
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Information processing in the outer retina of fish

Endeman, D.

Publication date
2017
Document Version
Final published version
License
Other

Link to publication

Citation for published version (APA):
Endeman, D. (2017). Information processing in the outer retina of fish. [Thesis, externally
prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/information-processing-in-the-outer-retina-of-fish(29242cf1-c3f2-4eb3-a9dc-df438168bea0).html


 

Information Processing  

in the  

Outer Retina  

of  

Fish 

 

 

 
Duco Endeman 



 
 

 
 
 
 
 
 
 

Information Processing in the 
Outer Retina of Fish 

 
 

  



The research described in this thesis was performed within the Retinal 
Signal Processing Group at the Netherlands Institute for Neuroscience, an 
institute of the Royal Netherlands Academy for Arts and Sciences, 
Amsterdam, The Netherlands. This work was supported by the Netherlands 
Organization for Scientific Research (ALW-FOM grant, project number 
805.47.067). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 Duco Endeman All rights reserved 



 
 

 
 
 
 
 
 
 

Information Processing in the 
Outer Retina of Fish 

 
 
 
 
 
 
 
 
 
 
 
 

ACADEMISCH PROEFSCHRIFT 

ter verkrijging van de graad van doctor 

aan de Universiteit van Amsterdam 

op gezag van de Rector Magnificus 

prof. dr. ir. K.I.J. Maex 

ten overstaan van een door het College voor Promoties ingestelde commissie, 

in het openbaar te verdedigen in de Agnietenkapel 

op dinsdag 26 september 2017, te 14:00 uur 

door Duco Endeman 

geboren te IJsselstein 



 
 

Promotiecommissie: 

 

Promotor: 

Prof. Dr. M. Kamermans AMC-UvA 

 

Overige leden: 

Prof. Dr. F. Baas Universiteit Leiden 

Prof. Dr. A.A.B. Bergen AMC-UvA 

Dr. Ir. M.J.M. Lankheet Wageningen Universiteit 

Prof. Dr. C.M.A. Pennartz UvA 

Prof. Dr. D.G. Stavenga Rijskuniversiteit Groningen 

Prof. Dr. A.G.J.M. van Leeuwen AMC-UvA 

 

 

Faculteit der Geneeskunde 

 

 

 

 



 

Contents 
 
 
Chapter 1 General introduction     7 
 
Chapter 2 Action spectra of zebrafish cone photoreceptors 29 
 
Chapter 3 Cones perform a nonlinear transformation on 53 

natural stimuli 
 
Chapter 4 Information processing by horizontal cells to a  79 

chromatic timeseries of intensities 
 
Chapter 5 Chloride currents in cones modify feedback  99 

from horizontal cells to cones in goldfish retina 
 
Chapter 6 General discussion     133 
 
Summary        149 
 
Samenvatting        153 
 
  



 



7 
 

Chapter 1 
 
 

General introduction 
 
 
Function of the retina 
The retina translates light into neuronal activity. Thus, it renders visual 
information of the external environment. The retina can only send a limited 
amount of information to the brain within a given period. To use this 
amount optimally, light stimuli are strongly processed in the retina. This 
processing entails extraction of useful information from a visual scene, 
while ignoring redundancies. Here for, the retina consists of a several cell 
types organized in different layers, each with distinct contributions in 
processing visual information. The main topic of this thesis is concerned 
with the question how the first layers of neurons, the outer retina, are 
involved in the processing of visual information. 

In the current chapter, I will introduce the neural elements, which 
constitute the vertebrate retina and describe how they are involved in 
processing light stimuli. I will try to sketch a general picture of the buildup 
and functioning of the retina, but will remark on specific features of the 
retina of fish occasionally, since these animals were test subjects in the 
studies I have conducted. However, I will begin with a description of light 
itself. 
 
The nature of light 
Light is electromagnetic radiation, which is visible to the human eye (see 
Figure 1). It consists of packets of electromagnetic waves called photons. 
The wavelength of its electromagnetic energy determines whether a photon 
is visible. Our eyes can detect electromagnetic energy of wavelengths 
between around 400 and 700 nm. 
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Figure 1 Electromagnetic spectrum with a detailed view of the visible spectrum. Adapted 
from en.wikipedia.org/wiki/Electromagnetic_radiation 

 
The natural source of light on earth originates mostly from stars, 

like the sun, which emit a relatively flat wavelength distribution of radiated 
power in the visible range (see Figure 2, black line). About 42%1 of the 
sun's electromagnetic radiation power that reaches the earth’s surface is in 
the visible range. However, our eyes do not detect energy, but photons. 
Therefore, a more meaningful figure with regard to vision in the 
distribution of photons radiated from the sun reaching earth. This can be 
computed by converting the radiated power to radiated photons. One then 
finds that only around 26% of the photons received from the sun are in the 
visible range (Figure 2, red line). Moreover, there are about four fold more 
photons at the long wavelength end of the visible spectrum compared with 
the short wavelength end. 

Intensity is a property of light that relates to the amount of photons 
arriving on a given surface within a given time. Within a single natural 
scene light intensities can differ about a factor ten thousand (4 log units). 
Between day and night, light intensities can change by a factor of about 
1000 billion (12 log units, see Figure 3). It is no trivial task for the retina to 
remain responsive over this entire range of intensities and still be able to 

                                                           
1 This is the percentage of irradiance between 400 and 700 nm relative to the total amount of solar 
irradiation between 280 and 4000 nm, available at http://rredc.nrel.gov/solar/spectra/am1.5/ 
(Gueymard et al., 2002; Gueymard, 2004). 
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see fine details within a given scene. To cope with these conditions the 
retina adapts by using various intracellular, extracellular and network 
mechanisms. 
 

 
 

Figure 2 Solar spectral irradiance for visible light. This graph depicts the amount of 
irradiance in terms of power (black line) and photons (red line) between 350 and 750 nm 
on a south facing surface with 37° inclination from horizontal. (Gueymard et al., 2002; 
Gueymard, 2004). 
 

When light hits an object three things can happen: 1) the light can 
be absorbed 2) it can pass through an object, or 3) it can be reflected. Often 
two or all three of these occur. For many objects, the relative amount of 
light absorbed and reflected depends on the light’s wavelength. A green 
leaf of a plant, for instance, absorbs long- and short-wavelength light and 
reflects light of middle wavelengths, which we perceive as green. However, 
in contrast to wavelength, which is a physical property of light, color is a 
construct of our brain, and what color we see not only depends on 
wavelength content of the reflected light from the object, but also on that 
of the surround, and on the properties of our visual system. 
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Figure 3 Differences in light levels and visual features at various light conditions. Adapted 
from (Stockman & Sharpe, 2006) 
 
The eye 
The retina is housed in the eye (see Figure 4). It is the function of the eye 
to keep a focused and clear image of the outside world projected onto the 
retina. The eye is positioned in its socket by six small extraocular muscles. 
These are organized in three pairs, with the muscles of each pair working 
in opposition, facilitating movements in one of the three direction planes. 
 

 
 

Figure 4 Comparison of schematic sagittal sections of the human (Homo sapiens) and 
zebrafish (Danio rerio) eye. Taken from (Chhetri et al., 2014) 
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Both the cornea and the lens help to keep a focused image on the 
retina. In non-aquatic animals, about two-thirds of the refractive power 
(bending of the light) necessary for focusing takes place at the air-cornea 
interface, where the light enters the eye. The lens of the eye supplies the 
remaining one-third of the focusing power. Pulling or relaxing the ciliary 
muscles that surround it changes the shape of the lens to focus an image on 
the retina. Two other sets of muscles change the diameter of the pupil and 
thus adjust the amount of light entering the eye. Finally, the pigmented iris 
ensures that all light entering the eye passes through the lens and thus 
prevents stray light. 

The eye of aquatic animals is adapted to vision in water and differs 
somewhat from non-aquatic species, as described above. Their cornea 
renders little refractive power underwater, because the refractive index of 
water is similar to that of the interior of the eye. Aquatic animals 
compensate for this lack of refraction at the cornea interface by having a 
much stronger, spherical lens. Focusing of an image on the retina is 
achieved by moving the lens back and forth with a refractory muscle. The 
pupil of these animals is rather fixed and the lens protrudes trough the pupil. 
 
