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Chapter 6 
 
 

General discussion 
 
 
In the previous chapters, several aspects of information coding in the outer 
retina were studied, such as the spectral properties in cones, coding in cones 
and HCs, and the ability of cone chloride currents to modify the strength of 
HC feedback. These features demonstrate how the outer retina aims to 
encode visual information optimally. In the following chapter, I will 
discuss and review some of the main findings. 
 
Spectral tuning of zebrafish cone photoreceptors 
Zebrafish are an attractive vertebrate animal model for studies in the field 
of retinal research. They are diuretic animals, which can easily be 
genetically manipulated and have a retina quite homologous to the human. 
The spectral sensitivity of its cones has previously been described using 
ERG and microspectrophotometry (Nawrocki et al., 1985; Robinson et al., 
1993; Cameron, 2002; Allison et al., 2004). However, the action spectra of 
its cones have not yet been established, which is what we have described 
in chapter 2. We found that the action spectra mostly agree with the spectral 
sensitivity previously obtained. However, the size of the beta-band is 
smaller than expected and we inferred that part of the pigments expressed 
are based on vitamin A2. 
 The action spectra of zebrafish are blue-shifted compared to 
goldfish, another cyprinid used extensively in retinal research. What is the 
reason for this shift? Visual systems throughout the animal kingdom are 
tuned to transduce photons of wavelengths between around 300 to 700 nm. 
The short-wavelength limit is likely a result of the limited amount of 
photons available below 300 nm due to the high absorption of the 
atmosphere. In addition, exposure to photons of wavelengths below 300 
nm can have harmful effects on the health of an organism. Filtering of these 
wavelengths by the cornea is believed to prevent injury to the lens and the 
retina. The long-wavelength limit is possibly due to the thermal stability of 
visual pigments. The energy required to activate a pigment is correlated 
with its peak-absorption wavelength (λmax). The longer λmax, the lower its 
activation energy (Luo et al., 2011). Consequently, pigments with a longer 
λmax are thermally less stable than pigments with a shorter λmax. This 
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thermal instability leads to a larger amount of spontaneous activation of the 
pigment. Such activation is perceptually indistinguishable from activation 
by light and contributes to what is called dark noise in photoreceptors. 
Rieke and Baylor (2000) showed in salamander that the origin of the dark 
noise depends on the cone-type. Most of the dark noise in L-cones arises 
from the spontaneous activation of its pigment, whereas later stages of the 
phototransduction cascade are mostly responsible for dark noise in S-cones. 
In addition, the amount of dark noise in a certain photoreceptor type 
expressing one type of photopigment decreases with decreasing 
temperature (Matthews, 1984). Together, this shows that the amount of 
dark noise in photoreceptors depends on its λmax and the temperature at 
which it operates. 

Fish are cold-blooded animals, their body temperature is not 
constant, but depends strongly on the temperature of their environment and 
their activity. Changes in their body temperature will influence the amount 
of dark noise in their photoreceptors due to thermal activation of their 
photopigments. The amount of change in dark noise will be largest for 
photoreceptors with a longer λmax, because their pigments are thermally less 
stable. If the visual system aims to keep the amount of dark noise in 
photoreceptors limited it would need to shift the λmax for these 
photoreceptors to shorter wavelengths as temperature increases. In 
goldfish, this seems indeed the case. Goldfish construct their pigments 
based on vitamin A1 or A2, which gives them the possibility to shift the 
λmax of their photoreceptors. A2-based pigments have a longer λmax, and 
thus are thermally less stable, compared to their analogue A1-based 
pigments. Indeed, the ratio of A1/A2 based pigments used can depends on 
temperature (Tsin & Beatty, 1979; Tsin et al., 1981, 1983). In goldfish, as 
the environmental temperature increases, the amount of A1-based 
photopigments increases. Consequently, the λmax of the photoreceptors is 
shifted to shorter wavelengths. This shift is larger for photoreceptors with 
longer λmax. 

In studies of the spectra of photoreceptors of the goldfish, animals 
are usually kept at or slightly below room temperature (Hárosi & 
MacNichol, 1974; Bowmaker et al., 1991; Palacios et al., 1998). Hence, 
they are in conditions in which they primarily use A2-based 
photopigments. In contrast, the zebrafish is a tropical fish, which normally 
is kept at temperatures around 28 °C in laboratories. This was also the case 
in our study, as in those describing the absorption spectra of its 
photopigments using microspectrophotometry (Nawrocki et al., 1985; 
Cameron, 2002; Allison et al., 2004). This condition would favor the use 
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of A1-based photopigments, which based on the spectra we found and those 
previously measured is indeed the case. Although, our findings do indicate 
the presence of A2-based photopigments to a certain degree, especially in 
L-cones. 

