions. However, some important issues arise from this work and in the
following section we give an overview of the key questions that we have identified.

2.5.1 How Can a Chromatic ERG Signal Appear at all
with Four PC-Cell Types?

ERG responses may reflect photoreceptor activity because all photoreceptor types
hyperpolarize. However, there are two types of luminance sensitive (DB) bipolar
cells: the ON- and the OFF-DB cells. Thus, if one type is hyperpolarized the other
will be depolarized and vice versa. Therefore it could be expected that the responses
of the two cell groups may cancel each other out (particularly when the two popula-
tions contain similar cell numbers) and no luminance ERG would be measurable
unless there are physiological differences between ON- and OFF-DB cells. That is
indeed the case (such as the abovementioned differences in glutamate receptors).
Thus, luminance ERG responses can perhaps be measured because of the physio-
logical differences between ON and OFF DB cells.
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Although the differences between ON- and OFF-bipolar cells may explain why
a luminance-based ERG can be measured, the situation is more complicated for
ERGs that might reflect bipolar cell activity belonging to the PC-pathway. Instead
of two there are four cell types present: +L-M, -L+M, +M-L, and -M+L. Again
there may be a difference between ON- (+L-M and +M-L) and OFF- (-L+M and
-M+L) center cells. But to be able to record an ERG driven by these cells, another
asymmetry must be present because the responses to for example the +L-M and the
+M-L cells could be expected to cancel each other. One possibility is that the differ-
ences in L- and M-cone numbers may also lead to different numbers of cone oppo-
nent bipolar cells (so that subjects with a many more L-cones than M-cones also
have many more +L-M than +M-L bipolar cells). That would indicate a correlation
between that the amplitude of the cone opponent ERG response and the L:M ratio.
Although this has never been directly studied, there are no indications that such a
correlation exists.

2.5.2 What Are the Effects of Selective Adaptation?

We have observed that small cone-selective adaptations using a CRT screen may
strongly influence the amplitudes of L- and M-cone driven ERG responses, result-
ing in a dramatic change in the L:M ratio. This is paralleled by a similar change in
the psychophysical L/M sensitivity ratio [28]. However, Jacob et al. showed that
even large changes in state of adaptation do not have a dramatic influence on ERG
responses [139]. The latter results were obtained with a four primary LED stimula-
tor. In contrast to this LED stimulator, complete isolation is not possible when a
trichromatic observer views a CRT screen. However, it is improbable that the type
of stimulator influences the results dramatically [150]. Furthermore, control experi-
ments with the CRT screen showed that rod driven responses probably have little
influence on the results. In conclusion, it seems that adaptation can influence ERG
and psychophysical results dramatically, but it has not been possible to systemati-
cally describe this influence, let alone understand the underlying mechanisms. The
fact that the effects of adaptation were also found in psychophysical experiments
shows that answering this question may be very important for a better understand-
ing of retinal adaptation processes.

2.5.3 Are There Fundamental Differences
Between Protanopes and Deuteranopes?

During the course of several years of studying deuteranopes and protanopes with
ERG and psychophysical techniques, some important differences have been
revealed. L-cone isolated stimuli normally do not lead to measurable ERG



2 The Retinal Processing of Photoreceptor Signals 61

responses in protanopes but M-cone isolating stimuli elicit small but measurable
ERGs in deuteranopes [28, 143, 144, 148, 149]. In addition, in psychophysical
experiments, protanopes cannot detect L-cone isolating responses even at the
highest possible contrast, whereas M-cone isolating stimuli can often be detected
by deuteranopes (although the threshold contrasts are substantially higher than for
L-cone isolating stimuli [28]). In addition, adapting the L-cones has no effect on
the ERG responses and psychophysical thresholds in protanopes. In deuteran-
opes, M-cone adaptation has effects that are similar to those of trichromats [28].
From control experiments, it was inferred that these differences cannot be caused
by rod stimulation and adaptation that were not controlled with the stimuli dis-
played on a CRT screen. Deuteranopes often display larger responses than prota-
nopes (see the responses of the dichromats displayed in Fig. 2.10), an observation
that cannot be explained by differences in L- and M-cone contrast in the stimuli.
Finally, as described in Chap. 10 a substantially larger number of deuteranopes
pass color vision tests in comparison to protanopes.