The retina 
The retina is part of the brain. It has the shape of a plate, which is about 
250 µm thick. Around the turn of the previous century, Ramón y Cajal was 
able to describe the principal architecture of the vertebrate retina using a 
silver staining technique developed by Golgi (see Figure 5). 
The vertebrate retina consists of three layers of nerve-cell bodies, the outer 
nuclear layer (ONL), the inner nuclear layer (INL) and the ganglion cell 
layer (GCL). Two layers containing synapses made by the axons and the 
dendrites of their cells separate these layers, the outer plexiform layer 
(OPL) and the inner plexiform layer (IPL). The distal part of the vertebrate 
retina contains the light-sensitive photoreceptor cells (PC). The cell bodies 
of the photoreceptors are located in the ONL. Protrusions of pigment 
epithelium (PE) cells envelope photoreceptor outer segments. PE cells 
support photoreceptor function by absorbing scattered light, regenerating 
visual pigments, supplying essential metabolites, and buffering 
extracellular ions amongst others. Photoreceptors transmit their signals to 
horizontal cells (HCs) and bipolar cells (BCs) via a specialized synaptic 
complex called a triad, located in the OPL. The subsequent layer, the INL, 
contains cell bodies of HCs, BCs and amacrine cells (ACs). HCs are 
involved in lateral feedback to photoreceptors in the OPL, whereas BCs 
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longitudinally feed forward to ACs and ganglion cells (GCs). ACs are 
responsible for lateral communication within the IPL, contacting both BCs 
and GCs. The output units of the retina are the GCs, which are located in 
the ganglion cell layer (GCL). They transmit their signals to the brain via 
their axons, which are bundled in the optic nerve. The retina contains a 
single, stereotypical glia cell called the Müller cell (MC), which spans the 
full thickness of the retina. MCs have an extensive range of functions, 
which are vital for the functioning and health of retinal neurons, e.g. 
accumulating potassium from the extracellular space, taking up 
neurotransmitters such as glutamate, and offering an alternative pathway 
for the regeneration of visual pigment of cone photoreceptors. 

 
 
Figure 5 Artistic impression of a sagittal section of the mammalian retina by Ramón y 
Cajal. In this drawing the principal architecture, cell types and layers of the retina can been 
seen. 
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Photoreceptors 
Photoreceptors are the principal transducers of light in the retina. They 
consist of an outer segment, an inner segment, a nucleus and a synaptic 
terminal. Photoreceptors come in two types, rods and cones (see Figure 6). 
Classically, this distinction is based on morphology. Rods are long and 
slender. Cones are short and tapered. Physiologically, the most important 
difference between the two is in their relative sensitivity to light. Rods are 
sensitive to very dim light (even single photons). The light intensities at 
which they are responsive are called scotopic. Cones require much brighter 
light to respond and function in photopic conditions. There also is an 
intensity region in which both rods and cones are active termed the mesopic 
range. 
 

 
 

Figure 6 Electron microscopical image of outer (o.s.) and inner (i.s.) segments of rod and 
cone photoreceptors of rhesus monkey. Insert depicts photoreceptor discs at a higher 
magnification. Taken from (Kolb, 1970). 
 

Both rods and cones contain light-sensitive visual pigments in their 
outer segments, which are embedded in so-called disc membranes. Visual 
pigments consist of two parts: a chromophore and an opsin. The 
chromophore is the aldehyde of vitamin A and can and can come in two 
forms, retinal (vitamin A1) and 3-dehydroretinal (vitamin A2). Visual 
pigment can be constituted by combining an opsin with either a vitamin 
A1-, or A2-based chromophore. Consequently, there are two great families 
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of visual pigments, rhodopsins, based on retinal from vitamin A1, and the 
porphropsins based on 3-dehydroretinal from vitamin A2. Rhodopsins are 
found throughout the vertebrates, whereas porphyropsins are restricted to 
some amphibians, aquatic reptiles and teleosts, an infraclass of fish 
including goldfish and zebrafish. 

Visual pigments are not equally sensitive to all wavelengths of light, 
i.e. they are more likely to absorb a photon of a certain wavelength 
compared to others. This phenomenon can be described by the absorbance 
spectrum of a pigment, which is the relative amount of absorbance as a 
function of the stimulus wavelength. Construction of photopigments with 
A2-based chromophores causes a shift to longer wavelengths of the 
absorbance spectrum compared to the A1-based photopgiment. 
 

 
 

Figure 7 Action spectra of three types of goldfish cone photoreceptors. Taken from 
Palacios et al. (1998) 
 

Depending on the species, cones can be of several types, each 
containing a different visual pigment. Goldfish have four types of cones, 
UV-cones, S-cones, M-cones, and L-cones. Their pigments are most 
sensitive to different wavelengths of light (see Figure 7), namely ultraviolet 
(360 nm), short- (455 nm), middle- (540 nm), and long-wavelength 
(625nm) respectively (Marks, 1965; Hárosi & MacNichol, 1974; Stell & 
Hárosi, 1976; Hárosi, 1976; Hawryshyn & Beauchamp, 1985; Bowmaker 
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et al., 1991; Palacios et al., 1998). These differences are the basis of color 
vision.  
 
Photoreceptors respond to light through a process called bleaching. In this 
process, a molecule of visual pigment absorbs a photon after which it is 
changed in its conformational state and becomes activated. The activation 
of the pigment is the onset of a series of chemical reactions, called 
phototransduction (see Fig. 8), which is essentially similar in both rods and 
cones and culminates in the generation of a neuronal signal. 
 

 
 

Figure 8 Schematic overview of the phototransduction cascade. Taken from 
webvision.med.utah.edu by Wolgang Baehr. 
 

The visual pigment of the photoreceptors (R) consists of a 
transmembrane protein opsin, which is linked to a chromophore. Activated 
R (R*) is catalytically active and binds to a G-protein called transducin (T), 
which initiates a signal-amplifying cascade of reactions. In the inactive 
state, T is a membrane-associated complex consisting of αβγ-subunits and 
non-covalently bound GDP. Upon binding to R*, GDP is converted into 
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GTP. The α-subunit of T bearing GTP, Tα*, dissociates from Tβγ and 
activates membrane-associated phosphodiesterase (PDE). 
In the dark, PDE is a complex composed of two catalytic (α and β) and two 
regulatory (γ) subunits. The interaction of PDE γ-subunits with Tα* leads 
to the activation of phosphodiesterase (PDE*). PDE* in turn hydrolyzes 
cGMP into GMP and a proton. Photoreceptor outer segments possess 
membrane bound cation channels, which are gated directly by cGMP and 
control the influx of ions across the photoreceptor plasma membrane. In 
the dark, the cGMP concentration in the outer segment is high and these 
channels are open, which constitutes a dark current that partially 
depolarizes the photoreceptor cell to around -40 mV. The dark current is 
mainly composed of the influx of Na+ (80%), however, a Ca2+ component 
(15%) and a Mg2+ component (5%) are also present (Yau, 1994). The influx 
of these ions into the outer segment is balanced by the efflux of K+ cations 
via K+-selective channels located in the inner segment. Meanwhile Na+/K+ 
pumps continue to pump Na+ out and K+ into the cell and thus maintain the 
chemical gradient for these ions. The hydrolysis of cGMP by PDE* leads 
to a change in cGMP-gated channel conformation and results in channel 
closure. Channel closure decreases the conductance of the plasma 
membrane to the cations constituting the dark current and consequently 
results in the hyperpolarization of the plasma membrane. The action 
spectrum of a photoreceptor describes the relative response size versus the 
stimulus wavelength. In chapter 2, the action spectra of zebrafish cones is 
described. 

Calcium ions regulate several stages of the phototransduction 
pathway by modifying the activity of different Ca2+-binding proteins, 
which in turn interact with key enzymes in the pathway. For instance, 
calcium ions are involved in the recovery of the dark state of photoreceptors 
through the regulation of guanylate cyclase (GC), the enzyme that catalyzes 
the conversion of GTP to cGMP. In the dark, the Ca2+ concentration in 
outer segments is high, ~500 nM, and GC activity is low. After 
photoactivation, closure of the channels in the plasma membrane reduces 
the influx of cations, including Ca2+. However, the cell’s Na+/Ca2+–K+ 
exchanger continues to extrude Ca2+, and as a result, the Ca2+ concentration 
drops, activating GC to produce cGMP. The cGMP-gated channel is 
composed of two subunits (α and β) that form a symmetric heterotetramer. 
It is also responsive to the concentration of Ca2+ and might be regulated by 
calmodulin (CaM). Recoverin (Rec) represents a third step in the 
phototransduction pathway that is sensitive to the concentration of Ca2+. 
Rec lengthens the lifetime of R* at higher concentrations of Ca2+, which 
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are associated with dark-adapted photoreceptors. Rec inhibits the 
phosphorylation of R* at high Ca2+ levels by direct binding to RK. These 
Ca2+ -sensitive steps represent the principle mechanisms of light adaptation 
in vertebrate photoreceptors. However, the most important adaptation 
process in photoreceptors is bleaching adaptation, which is due to a large 
amount of photoconverted pigment molecules. This caused less pigment to 
be available to absorb photons, which decreases sensitivity (for reviews of 
phototransduction and adaptation, see (Burns & Baylor, 2001; Fain et al., 
2001; Arshavsky et al., 2002)). 