The idea that zebrafish, like goldfish, switch from A1-based 
pigments to A2-based when the environmental temperature decreases, has 
been tested for rod photoreceptors (Saszik & Bilotta, 1999; Allison et al., 
2004). However, these two studies differ in their outcomes. Where, Saszik 
and Bilotta (1999) find evidence for an increase in the amount of A2-based 
pigments in rods when lowering housing temperature, Allison and co-
workers (2004) find no significant effect. Although, these two studies used 
different types of techniques to determine the spectral sensitivity of the 
photoreceptors, it is not obvious that this could serve as an explanation for 
the difference in outcomes. Saszik and Bilotta (1999) mention that there 
was no change in the cone photopigment composition when altering 
housing temperature. Unfortunately, this result is not elaborated on and 
remains an unpublished observation. However, cones of the giant danio do 
not seem to have any appreciable amounts of A2-based pigments when kept 
around room temperature (Palacios et al., 1996). Still, solid data regarding 
the effect housing temperature on cone spectra of zebrafish are missing. 
 One argument put forward to explain the apparent lack of 
modulation of photopigment composition by temperature is that the 
tropical, thermally stable environment of zebrafish may have precluded 
temperature as an important selection factor with respect to the evolution 
of A1/A2 interchange system (Allison et al., 2004). Whereas, previous 
reports regarding temperature effects have focused on temperate species, 
like the goldfish (Beatty, 1984). However, in the natural habitat of 
zebrafish, centered around the Ganges and Brahmaputra river basins in 
north-eastern India, Bangladesh and Nepal, temperature may vary from as 
low as 6 °C in winter to over 38 °C in summer (Spence et al., 2008). 
Although, it is not likely that zebrafish in the wild will experience the lower 
extremes too often, as field studies have found more moderate estimates for 
the natural temperature range, between around 16 to 38 °C (Spence et al., 
2006; Engeszer et al., 2007). So, although zebrafish in nature are not be 
subjected to cold temperatures as much as for instance goldfish, in certain 
areas they are exposed to temperatures at which goldfish primarily express 
A2-based photopigments and thus the A1/A2 interchange system might 
still be beneficial for survival. 
 With all this in mind, an answer to the question why the action 
spectra of zebrafish photoreceptors are shifted compared to those of 
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goldfish, might be that this is a consequence of the housing conditions. 
Although, other variables can influence the A1/A2 composition of 
photopigments in fish (Beatty, 1984), I suggest that the primary 
circumstance responsible for the relative low amounts of A2-based 
photopigments in zebrafish in our experiments, and those of others, is 
temperature. The comparatively high temperatures zebrafish are housed in 
induce their retinas to rely on the thermally more stable A1-based 
photopigments to keep the amount of dark noise limited. If it indeed, turns 
out that zebrafish does not employ A2-based pigments at lower 
temperatures, the idea that it has possibly lost this trait due to absence of 
selective pressure to retain it in the wild, seems reasonable. 
 The existence of the A1/A2-based photopigment system in fish does 
raise another question, namely, why should you want to shift the λmax of 
your photoreceptors anyway? Why not just stick with the thermally more 
stable A1-based photopigments and keep dark noise as limited as possible, 
even at lower temperatures? To address this question it is useful to look at 
the optimal position of cone spectra in general. Before, we asserted that the 
visual system is tuned to transduce photons between around 300 nm, below 
which few photons are available or harmful, and 700 nm, above which the 
thermal stability of photopigments generate too much noise. Given this 
range of wavelengths what is the optimal distribution of peak sensitivities 
of photoreceptors, if the visual system seeks to optimize total photon catch 
combined with best color discrimination over the whole spectral range? 
The obvious answer would be to spread the spectra of the available 
photoreceptors as evenly as possible. This has been shown to be the case in 
several examples of insects (Menzel & Backhaus, 1991; Chittka, 1996), but 
one can also appreciate it in the spectra of the goldfish cones, of which the 
peak absorptions are evenly spaced at around 90 nm distance. The purpose 
of the A1/A2-based photopigment system could be to extend the range over 
which photons are caught for the longer wavelength part of the spectrum. 
Therefore, the general strategy for optimal photon catch rate and color 
discrimination over a wide as possible spectral range seems to be as 
follows: take the longest λmax you can get away with respect to dark noise 
for the long-wavelength photoreceptor, put an UV-cone at the other side of 
the spectrum and distribute the remaining photoreceptor spectra uniformly 
between these two extremes. 
 Of course, this strategy falls short when the spectral composition of 
ambient light is highly non-uniform, meaning there is abundance of 
photons within a limited range of wavelengths compared to others. Then, 
it would be necessary to shift peak absorptions to improve photon catch 
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rates. Likewise, if one is interested in optimal color discrimination over just 
a small range, it would be better to distribute the peak sensitivities of 
several photoreceptors within this range. These kinds of evolutionary 
adaptations occur and are especially well documented for fish (Bowmaker, 
1990, 1995), which often have to deal with non-uniform spectral 
compositions of ambient light due to filtering properties of water caused by 
depth and particle matter. The possibility that zebrafish has evolved to 
optimally encode spectrally non-uniform ambient lightning could offer an 
alternative explanation for the position of the spectra of zebrafish 
photoreceptors. 
 