The differences between deuteranopes and protanopes were found systemati-
cally in several experiments. The cause of these differences is still unclear. One
possibility may lie in the fact that that on the X-chromosome there is normally
only one copy of the L-opsin gene but that multiple copies of the M-opsin gene
may be present [151]. Thus, if the first copy is defective, the subject might be
diagnosed to be a deuteranope. If the downstream copies are normal they might
lead to a residual activity of M-opsin. However we found no relation between the
number of M-opsin genes and the magnitude of residual M-opsin activity [28]
although more detailed analyses might be needed. Another explanation might be
that an additional pigment might be involved. If the residual responses were pres-
ent with M-cone stimuli and not with L-cone stimuli it can be expected that this
pigment mainly absorbs shorter wavelengths. It is attractive to speculate that
melanopsin-driven responses, present in the internally photoreceptive retinal
ganglion cells (ipRGCs) may lead to measurable ERG responses and psycho-
physical flicker detection. Finally, small errors in the assumed density of the
macular pigment and variability in photopigment absorption spectra may lead to
particularly large for M-cone isolating conditions (that should be abolished in the
deuteranopes) in comparison with L-cone isolating stimuli (that should not elicit
responses in protanopes). Recently, a simulation of the effects of this variability
has indeed shown that variability in L-cone fundamentals may lead to small
L-cone stimulations in intended M-cone isolating stimuli. Although the L-cone
stimuli are small they may be detectable in the absence of other responses. The
residual stimulation of M-cones in L-cone isolating conditions is much smaller
(Huchzermeyer and Kremers, Journal of the Optical Society of America A,
Accepted for publication). The first two possibilities are highly speculative, the
third explanation needs less assumptions. Remains, that there are systematic dif-
ferences between deuteranopes and protanopes that are very conspicuous.


http://dx.doi.org/10.1007/978-3-319-44978-4_10

62 J. Kremers et al.

2.5.4 How Can the Intermediate Temporal Frequency
(8-16 Hz) ERG Have Very Similar Response Amplitudes
Jor a Large Range of Different Spatial Configurations
of a Stimulus?

It was found that the ERG responses to intermediate temporal frequencies
(reflecting activity of the PC-pathway) are relatively similar for different sizes of
circular and annular stimuli (see Fig. 2.12) [139]. If this were the case only for
circular stimuli, the results could be explained by the possibility that the pathway
leading to the ERG responses would be mainly located at the central retina (up
to about 10 deg eccentricity). However, the response amplitudes were often very
similar with annular stimuli, in which this central area is not stimulated. A pos-
sible explanation is that the responses may summate over a retinal area up to a
maximum at which it then saturates so that further increase of stimulus area has
no effect. Signal processing would be similar at different retinal eccentricities,
indicating that the retina would be relatively homogeneous up to an eccentricity
of at least 35 deg. This is a surprising idea that certainly needs further experi-
mental testing.

2.6 Future Perspectives

The recently reported correlations between ERG and psychophysical data give
rise to the likelihood that the ERG may experience a renaissance in studies of
human retinal processes that are relevant for visual perception. Furthermore, the
correlation between ERG data and the physiology of the two main retino-genic-
ulate (PC- and MC-) pathways suggests that properties of these pathways can
now be studied directly in human observers using electrophysiological tech-
niques. This also opens perspectives for understanding retinal mechanisms
underlying color vision.

The abovementioned questions are waiting to be investigated. Answers to them
will provide important information about color processing. Cone selective adapta-
tion may for instance shed light upon adaptation mechanisms in the PC-pathway
that may then be compared to adaptation mechanisms in the MC-pathway. If the
differences between deuteranopes and protanopes are confirmed then this may point
at fundamental differences in L- and M-cone driven responses and novel fundamen-
tal properties of retinal physiology may become apparent.

Developments in ERG recording techniques may not only have influence on
basic visual neuroscience but also on clinical vision science and ophthalmology.
The ERG has the potential to allow for better diagnoses of retinal disorders and for
clearer identification of their cellular origins. If a disease primarily affects a particu-
lar photoreceptor type (as AMD is thought to initially affect the rods) or a particular
cell circuitry (as glaucoma was for some time thought to lead to defects mainly in
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MC-ganglion cells) then we can expect that ERG recordings that assay the responses
of these cell types may be suitable for sensitive disease diagnosis. These techniques
may also give an indication about how vision can be affected by disease processes
and importantly, may allow the investigation as to how therapeutic interventions
can affect visual performance in patients.

Of course other technical developments may bring a huge increase in our under-
standing of cone opponency and color processing in the primate retina. Recordings
with multi-electrode arrays will bring a huge amount of new data. Furthermore, they
may provide information about response interactions between different types of
retinal neurons. The emerging field of optogenetics also has the potential to allow
studying the retina and its constituent neurons in a very precise manner. Using opti-
cal techniques, the production of certain proteins can be manipulated and their func-
tion then be studied. These developments are extremely exciting and we expect
them to bring completely new insights.
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