Photoreceptors signal to HCs and BCs by releasing glutamate, 
which is controlled by the influx of Ca2+ through presynaptic voltage-gated 
calcium channels. In the dark, photoreceptors are depolarized, voltage-
gated calcium channels are open, and glutamate is consequently 
continuously being released into the synapse (Murakami et al., 1972; 
Cervetto & Piccolino, 1974; Copenhagen & Jahr, 1989; Marc et al., 1990). 
In order to maintain high release rates, photoreceptors employ a specialized 
vesicle release apparatus called a ribbon. This is a flat organelle, which is 
anchored to the presynaptic membrane. Synaptic vesicles tie to both sides 
of the ribbon via short filaments. At the presynaptic membrane, they dock 
ready for release, which is triggered by the influx of calcium through 
voltage-dependent calcium channels, located in the presynaptic membrane. 
The ribbon seems to acts like a conveyor belt, on which vesicles are 
continuously being moved toward the presynaptic membrane. 
 
Horizontal cells 
Horizontal cells are located in the distal border of the INL, proximal to 
photoreceptors. They have flat cell bodies and large dendritic trees, located 
in narrow layers. HCs come in several subtypes, which can differ greatly 
from species to species. Goldfish has four types of HCs. One type receives 
input from rods only (rod driven), whereas three others types are 
exclusively connected to cones (cone driven). The cone-driven HCs can be 
classified based on their spectral sensitivity, i.e. responsiveness to light of 
different wavelengths (see Figure 9). Monophasic HCs (MHCs) 
hyperpolarize to light of all wavelengths, biphasic HCs (BHCs) 
hyperpolarize to short wavelengths and depolarize to long wavelengths and 
triphasic HCs (THCs) hyperpolarize to both short and long wavelengths 
and depolarize to middle wavelengths (MacNichol & Svaetichin, 1958; 
Norton et al., 1968). Cone driven HCs can also be classified based on their 
morphology as H1, H2 and H3 cells, which seems to correspond to the 
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spectral types, MHCs, BHCs and THCs respectively. H1 cells have large 
cell bodies and relatively small dendritic fields. H2 cells have smaller cell 
bodies but larger dendritic fields. H3 cells have the smallest cell bodies of 
the three but the most extensive dendritic trees. 
 

 
 

Figure 9 Connectivity of the different types of cone-driven HCs according to Stell et al. 
(1975). 
 

There has been some debate concerning the connectivity of cones 
to cone-driven HCs in fish. Based on the presence and location of HC 
dendrites in cone synapses Stell et al. (1975) developed a model to explain 
the spectral sensitivity of the different types of cone-driven HCs. In this 
model, MHCs receive input from L-cones and feedback to all cone types, 
BHCs receive input from M-cones and feedback to S-cones, and THCs 
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receive input from S-cones. Later studies have shown this model to be 
inaccurate on several points. Firstly, MHCs receive input from M-cones 
(Yang et al., 1982, 1983; Tauchi et al., 1984; Joselevitch et al., 2010) in 
goldfish. Moreover, MHCs appear to make connections with all cone-
types, including a fraction of the UV-cones in zebrafish (Klaassen et al., 
2016). However, no contribution of UV-cones to MHCs and BHCs could 
be found goldfish (Joselevitch et al., 2010). Secondly, the feedback signal 
measured in cones was found to be spectrally broad and non-opponent 
(Kraaij et al., 1998), whereas one would expect a change of sign of the 
feedback response in S-cones due to the feedback they receive from BHCs. 
Recently, it has been suggested that cone glutamate release can spillover to 
neighboring cones and, through glutamate transporter-associated chloride 
current, can modulate their output (Vroman & Kamermans, 2015). This 
would constitute an additional, non-HC mediated, feedback pathway, 
which might explain the spectral broadness and non-opponent nature of 
feedback as measured in cones. 
 
The photoreceptor/horizontal cell synapse 
As mentioned previously, photoreceptors form a specialized synapse 
together with its postsynaptic partners in a triad. This synapse consists of a 
large presynaptic photoreceptor synapse, which is invaginated by the 
dendrites of HCs and BCs (Stell, 1967). These dendrites end in close 
proximity of the photoreceptor synaptic ribbon. BCs terminate at a central 
position and HCs a lateral position relative to the ribbon. Both BCs and 
HCs express glutamate-receptors on their dendrites, making them sensitive 
to the neurotransmitter release from photoreceptors (Klooster et al., 2001). 

HCs feed back to photoreceptors, which leads to a shift in the 
activation function of the photoreceptor calcium current. The mechanism 
that produces this shift remains a topic of debate. Classically it was 
assumed that this feedback-loop involved the release of GABA from HCs. 
The presence of GABA in the dendrites of HCs supported this assumption. 
However, blocking GABA-mediated transmission pharmacologically is 
does not reduce the feedback-induced shift of the cone calcium current 
(Verweij et al., 1996). Two alternative hypotheses propose that the shift is 
broad about by either acidification of the synaptic cleft (Vessey et al., 
2005), which alters the open probabilities of calcium channels, or by an 
ephaptic mechanism (Byzov & Shura-Bura, 1986; Kamermans et al., 2001; 
Klaassen et al., 2011), which changes the voltage over the photoreceptor 
membrane as sensed by the presynaptic voltage-gated calcium channels. A 
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recent study suggests that these two mechanisms might in fact both be 
active on different timescales (Vroman et al., 2014) This leaves the role of 
GABA in the dendrites of HCs unresolved. In Chapter 5, we suggest an 
alternative function for GABA in the outer retina. 
 
Bipolar cells 
Based on anatomical evidence a multitude of morphologically distinct 
types of BCs can be identified depending on the species. In goldfish, 15 
different types of BCs have been described (Sherry & Yazulla, 1993). 
These morphological types can be subdivided in two classes: mixed input 
BCs, which receive input from both rods and cones, and cone driven BCs, 
which exclusively receive input from cones. The receptive field of BCs 
display center-surround organization, meaning that the sign of their 
response when stimulated with an annulus of light is opposite to that of 
stimulation of its center. This feature is due to inhibitory feedback from 
HCs to cones. 
 
BCs can be further separated based on the direction of their light-evoked 
response: OFF-BCs hyperpolarize upon light stimulation, and ON-BCs 
depolarize when stimulated. The difference in response direction between 
these two BC types is brought about by expression of different glutamate-
receptors at their dendrites. OFF-BCs, express ionotropic AMPA-
receptors, whereas ON-BCs express metabotropic glutamate receptors. 
AMPA receptors are both glutamate receptors and cation channels, which 
open in response to the binding of glutamate. While metabotropic 
glutamate receptors are G-protein coupled receptors, which after binding 
glutamate initiate a second-messenger cascade that ultimately leads to the 
closure of cation channels. 
 
Amacrine cells 
ACs form the most diverse group of cell types of the retina. There is little 
information on the amount of AC types in the goldfish. However, it has 
been found that the zebrafish might have at least 18 types (Connaughton et 
al., 2004), whereas in roach, a related teleost, they might be grouped in as 
many as 40 major types (Wagner & Wagner, 1988). In zebrafish, most ACs 
contain either GABA or glycine (Connaughton et al., 1999), and most seem 
to express ionotropic glutamate receptors (Yazulla & Studholme, 2001). 
Given the diversity of ACs a complete description of their roles is still 
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missing, yet they appear involved in wide range of functions, such as 
relaying rod signals, direction selectivity, and orientation selectivity.  
 
Ganglion cells 
GCs form the output units of the retina. Apart from a number of AC types, 
they are the only cell type of the retina which fire action potentials. Like 
BCs, GCs display center-surround organization. GCs can be subdivided in 
many types, which each transmit a specific feature of a visual stimulus. 
These features include contrast, spectral content and motion. Remarkably, 
several GC types are also intrinsically photosensitive. These cells express 
melanopsin as a visual pigment. However, their light response is very 
sluggish and it is therefore believed that they are not involved in visual 
image perception, but other tasks, like control of pupil size and as input for 
the body’s central biological clock, the suprachiasmatic nucleus. 
 
Coding 
Neural coding is concerned with how sensory and other information is 
represented by neurons. The main goal of studying neural coding is to 
characterize the relationship between the stimulus and neuronal responses. 
One way of looking at neural coding is by means of information theory. 
Information theory provides a scheme in which one can investigate the 
efficiency and reliability of communication. In principle, information 
theory is applicable to any system in which a transfer of information takes 
place. Likewise, the retina can be studied using information theory, as a 
system which transmits information to the brain regarding amounts of light 
falling onto its photoreceptors (Atick, 1992). 
 In information theory, any device, system or process that generates 
messages as its output is generically referred to as an information source. 
Sources represent their messages as combinations of symbols, often called 
the source symbols. In the visual environment, these symbols are the 
different grey levels of light pixels in the image mosaic. Natural 
information sources do not generate random sequence of information, but 
display a certain statistical structure in their message. In natural images this 
can be appreciated in the similarity of light intensity and color of nearby 
pixels. Changes in light intensity and/or color only change abruptly at edges 
or borders and otherwise occur gradually in space(Atick, 1992). 