Gain control in cone photoreceptors 
The visual system needs to remain responsive over a broad range of light 
intensities. Between night and day, the number of incoming photons can 
change by a factor up to 109 (Rieke & Rudd, 2009). On the other hand the 
visual system must also be sensitive to subtle differences within one visual 
scene, which can have changes of a factor 104 in incoming photons (van 
Hateren, 1997; van Hateren & van der Schaaf, 1998). However, 
photoreceptors have a much more limited range. Vertebrate photoreceptors, 
for instance, can respond to light over a range of 3 log units but their 
maximal output is around 250 vesicles of neurotransmitter per second 
(Choi et al., 2005; Sheng et al., 2007). To cope with the wide range of 
incoming photons and still be sensitive to small differences, given the 
narrow range of their response levels, the visual system needs to regulate 
its sensitivity by means of adaptation. 

Light adaptation can be divided into two kinds, one type to adapt to 
day/night changes in light intensity, others to improve performance to the 
range of intensity fluctuations within a single visual scene. Examples of the 
first class of adaptations, luminance adaptation, include changes in pupil 
size, shifting between cone- and rod-mediated vision, and changes in the 
photopigment content of rods and cones. These adaptations occur on a 
relatively slow timescale. Faster adaptational mechanisms are required to 
efficiently encode the range of inputs encountered within a single visual 
scene. 

In photoreceptors, phototransduction seems to be the main point of 
engagement for sensitivity regulation. Several molecular mechanisms have 
been described, which are involved in light adaptation of vertebrate 
photoreceptors. Many depend on the calcium concentration, but one of the 
principal mechanisms, namely the rate of cGMP hydrolysis by activated 
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PDE, does not (reviewed by Pugh et al., 1999). In chapter 3, we have found 
that this step is of great importance to redistribute the light intensities of a 
natural stimulus over the responses range of vertebrate cone 
photoreceptors. This feature maximizes the efficiency of photoreceptor 
coding by bringing about a stimulus response relation that makes each 
possible response equally likely given the distribution of signals as 
encountered naturally. Thus, photoreceptors are tuned to optimally deal 
with naturally occurring stimuli. Interestingly, the same kind of 
transformation can be found in photoreceptors of insects, although it 
depends on different mechanisms  in these animals (van Hateren & Snippe, 
2006). 
 Since, changes in the rate of cGMP hydrolysis is relatively fast, it 
is ideal to deal with brief high intensity regions occurring in natural stimuli. 
The processes in photoreceptors under control of the Ca2+ concentration are 
somewhat slower and therefore more suited to cope with changes of the 
mean intensity within a visual scene. Thus, changing the sensitivity, or 
gain, of the photoreceptor depending on the mean light intensity. 

The site of sensitivity regulation in the retina is of great importance 
in order to maintain a high signal-to-noise ratio (SNR) with changing mean 
light levels. At lower light levels, the dominant location of noise is within 
the phototransduction cascade of cones. A high gain at this location would 
then result in amplification of both signal and noise. Consequently, at these 
light levels, sensitivity regulation occurs at post-receptor sites (Dunn et al., 
2007). At these locations, pooling of the signal of several cones has 
decreased the amount of statistically uncorrelated noise, and the resulting 
higher SNR allows for a higher gain. As light levels increase, the SNR in 
cones starts to improve and the primary site of sensitivity regulation 
switches to cones (Dunn et al., 2007). 
 