In information theory, the medium transmitting or storing 
information the information from the source is called the information 
channel, which convey messages through a set of symbols termed channel 
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symbols. One of the issues discussed in this thesis is how the source 
symbols are mapped into the channel symbols, known as the channel 
coding problem (Atick, 1992). Retinal neurons encode information using 
graded potentials, except for GCs and some ACs, which can fire action 
potentials. 
 Since there is a high degree of spatio-temporal and chromatic 
correlation among pixels in natural images, a pixel-by-pixel representation 
of natural scenes, which is the representation formed by the photoreceptor 
mosaic, is inefficient. Therefore, the nervous system invests some of its 
resources to recode incoming signals to improve efficiency. Coding 
strategies dealing with redundancies can be divided in minimum 
redundancy codes and minimum entropy or factorial codes (Atick, 1992). 
The first strategy aims to eliminate inefficiency due to non-uniform 
probability distributions of the input signal. The second strategy deals with 
correlations within the stimulus. 

Minimum entropy or factorial codes can remove redundant 
information across a population of retinal neurons by making their 
responses statistically independent, i.e. any particular piece of information 
is not duplicated in several neurons. Light intensities of adjacent points in 
a natural visual scene are strongly correlated, making that the responses of 
adjacent photoreceptors are also strongly correlated. HC receive input from 
many cones and are therefore preferentially collecting this correlated 
signal. This correlated signal is fed back negatively to the cones, making 
that the size of the correlated signal in the output of the cones is strongly 
reduced. This is a form of minimum entropy redundancy reduction 
(Srinivasan et al., 1982). 

The opponent processing of color by horizontal cells can be 
considered a way using a minimum redundancy reduction in the spectral 
domain. The spectral sensitivity of L-, M- and S-cones overlap 
substantially, creating highly correlated, statistically dependent, responses. 
Efficient coding can be achieved by transforming cone responses such that 
they become orthogonal, i.e. independent of each other. Buchsbaum and 
Gottschalk (Buchsbaum & Gottschalk, 1983) demonstrated mathematically 
that efficient information transmission can be achieved by transforming 
three correlated color mechanisms, representing signals coming from three 
types of cones, into three more or less independent channels: one 
achromatic (luminosity) and two spectrally opponent (chromatic) channels. 

Previous studies, devoted to coding by retinal neurons, primarily 
made use of artificial stimuli, like discrete pulses and white noise. The last 
decade has seen more and more utilization of so-called natural (or 
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naturalistic) stimuli to study coding by retinal neurons. These kinds of 
stimuli are designed to mimic the image, which, under natural conditions, 
would fall onto the retina. Since the retina is tuned to deal with these kinds 
of stimuli, using them might reveal coding strategies, which remain obscure 
when applying artificial stimuli. In chapters 3 and 4, we have used such 
stimuli to examine the coding strategies of cone photoreceptors and HCs. 
 
Thesis outline 
This thesis deals with the coding of information in the outer retina in 
general and more specific the coding schemes employed when using 
natural stimuli. 
 The spectral sensitivity of three cone types of the zebrafish are 
described in chapter 2. 
 In chapters 3 and 4, we examine responses of cones and HCs to 
natural stimuli. We analyze the results from information theoretical 
perspective. 
 The fifth chapter illustrates how cone chloride currents are involved 
in modulating the size of feedback from HCs to cones. 
 In the final chapter, the main results are summarized and discussed. 
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Abstract 
 
Zebrafish is becoming an increasingly popular model in the field of visual 
neuroscience. Although, the absorption spectra of its cone photopigments 
have been described, the cone action spectra were still unknown. In this 
study, we report the action spectra of the four types of zebrafish cone 
photoreceptors, determined by measuring voltage responses upon light 
stimulation using whole cell patch clamp recordings. A generic template of 
photopigment absorption spectra was fit to the resulting action spectra in 
order to establish the maximum absorption wavelength, the A2-based 
photopigment contribution and the size of the β-band of each cone-type. 
Although, in general there is close correspondence between zebrafish cone 
action- and absorbance spectra, our data suggest that in the case of MWS- 
and LWS-cones there is appreciable contribution of A2-based 
photopigments and that the β-band for these cones is smaller than expected 
based on the absorption spectra. 
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Introduction 
 
Zebrafish (Danio rerio) is a widely used model system in developmental 
studies. This animal is also attractive for the study of the visual system 
because they are vision-dependent predators exploiting a cone-dominated 
retina, which renders high visual acuity (Haug et al., 2010). Presently, 
zebrafish is the only vertebrate model system that relies profoundly on 
vision, which can easily be used in behavioral studies, of which the genome 
is known and is relatively easy genetically modifiable. Consequently, in 
recent years, there has been an increasing interest for this animal model in 
the field of visual neuroscience (Bilotta & Saszik, 2001; Goldsmith & 
Harris, 2003; Fadool & Dowling, 2008). For any functional study in this 
field, it is essential to know the action spectra of the retinal photoreceptors 
since they form the input layer of the visual system. The current paper 
describes the action spectra of cone photoreceptors of the zebrafish retina. 
 The zebrafish retina contains four distinct spectral cone types: LWS 
(long wavelength sensitive), MWS (middle wavelength sensitive), SWS 
(short wavelength sensitive), and UVS (ultraviolet sensitive), which are 
evenly distributed across the retina in a regular mosaic. These spectral cone 
types overlap with four morphological cone subtypes: long (or principal) 
and short (or accessory) members of double cones (LWS- and MWS-cones, 
respectively), long-single cones (SWS-cones) and short-single cones 
(UVS-cones) (Branchek & Bremiller, 1984). However, it is becoming clear 
that the spectral sensitivity of the different cone types of zebrafish is not 
straightforward. 

Photopigments, the proteins initiating light transduction in 
photoreceptors, are composed of an opsin and a chromophore. Zebrafish 
may express 9 different opsins, each coded by a separate gene (Hamaoka 
et al., 2002; Chinen et al., 2003). LWS-cones can express two opsins 
(LWS-1 and LWS-2), MWS-cones four opsins, (RH2-1, RH2-2, RH2-3, 
and RH2-4) and UVS- and SWS-cones only one opsin (SWS1 and SWS2, 
respectively). The opsin of rods is coded by a separate gene (RH1). These 
different opsins give rise to distinct absorbance spectra of photopigments. 
Their expression follows a spatiotemporal pattern, meaning that certain 
opsins are expressed at restricted locations of the retina at given 
developmental stages (Takechi & Kawamura, 2005). 

Additional variation in the spectral sensitivity of zebrafish cone 
types is induced by the fact that their photopigments can be constituted with 
either a vitamin A1- (retinal), or A2-based (3,4-didehydroretinal) 
chromophore. The absorbance spectra of photopigments constructed with 
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vitamin A2-based chromophores, called porphyropsins, are shifted to 
longer wavelengths compared to their vitamin A1-based analogues, termed 
rhodopsins (Wood et al., 1992), not to be confused with the photopigments 
of rods. This shift increases with longer peak absorbance wavelengths of 
the A1-based photopigment (Hárosi, 1994). By expressing different 
mixtures of vitamin A1- and A2-based photopigments, animals can tune 
the spectral sensitivity of their photoreceptors, e.g. to match the spectral 
content of environmental light (Lythgoe & Partridge, 1989). Adult 
zebrafish have been shown to possess a fully functioning vitamin A1/A2 
interchange system (Allison et al., 2004). Whether the A1- and A2-based 
photopigment expression ratio is actively modified and under which 
conditions this occurs is unknown. 

Previously, the absorbance spectra of the different zebrafish cone 
types have been investigated using microspectrophotometric (MSP) 
techniques (Nawrocki et al., 1985; Robinson et al., 1993; Govardovskii et 
al., 2000; Cameron, 2002). This has also been done following exogenous 
thyroid hormone application, which induces expression of vitamin A2-
based chromophore photopigments (Allison et al., 2004). Accordingly, 
application of thyroid hormone shifted absorbance spectra peaks to longer 
wavelength. Furthermore, the absorbance spectra of isolated zebrafish 
photopigments reconstituted with an A1-based chromophore for all 
different cone opsin types have been determined (Chinen et al., 2003). 

Despite the abundance of knowledge concerning the absorbance 
spectra of the photopigments of zebrafish photoreceptors, the action spectra 
of zebrafish cones have not been described previously. The action spectra 
of photoreceptors of the closely related Giant danio (Danio aequipinnatus) 
have been described (Palacios et al., 1996), but there is no a priori reason 
to assume that zebrafish will have similar action spectra. Action spectra are 
constructed based on electrophysiological recordings of photoreceptors and 
illustrate effectiveness of stimulus wavelengths in generating changes in 
membrane potential or current. The action spectra are not necessarily 
similar to the absorbance spectra of photopigments (Bowmaker & Dartnall, 
1980). The action spectra of photoreceptors are needed for physiological 
studies of the zebrafish visual system because they determine the signal 
transmitted to subsequent neuronal layers of the retina.  

In the present study, we have recorded voltage responses of 
zebrafish UVS-, SWS-, MWS-, and LWS-cones to light of different 
wavelengths. A generic template of the absorbance spectra of A1- and A2-
based photopigments (Govardovskii et al., 2000; Bilotta & Saszik, 2001; 
Bilotta et al., 2005) was fit to the action spectra in order to calculate peak 
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action wavelengths and the percentage of A1- and A2-based photopigment 
contribution. 

For the most part our data agree with MSP-data regarding peak 
sensitivity wavelengths. However, MWS- and LWS-cones in our sample 
appeared to have substantial amounts of A2-based photopigments. 
Moreover, for the MWS- and LWS-cones, response amplitudes at shorter 
wavelengths (β-band) were significantly smaller than expected on the basis 
of the absorbance spectra. 
 
 
Methods 
 
Preparation 
Wild type zebrafish, Danio rerio, (AB strains) were originally obtained 
from the Zebrafish International Resource Center (Eugene, OR, USA). 
Lines were maintained in our own facility. Male and female fish were 
housed in aquaria at 28° to 28.5° C under a 14/10 hours light/dark cycle. 

Light adapted adult zebrafish (aged 1-2 years) were kept in the dark 
for at least 5 min to facilitate the isolation of the retina from the pigment 
epithelium. All further steps in the preparation were performed in the dark 
under dim red (λ = 650 nm) illumination. Fish were euthanized by 
immersion in ice water and decapitated. The head was bisected along the 
anterior/posterior axis, and the eyes were removed and hemisected. 
Subsequently, retinas were adhered to a small piece of tissue paper, which 
was placed receptor side up in a recording chamber and continuously 
superfused (1.5 ml/min) with oxygenated Ringer’s solution (pH 7.8, 20 
°C). 

The recording chamber was mounted on a microscope (model 
Eclipse E600-FN, Nikon, Tokyo, Japan) equipped with infrared (λ > 850 
nm; wratten filter 87c, Kodak, Rochester, NY, U.S.A.) differential 
interference contrast optics. The preparation was viewed on an LCD 
monitor by means of a 60× waterimmersion objective (N.A. 1.0) and a 
CCD camera (Philips, Eindhoven, The Netherlands). Recordings started at 
least 10 minutes after mounting the recording chamber on the microscope. 
 
Solutions 
The Ringer’s solution contained (in mM) 102.0 NaCl, 2.6 KCl, 1.0 MgCl2, 
1.0 CaCl2, 28.0 NaHCO3, 5.0 glucose and was continuously gassed with 
2.5% CO2 and 97.5% O2 yielding a pH of 7.8. The pipette medium 
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contained (in mM) 10 KCl, 96 KGluconate, 1 MgCl2, 0.1 CaCl2, 5 EGTA, 
5 HEPES, 5 ATP-Na2, 1 GTP-Na3, 0.2 3’:5’ -cGMP-Na, 20 
Phosphocreatine-Na2, 50 units/ml creatine phosphokinase. The pH of the 
pipette medium was adjusted to 7.2 with KOH. The liquid junction 
potential was calculated (after Barry & Lynch (1991) and Ng & Barry 
(1995) (Barry & Lynch, 1991; Ng & Barry, 1995)) and the voltage value 
was adjusted accordingly. All chemicals were supplied by Sigma 
(Zwijndrecht, The Netherlands). 
 
Electrodes and recording equipment 
Patch-pipettes were pulled from borosilicate glass capillaries (GC150TF-
10, Harvard Apparatus Ltd., Kent, United Kingdom.) with a Brown-
Flaming micropipette puller (P-87, Sutter Instruments Company, Novato, 
CA, U.S.A.) and had resistances between 5 and 8 MΩ when filled with 
pipette solution and measured in Ringer’s solution. The electrodes were 
placed in a PCS-5000 patch clamp micromanipulator (Burleigh 
Instruments Inc., Fishers, NY, U.S.A.) and connected to an Axopatch 200 
Patch Clamp Amplifier (Axon Instruments Inc., Union City, CA, U.S.A.). 
Data acquisition and control of the optical stimulator were made by means 
of a CED 1401 AD/DA converter (Cambridge Electronic Design Ltd., 
Cambridge, United Kingdom), a Windows-based computer system and 
Signal (Cambridge Electronic Design Ltd., Cambridge, United Kingdom). 
Recordings were performed in current-clamp mode, with the holding 
current kept at 0 pA. Data were sampled at 1 kHz for all stimulus protocols 
and filtered at 1 kHz using a four-pole Bessel filter. 
 
Optical stimulator 
The light stimuli were generated with a 450-W xenon arc (Osram, Munich, 
Germany). Before reaching the retina, the light passed through a series of 
neutral density filters (Schott, Mainz, Germany), interference filters 
(Melles Griot, Zevenaar, The Netherlands) with peak transmissions at 380, 
400, 450, 500, 550, 600 nm and a 8 nm bandwidth, and circular neutral 
density wedges (Barr & Stroud, Glasgow, United Kingdom). Light stimuli 
were projected onto the retina through the objective by means of mirrors 
and lenses, which resulted in a spot with a diameter of 65 µm. The light 
intensity at the focal plane of the microscope was measured with a 
radiometer (model 50-245, irradiance head J1812, Tektronix, Bracknell, 
United Kingdom). Throughout the paper, a photon flux density of 1.0 * 109 
photons m-2 sec-1 corresponds to an intensity of 0 log. 
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Recording procedure 
To determine the spectral sensitivity of cones, whole-cell recordings were 
made while the photoreceptors were stimulated with 500 ms light flashes 
of various wavelengths and intensities. The interstimulus interval was 
always more than 3 seconds. For each wavelength, the mean amplitude of 
the sustained light response between 250 and 500 ms after light onset was 
plotted as a function of the stimulus intensity. Using the least-square 
method, a Hill relation (eqn. (1)) was fit globally through these data points: 
 

( )
( )max,

n

nn

IR I R
I S

λ
λ

=
+

 (1) 

 
Where, R(λ) is the response (in mV) as function of stimulus wavelength (λ), 
Rmax is the maximal response amplitude (in mV), I is stimulus intensity, 
S(λ) is the stimulus intensity needed for half maximal response for a 
specific wavelength, and n is a slope factor. Rmax and n were shared 
parameters for the various intensity response curves for individual cells. 
This procedure resulted in one value for Rmax and one value for n per cell. 
Relative sensitivity is defined as the difference between S(λmax) and S(λ), 
where λmax is the wavelength for which the photoreceptor is most sensitive. 
Absolute sensitivity (Sabs) is equal to S(λmax). Based on wavelength 
sensitivity cones were classified as UVS-, SWS-, MWS-, or LWS-cones 
and grouped accordingly. Relative spectral sensitivity data are presented as 
mean ± SD and parameter differences were tested for significance (p < 
0.05) using a one-way ANOVA. 
 
Visual pigment templates 
A generalized template, consisting of mathematical descriptions of the α- 
and β-band, for absorbance spectra of A1- and A2-based photopigments 
(Govardovskii et al., 2000) was fit to the action spectra of cones. Following 
Govardovskii’s template, the α-band was defined by 
 

( ) ( ) ( ) ( )
1  

exp exp exp  
S

A a x B b x C c x D
xα =

− + − + − +          
(2) 

 
Where, x = λmax / λ, A = 69.7, B = 28, b = 0.922, C = -14.9, c = 1.104, D = 
0.674, and 
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( )2
max 300

0.8795 0.0459 exp
11940
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λ −

= + ⋅ − 
  

 (3) 

 
for A1-based photopigments. For A2-based photopigments, the following 
set of parameters was used: B = 20.85, b = 0.9101, C = -10.37, c = 1.1123, 
D = 0.5343, 
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The β-band was taken as the absorbance spectrum remaining after 
subtraction of the α-band, which was fit with a Gaussian: 
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In the case of A1-based photopigments for fitting of the absorption spectra, 
Aβ was 0.26, 
 

m max189 0.315βλ λ= + ⋅  (7) 
and 

max 40.5 0.195b λ=− + ⋅  (8) 
 
For A2-based photopigments for fitting of the absorption spectra, Aβ was 
0.37, 
 

m max216.7 0.287βλ λ= + ⋅  (9) 
and 

2
max max 317 1.149  0.00124b λ λ= − ⋅ + ⋅  (10) 
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The photopigment template was fit to cone data over a stimulus range 
which corresponded to a minimum relative sensitivity of -3 log units. Fits 
were evaluated by least square methods, with λmax of the A1-based 
photopigment, the percentage of A1- and A2-based photopigment 
contribution and the percentage of β-band presence as free parameters. The 
λmax of MWS- and LWS-cone A2-based photopigments was determined by 
the following relation: 
 

max A2 max A11.575 263λ λ⋅= −  (11) 
 
(Hárosi, 1994). Fitting parameters are presented as mean ± SD. The A1- 
and A2-based photopigment contribution and β-band presence were tested 
for significance (p < 0.05) using a one-tailed Student’s t-test. 
 