Coding in horizontal cells 
Horizontal cells (HCs) have large receptive fields in which they integrate 
excitatory input from many photoreceptors. Consequently, the polarization 
of a HC is a measure of the average photoreceptor activity within its 
receptive field. Since HCs deliver inhibitory feedback to the photoreceptors 
that excites them, the final output of the outer retina is the local light signal 
as measured by photoreceptors minus the global light signal measured by 
HCs. Such processing of information in the outer retina, is advantageous 
because the signal transmitted to the subsequent layers of the retina is 
filtered for a large amount of redundant information. The redundancy of 
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information in the unfiltered signal from photoreceptors stems from high 
degree of correlation of light input in the spatial, temporal and spectral 
domains of natural stimuli. If, for instance, in the spatial domain the 
correlations are unchanged, the signal from neighboring cones will be 
highly similar during natural stimuli. By removing the overlapping 
information, the signal forwarded can devote itself to the differences 
between neighboring cones rather than their similarities. Thus, the outer 
retina is tuned to transmit information regarding unexpected differences 
between adjacent locations. This enhances the sensitivity to edges and finer 
structure in visual stimuli. This type of coding scheme is sometimes 
referred to as predictive coding (Srinivasan et al., 1982), where the global 
average computed in HCs is seen as a prediction. This prediction is 
subtracted from the local receptor signal. If there is a discrepancy between 
the predicted value and the actual value, the signal contains unexpected 
information and is worth transmitting, whereas if there is no difference, 
there is no deviation from the predicted and thus no useful information to 
send. 
 In chapter 4, we studied the coding properties of monophasic 
(MHC) and biphasic (BHC) horizontal cells using a chromatic timeseries 
of intensitites and compared them to cone photoreceptors. We found that 
the statistical transformations achieved in cones saw no further progression 
in either of the HC types. However, both MHCs and BHCs maintain a 
significantly higher bitrate, a measure related to the signal-to-noise ratio 
(SNR). The obvious explanation for this result is that it is a consequence of 
the pooling of multiple noisy outputs from cones by HCs. Because we used 
full-field stimuli, the signal in all cones is correlated, however, the noise in 
cones is uncorrelated. By integrating the output from several cones the SNR 
improves, since the correlated signals from cones arriving simultaneously 
are more effective in polarizing HCs than uncorrelated noise. 
 