 
Results 
 
Response properties of zebrafish cones 
In order to determine the action spectra of zebrafish cone photoreceptors 
we measured light responses, using whole-cell current clamp, in isolated 
retinae. In total we successfully recorded from 3 UVS-, 3 SWS-, 6 MWS-, 
and 6 LWS-cones. 

In Fig. 1 (Top) light responses of an MWS-cone to 500 ms light 
flashes of varying wavelengths and intensities are shown. The cone had a 
resting membrane potential of -39.4 mV and a maximal sustained response 
amplitude of 6.2 mV. 

Intensity response curves for the various stimulus wavelengths were 
constructed by plotting the sustained response amplitudes as function of 
stimulus intensity (Fig. 1, bottom), and subsequently fitting Hill relations 
(solid lines, see Methods section for details) through the data points. 
Average parameter values of the Hill relations (n and Sabs), mean resting 
membrane potentials (Vrest) and mean maximum response amplitudes 
(Rmax) for the various cone types are given in Table 1. None of these values 
differed significantly between cone types. 
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Figure 1 Examples of experimental data and analysis. The top panel displays voltage 
responses of an MWS-cone to 500 ms light stimuli. The intensity of the stimulus decreases 
from top to bottom as indicated by the relative intensity to the left of the traces. The 
stimulus wavelength increases from left to right as indicated below the traces. The bottom 
panel illustrates how cone responses were converted to spectral sensitivity functions using 
data from the same MWS-cone. Response amplitudes for different stimulus wavelengths 
were plotted against stimulus intensity. Subsequently Hill-relations were fit through data 
for each stimulus wavelength and the difference in half-maximal activation relative to the 
wavelength for which the cone was most sensitive (double arrow) was determined. 
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Cone-type Vrest (mV) Rmax (mV) n Sabs (log) 

UVS-cone (n = 3) -40.6 ± 4.8 12.0 ± 7.4 1.1 ± 0.2 2.8 ± 0.3 

SWS-cone (n = 3) -39.7 ± 3.5 6.5 ± 1.7 1.1 ± 0.3 2.7 ± 0.2 

MWS-cone (n = 6) -42.3 ± 2.4 12.7 ± 6.1 1.2 ± 0.1 3.1 ± 0.2 

LWS-cone (n = 6) -35.6 ± 3.7 11.5 ± 4.7 1.3 ± 0.2 2.9 ± 0.2 

All cones (n = 18) -36.7 ± 4.2 11.1 ± 5.5 1.2 ± 0.2 2.9 ± 0.3 

 
Table 1 Average properties of the various zebrafish cones types. Vrest, resting membrane 
potential; Rmax, maximum response amplitude relative to Vrest; n, coefficient of fit Hill-
relation; Sabs absolute sensitivity (see Methods section for details). Parameters are 
presented as mean ± SD 
 
Spectral sensitivity functions of zebrafish cones 
To construct spectral sensitivity functions of cones, we determined for each 
stimulus wavelength the intensity needed to obtain the half maximal 
response amplitude. We measured voltage responses for 8 light intensies 
per wavelength, derived an intensity response relation and fit a Hill 
equation through the data points. ΔS(λ) was determined relative to S(λ) of 
the most sensitive wavelength (double arrow, Fig 1, bottom). This value 
was defined as the relative sensitivity for that specific stimulus wavelength. 
These values were plotted against the corresponding stimulus wavelengths 
for individual cells in Fig. 2A, B, C and D. In Fig. 2E the mean spectral 
sensitivity of UVS-cones, SWS-cones, MWS-cones and LWS-cones are 
displayed in ensemble. 

In order to determine the peak wavelength of the action spectrum 
and A1- vs. A2-based photopigment contribution, we fit a photopigment 
template (Govardovskii et al., 2000) to data from each recorded cone 
individually. The template mathematically describes the shape of the 
absorbance spectrum of visual pigments. It consists of a main absorbance 
band, the α-band, and a secondary absorbance band, the β-band, which is 
dominant at shorter wavelengths. During the fitting procedure, optimal 
values for the peak absorbance wavelength of the A1-based photopigment, 
the percentage of A1- and A2-based photopigments contribution and the 
percentage of the β-band presence relative to the absorption spectra 
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templates were calculated. All other parameters were set to generic values 
(see Methods section for details). The parameters of fitting the 
Govardovskii template to the data are listed in table 2. 
 

 
 
Figure 2 Action spectra of individual cells and averages per cone-type. In the top four 
panels the relative sensitivity is plotted against the stimulus wavelength of individual 
cones grouped according to cone-type as indicated in the graph. The bottom panel displays 
the average spectral sensitivity for the different cone-types. 
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 UVS-cone SWS-cone MWS-cone LWS-cone 

λmax (nm) 365 ± 2 416 ± 5 483 ± 1 574 ± 9 

λmax A1 (nm) 365 ± 2 416 ± 5 480 ± 1 556 ± 5 

λmax A2 (nm) - - 492 ± 1 612 ± 9 

Presence A1 (%) - - 71 ± 10 68 ± 19 

Presence β-band (%) - - 49 ± 41 31 ± 6 

 
Table 2 Mean parameter values of photopigment template fits for the various cone types. 
Parameters are presented as mean ± SD. 
 
Fig. 3 illustrates how the cone action spectra relate to the absorbance 
spectra of cone photopigments. In this figure the fits of mean data per cone-
type are plotted along with the absorbance spectra of photopigments, 
according to the Govardovskii template. The latter are subdivided into 
opsins expressed in corresponding cone-types in combination with either 
an A1- or A2-based chromophore. 
 
 
►► Figure 3 Fits of pigment template to experimental data. This figure displays the fits 
(solid lines) of the photopigment template (Govardovskii et al., 2000) to the average 
experimental data per cone-type with the peak wavelength of the A1-based photopigment, 
the ratio between A1- and A2-based photopigment and the presence of the β-band relative 
to the original photopigment template as free parameters. For comparison the spectral 
sensitivity functions of corresponding A1- (dashed lines) and A2-based (dotted lines) 
photopigments are also plotted. These were constructed according to the generic 
photopigment template in combination with their peak absorbance wavelength as 
measured in vitro (Chinen et al., 2003). The UV-cone action spectra deviates considerable 
from the UV template, presumably due to the small number of data points (top row, left). 
The action spectrum of the SWS cones was fully overlapped the SWS-2 adsorption 
spectrum (top row, right). For the MWS cones, both RH2-2 and RH2-3 templates were 
covering the MWS action spectrum, while RH2-1 and RH2-4 templates could not describe 
the action spectrum properly. Finally both LWS-1 and LWS-2 templates covered the LWS 
action spectrum. 
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Zebrafish UVS-cones express a single opsin, SWS1, which has a 
peak absorbance wavelength of 355 nm, when A1-based (Chinen et al., 
2003). For these cones the β-band is outside the stimulation range (380-600 
nm) and the Govardovskii template has not been evaluated for its A2-based 
photopigment. Therefore, UVS-cones were fit with 0 % β-band and 0 % 
A2-based photopigment contribution. With these constraints the mean peak 
wavelength of the UVS-cone action spectrum was calculated to be 365 ± 2 
nm (n = 3). 

Similar conditions apply to SWS-cones, which also express a single 
opsin, SWS2. Its A1-based photopigment has a peak absorbance 
wavelength of 415 nm (Chinen et al., 2003), almost equal to the mean peak 
wavelength calculated for the action spectrum of SWS-cones, 416 ± 5 nm 
(n = 3). 

MWS-cones express one of four opsins, RH2-1, RH2-2, RH2-3 or 
RH2-4, which, in combination with an A1-based chromophore, have peak 
absorbance wavelengths of 467, 476, 488 and 505 nm, respectively (Chinen 
et al., 2003). There was little variation in the peak wavelength of individual 
fits of MWS-cone action spectra, which was 483 ± 1 nm (n = 6) on average. 
Greater amount of variation was present in the A1:A2 based photopigment 
ratio. On average this was 71 : 29 ± 10 % (n = 6), which differed 
significantly from 100 % A1- based photopigment presence (p < 0.01). The 
relative amplitude of the β-band was highly variable. On average 49 ± 41 
% (n = 6, p = 0.03) of the β-band was present relative to the original 
photopigment template. This corresponds to a β-band peak amplitude 
which is 14 ± 12 % of that of the α-band. 

LWS-cones can express either LWS-1 or -2 opsin. Their A1-based 
photopigments have peak absorbance wavelengths of 558 and 548 nm, 
respectively (Chinen et al., 2003). We found some variation in the peak 
wavelength of LWS-cone action spectra. On average λmax was 574 ± 9 nm 
(n = 6). Similar to MWS-cones, this wavelength was partly achieved by the 
presence of A2-based photopigments. The A1:A2 based photopigment 
contribution was variable as well. On average it was best fit by 68 : 32 ± 
19 % (n = 6), which differed significantly from 100 % A1- based 
photopigment presence (n = 6, p < 0.01). There was less variation in the 
percentage of β-band presence for LWS-cones. On average 31 ± 6 % (n = 
6, p < 0.01) of the β-band was present relative to the standard photopigment 
template, corresponding to a β-band peak amplitude which is 9.1 ± 1.6 % 
of that of the α-band. 
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Discussion 
 
In this study, we have determined the action spectra of LWS-, MWS-, 
SWS- and UVS-cones of the adult zebrafish retina, by measuring their 
responses to different wavelengths of light and subsequently fitting a 
template of photopigment absorbance spectra to the results. Thus, we 
calculated peak absorbance wavelengths, the ratio of A1- and A2-based 
photopigments and the size of the β-band compared to the photopigment 
template. Spectral sensitivity obtained by our electrophysiological 
measurements generally agreed with the data obtained by MSP in adult 
zebrafish (see table 3; (Branchek & Bremiller, 1984; Nawrocki et al., 1985; 
Robinson et al., 1993; Cameron, 2002; Allison et al., 2004)) and with the 
absorbance spectra measured in vitro (Chinen et al., 2003) (see table 3). 
Furthermore, they are comparable with the action spectra determined for 
the giant danio (Danio aequipinnatus) (Palacios et al., 1996). However, we 
found also some distinct differences between the absorption and action 
spectra, which are discussed below. 
 
 

Opsin In vitro Cone-
type In situ (MSP) Current 

study 

SWS-1 354.6 ± 0.5a UVS  362 ± 3c  361e 361 ± 3f 365 ± 2 

SWS-2 416.0 ± 1.0a SWS 417 ± 5b 415c 407 ± 2d 414e 411 ± 5f 416 ± 5 

RH2-1 466.5 ± 1.5a 

MWS 478 ± 9b 480c 473 ± 5d 483e 482 ± 6f 483 ± 1 
RH2-2 475.7 ± 0.5a 

RH2-3 488.0 ± 0.0a 

RH2-4 504.9 ± 0.7a 

LWS-1 557.7 ± 3.3a 
LWS 556 ± 6b 570c 564 ± 6d 567e 565 ± 10f 574 ± 9 

LWS-2 548.3 ± 0.5a 

 
Table 3 Comparison of zebrafish cone spectral sensitivity data λmax values (in nm) of 
zebrafish A1-based photopigments and cone-types from literature. Parameters are 
presented as mean ± SD. a Chinen et al. (2003); b Nawrocki et al. (1985); c Robinson et al. 
(1993); d Cameron (2002); e Govardovskii et al. (2000); f Allison et al. (2004). 
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Measuring action spectra in the whole mounted retina 
The reported data were recorded from cone photoreceptors in whole 
mounted retinae. Given the intactness of this preparation, measured action 
spectra might in principle be influenced by heterologous coupling of cone 
photoreceptors and feedback received from horizontal cells. However, 
patch-clamp recordings of cone photoreceptors do not show any 
broadening of the action spectrum one would expect as a result of 
heterogeneous coupling but rather reflect a single cone type spectrum for 
all recorded cones. Also, recordings were made by patching the inner 
segment of cone photoreceptors, whereas the locus of coupling between 
cones usually is at the level of the cone pedicle by means of teleodendria 
(Raviola & Gilula, 1973; Tsukamoto et al., 1992). Furthermore the effect 
of horizontal cell feedback should be negligible since we used a relatively 
small spot to stimulate cones. This would only cause little polarization of 
horizontal cells. Moreover, the resultant of horizontal cell feedback can 
generally only be appreciated in photoreceptors by saturating direct light 
responses, since these are large compared to the current changes induced 
by horizontal cell feedback (Verweij et al., 1996). Therefore the obtained 
results reflect pure cone action spectra. 
 
Peak sensitivity wavelengths 
UVS-cones express only a single opsin (SWS-1). Its A1-based 
photopigment has a peak absorbance wavelength around 355 nm (Chinen 
et al., 2003). All MSP studies (see Table 3) find a somewhat higher value 
for the absorption spectrum of UVS-cones. The action spectrum of these 
cones reported in this paper is best fit with a peak wavelength of 365 ± 2 
nm. However, the accuracy of this value is hampered because it fell outside 
the range of our stimulation wavelengths and the amount of reliable data 
points was limited for UVS-cones. Nevertheless, the peak wavelength 
found for the action spectrum of UVS-cones is comparable to previous 
reports. 

Like UVS-cones, SWS-cones express a single opsin (SWS-2), 
which has an A1-based peak absorbance wavelength of 416 nm (Chinen et 
al., 2003). Most MSP (see Table 3) studies find a comparable value for the 
peak absorbance of SWS-cones. Likewise, we find a peak wavelength for 
the SWS-cone action spectrum around 416 ± 5 nm. 

Construction of action and absorbance spectrum for MWS-cones is 
more complicated than those of UVS- and SWS-cones, since they can 
express four types of opsins (RH2-1, -2, -3 and -4), with different A1-based 
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peak spectral sensitivity wavelengths (467, 476, 488 and 505 nm, 
respectively (Chinen et al., 2003)). Grouping of these cones can therefore 
lead to a heterogeneous pool of similar cone-types expressing different 
opsin-types. We have attempted to test this possibility by fitting the 
photopigment template to data from individual cones and comparing 
calculated values of the A1-based photopigment peak wavelength. The 
action spectra of all recorded cones were best fit when the peak wavelength 
was set around 480 nm with little variation, suggesting that they expressed 
the same type of opsin, presumably RH2-2. This opsin is also most 
abundantly expressed in MWS-cones of the adult zebrafish according to 
RT-PCR studies (Chinen et al., 2003). Due to the predicted presence of A2-
based photopigments in MWS-cones the optimal value for its peak 
sensitivity wavelength was somewhat longer, 483 nm on average. This is 
in accordance with the peak absorbance wavelength of MWS-cones in most 
MSP studies (see Table 3). 

LWS-cones can express two opsins, namely LWS-1 and LWS-2, 
with 558 and 548 nm A1-based peak absorbance wavelengths, respectively 
(Chinen et al., 2003). The calculated peak wavelength of the A1-based 
photopigment between individual LWS-cone action spectra shows greater 
variation than in the case of MWS-cones and ranges from 550 to 564 nm. 
Therefore, it is more difficult to ascribe an opsin-type to individual LWS-
cones. However, the average calculated A1-based photopigment peak 
wavelength is 556 ± 5 nm, near that of LWS-1. This is also the opsin most 
abundantly expressed in LWS-cones of the adult zebrafish according to the 
previously mentioned RT-PCR studies (Chinen et al., 2003). As in MWS-
cones, recorded LWS-cones are predicted to have A2-based photopigment 
contribution and its peak sensitivity wavelength is larger than that of A1-
based photopigments, namely 574 ± 9 nm on average. This value is 
somewhat longer than the values obtained from MSP-studies (see Table 3). 
 
A2-based photopigment presence 
Substitution of a vitamin A2-based chromophore for an A1-based one 
produces a red shift in the absorbance spectrum of a photopigment. The 
consequence is that the A2-using animals are more red-sensitive. By 
mixing A1-based and A2-based photopigments animals can tune their 
spectral sensitivity. Such observations have been done in other fish (Loew 
& Dartnall, 1976; Beatty, 1984; Wood et al., 1992). It seems that this 
phenomenon is dependent on environmental factors such as temperature, 
light and season. The suggestion is that animals shift between and mix 
chromophores dependent on the spectral composition of light in their 
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environment. Using different mixtures of A1-, and A2-based 
chromophores, this tuning can be made dynamic in a single individual. For 
instance, eels change this ratio during migration to adapt to different light 
conditions (Wood et al., 1992). 