Tuning the size of feedback from horizontal cells to cones 
The role of GABA in the photoreceptor-HC network is the subject of 
intense debate. At first, it seemed to be a clear cut case. Studies had shown 
that GABA is synthesized and taken up by HCs, and is released following 
depolarization (Lam, 1972; Marc et al., 1978; Yazulla & Brecha, 1980; 
Schwartz, 1982, 1987; Yazulla & Kleinschmidt, 1983; Ayoub & Lam, 
1984; Cammack & Schwartz, 1993). In addition, cone photoreceptors were 
shown to express ionotropic GABA receptors (Yazulla et al., 1989), which 
were functionally active (Tachibana & Kaneko, 1984; Kaneko & 
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Tachibana, 1986). Consequently, the general assumption at the time was 
that GABA mediated feedback from HCs to photoreceptors. 
 In favor of this idea, studies showed that several features associated 
with feedback from HCs to cones, like surround induced depolarizations in 
cones, and spectrally biphasic responses and rollback in HCs, were 
sensitive application agonists and/or antagonists of GABA (Djamgoz & 
Ruddock, 1979; Murakami et al., 1982a, 1982b; Stone & Witkovsky, 1987; 
Wu, 1991). However, direct light responses from cones were unaltered by 
application of GABA (Miller et al., 1981). Furthermore, it was later shown 
that feedback from HCs did not modulate GABA-gated Cl- currents, but 
shifts the calcium current in cones (Verweij et al., 1996, 2003). Thus, 
GABA effectively modulates the transmitter release of photoreceptors, but 
does not have a strong effect on the membrane potential of photoreceptors. 
Remarkably, the feedback induced shift of the calcium current remained 
when GABA-ergic pathways were blocked. 
 In Chapter 5, we propose a different role for GABA in the outer 
retina. Instead of mediating feedback from HCs to photoreceptors, it 
modulates its strength. We demonstrate that opening of GABA-gated Cl- 
current in photoreceptors results in a reduction of feedback. Based on the 
ephaptic feedback model we propose that GABA-gated Cl- current leads to 
a current shunt, which reduces the effect of HC polarization on the shift of 
the photoreceptor calcium current. Moreover, we suggest that this is a 
general feature of presynaptic Cl- currents of photoreceptors, and show that 
a similar phenomenon occurs when activating a Ca2+-dependent Cl- current 
(ICl(Ca)). Recently, it has been found that another presynaptic photoreceptor 
Cl- current, namely a glutamate transporter-associated Cl- current, can 
possibly be added to this list (Vroman & Kamermans, 2015). 
 Other recent publications corroborate the role we proposed for 
GABA, in the outer retina of mice (Liu et al., 2013; Kemmler et al., 2014).  
However, unlike fish, cone photoreceptors of mice do not seem to express 
ionotropic GABA receptors. Therefore, these studies suggest that the 
modulating role of GABA in these animals, acts through GABA 
autoreceptors on HCs themselves. In chapter 5, we alluded to this 
possibility as an alternative working mechanism, but asserted that it was 
not the principal means through which GABA modulated the size of 
feedback, since we did not find any significant change in the amplitude of 
HC responses in the presence of GABA. So, although the role of GABA as 
modulator of the size of feedback from HCs might be similar, it is possible 
that the way it does so differs between these two animal models. 
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The modulatory action of the ICl(Ca) on HC feedback could function 
to maintain the balance between excitation and inhibition in cones on a 
faster timescale than GABA. The need for feedback modulation might be 
grounded by the properties of natural images, which contain a large range 
of intensities and spatial contrasts (van Hateren, 1993). HC polarization 
reflects the average light intensity sensed by photoreceptors within its 
receptive field. Feedback from HCs effectively subtracts this value from 
the individual photoreceptor signals. This neural computation reduces 
redundancies and noise from the feedforward signal to BCs. However, 
because natural images contain a large variance in light intensities they 
induce a large variance in polarization levels of photoreceptors within the 
HC receptive field. If feedback strength would be static this might lead to 
the nullification of photoreceptor signals, which are hardly stimulated and 
thus contribute little to HC polarization. Modulation of the size of HC 
feedback dependent on the polarized state of photoreceptors could be a 
mechanism to preserve relatively small cone responses, while large cone 
responses are still affected strongly by feedback. Given the activation and 
inactivation time of ICl(Ca) this process manifests itself markedly during 
retinal fixation. For example, the modulation of negative feedback by ICl(Ca) 
might be involved in the formation of negative afterimages. This negative 
percept of a stimulus can be produced by focusing prolongedly on a 
stationary high contrast grating, followed by display of a uniform surface. 
A major part of negative afterimages are a consequence of photoreceptor 
adaptation by pigment bleaching. However, negative afterimages also 
occur in situations where pigment bleaching is negligible. In such cases, 
they build-up and decay exponentially with a time constant of around 4-8 
seconds (Kelly & Martinez-Uriegas, 1993). Using retinal models, many 
features of non-bleaching negative afterimages have successfully been 
reproduced either by modulating the gain of HC to cone feedback through 
interplexiform cell activity (Wilson, 1997) or by incorporating a cationic 
hyperpolarizing activated current (Ih) in photoreceptors (Momiji et al., 
2006). Both papers report the importance of negative feedback from HCs 
in the formation of afterimages. Considering its time course of activation 
and inactivation and its effect on the size of negative feedback as reported 
here, ICl(Ca) is a suitable alternative or complementary process of formation 
of negative afterimages. The high contrast stimuli needed for the induction 
of negative afterimages will lead to big differences in polarization of cones. 
The different polarized states of cones will lead to the opening or closure 
of Ca2+-dependent Cl- channels, and in turn decrease or increase the size of 
feedback from HCs. Due to the kinetic properties of ICl(Ca) the change in 
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feedback strength will remain modified briefly after the switch in the 
stimulus. During this period the excitatory signal of cones faces an 
unbalanced amount of inhibitory feedback. Consequently cones previously 
in the dark will be able to strongly excite BCs, whereas the signals from 
cones that were in the light are abolished. 
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