We have estimated percentages for the presence of A1- and A2-
based photopigments by linearly mixing of their absorbance spectrum 
templates. However the presence of A2-based photopigment has not been 
estimated for UVS- and SWS-cones because the photopigment template 
has not been evaluated for A2-based photopigments with peak wavelengths 
shorter than 440 nm. 

In the case of MWS-cones, all individual fits predict the presence 
of A2-based photopigments, 29 % on average, with some variation. Since 
the peak sensitivity wavelength of the action spectrum is comparable to 
most MSP data from literature this could suggest that in these studies there 
is also some A2-based photopigment present in native MWS-cones. 

The same suggestion can be made for LWS-cones, for which most 
MSP studies, on average, find peak absorbance wavelengths longer than 
that of its A1-based photopigments. Correspondingly, the peak sensitivity 
wavelength of the LWS-cone action spectra reported here is partly 
established by the presence of on average 32% A2-based photopigments, 
which is about equal to the amount in MWS-cones, although with greater 
variation. 

Changes in the expression of A1- and A2-based photopigments 
have been reported to occur in zebrafish rods due to temperature (Saszik & 
Bilotta, 1999), although another study did not find this effect (Allison et 
al., 2004)2, nor to spectral rearing conditions of larvae (Dixon et al., 2004). 
However, adult zebrafish do possess a fully functioning A1/A2 interchange 
system (Allison et al., 2004). It is tempting to hypothesize that the presence 
of A2-based photopigment in zebrafish cones as found here is related to the 
light conditions of our zebrafish facility. Yet, the influence of the spectral 
content of light conditions on the spectral sensitivity functions of 
photoreceptors in adult zebrafish has not yet been tested. 
 
Size of the β-band 
The action spectra of MWS- and LWS-cones show considerable deviation 
from the photopigment absorbance spectrum at the location of the β-band. 
We quantified this deviation by implementing a fitting parameter which set 

                                                           
2 In the original paper, on which this chapter is based, we mistakenly state that Allison et al. 
(2004) did not find a temperature effect in cones, whereas they only tested it for rods. 
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the size of the β-band relative to the photopigment template. There is large 
variation in its optimal value between individual fits and on average it is 49 
% for MWS-cones and 31 % for LWS-cones corresponding to a β-band 
peak amplitude which is 14 and 9.1 % of that of the α-band respectively. 

The smaller amplitude of the β-band of action spectra relative to 
absorbance spectra has previously been described in photoreceptors of 
goldfish (Kaneko & Tachibana, 1985) and carp (van Dijk & Spekreijse, 
1984). Since in the present study stimuli were projected from the 
photoreceptor side, there was no short wavelength filtering by structures in 
front of photoreceptor outer segments. It might be that the absorption of 
short wavelength photons by MWS- and LWS-cones as found in MSP 
studies leads to a conformational change in their photopigment, which is 
less effective in modulating the phototransduction cascade. Hence, it is not 
found in their action spectra. However, interpretation of results regarding 
the β-band is complicated by the fact that its mathematical description by 
the photopigment template is not as accurate as that for the α-band 
(Govardovskii et al., 2000). 

Previously, the action spectra of cone photoreceptors of giant danio 
(Danio aequipinnatus), a species closely related to zebrafish, have been 
reported (Palacios et al., 1996). The peak sensitivity wavelengths found 
were comparable to absorbance spectra previously described for zebrafish 
and the action spectra reported in the current study (as listed in Table 3). 
Using an alternative photopigment template, the action spectra of giant 
danio display less sensitivity in β-band region than predicted by the generic 
template based on photon absorbance by photopigments we used, in the 
case of LWS-cones. For MWS cones, the size of the β-band was 
comparable to its generic value in the template we used in this study. 
However, Palacios et al. (1996) fitted these parameters using a linear scale, 
which diminishes differences between fit and experimental data at lower 
sensitivities. Therefore, discrepancies between these results might be a 
consequence of the scales used during the fitting procedure or caused by 
implementation of different photopgiment templates. 
 
 
Conclusions 
 
Action spectra of zebrafish cone photoreceptors correspond with the 
previously reported action spectra of related photopigments over the 
greater part of the used stimulation range (400-600 nm). However, 
sensitivity of MWS- and LWS-cones at shorter wavelengths is lower than 
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expected based on the absorption spectrum of their pigments. Using a 
photopigment template we identified the opsins expressed and showed the 
presence of A2-based photopigments in our sample for these cone-types. 
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Abstract 
 
Visual information in natural scenes is distributed over a broad range of 
intensities and contrasts. This distribution has to be compressed in the 
retina to match the dynamic range of retinal neurons. In this study we 
examined how cones perform this compression and investigated which 
physiological processes contribute to this operation. M- and L-cones of the 
goldfish were stimulated with a natural time series of intensities (NTSI) 
and their responses were recorded. The NTSI displays an intensity 
distribution which is skewed towards the lower intensities and has a long 
tail into the high intensity region. Cones transform this skewed distribution 
into a more symmetrical one. The voltage responses of the goldfish cones 
were compared to those of a linear filter and a non-linear biophysical model 
of the photoreceptor. The results show that the linear filter under-represents 
contrasts at low intensities compared to the actual cone whereas the non-
linear biophysical model performs well over the whole intensity range 
used. Quantitative analysis of the two approaches indicates that the non-
linear biophysical model can capture 91 ± 5% of the coherence rate (a 
biased measure of information rate) of the actual cone, where the linear 
filter only reaches 48 ± 8%. These results demonstrate that cone 
photoreceptors transform an NTSI in a non-linear fashion. The comparison 
between current clamp and voltage clamp recordings and analysis of the 
behavior of the biophysical model indicates that both the calcium feedback 
loop in the outer segment and the hydrolysis of cGMP are the major 
components that introduce the specific non-linear response properties 
found in the goldfish cones. 
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Introduction 
 
Visual stimuli as encountered by animals in natural scenes are very 
different from random stimuli. They display strong correlations in space, 
time and wavelength (van Hateren, 1993; Dong & Atick, 1995), and often 
encompass a large range of intensities and contrasts. Much of the 
processing in the early stages of visual processing, in particular those in the 
retina, is concerned with reducing these correlations and compressing the 
intensity and contrast ranges such that they fit the limited dynamic range 
of neurons. An important goal of visual neuroscience is to understand the 
mechanisms by which decorrelation and dynamic range reduction are 
accomplished, and how these influence visual perception. 
 In this paper we concentrate on the first step in visual processing, 
as takes place in the vertebrate cone photoreceptors. In particular, we are 
interested in how natural stimuli are processed, and if the critical 
physiological steps involved can be identified and understood. We use 
goldfish cones as our model system, because it is possible to obtain good 
and stable measurements from these cells. As stimulus we use a natural 
time series of intensities (NTSI) recorded outdoors. Such NTSIs contain a 
high dynamic range, a wide temporal frequency bandwidth, and 
considerable temporal correlations. 
 Although it is often argued that the early steps in visual processing 
are essentially linear (see for example (Vu et al., 1997)), we will show here 
that assuming linearity is not correct for natural stimuli. The high dynamic 
range of such stimuli causes the cone to display marked nonlinearities and 
a nonlinear model is necessary to adequately describe its responses. We 
will show here that the observed nonlinearities can be fully understood 
from what is known on the phototransduction system (Pugh & Lamb, 2000) 
and are consistent with a recently developed model (van Hateren, 2005; 
van Hateren & Snippe, 2007). Membrane non-linearities only contribute 
slightly. Moreover, we will show that the goldfish cone performs 
remarkably similar to the cones of primates, including man, only with 
slower kinetics. 
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Materials and Methods 
 
Preparation 
Goldfish, Carassius Auratus, (12-16 cm standard body length) were kept 
at 18 °C under a 12-hour dark, 12-hour light regime. Just before 
decapitation, the fish were kept in the dark for 5 min to facilitate the 
isolation of the retina from the pigment epithelium while preventing 
complete dark adaptation. All further steps in the preparation were 
performed in the dark under dim red (λ = 650 nm) illumination. An eye was 
enucleated, was hemisected and most of the vitreous was removed with 
filter paper. The retina was isolated and placed, receptor side up, in a 
recording chamber and superfused continuously (1.5 ml/min) with 
oxygenated Ringer’s solution (pH 7.8, 20 °C). 

The recording chamber was mounted on a microscope equipped 
with infrared (λ > 850 nm; Kodak wratten filter 87c, U.S.A.) differential 
interference contrast optics (model Eclipse E600-FN, Nikon, Japan). The 
preparation was viewed on an LCD monitor by means of a ×60 
waterimmersion objective (N.A. 1.0) and a CCD camera (Philips, The 
Netherlands). 

Recordings were made from individual members of double-cones. 
These cones are either medium- or long-wavelength sensitive (M or L), 
neutral density filters were used to stimulate both cone types approximately 
equally strong at the wavelengths used in the experiments. For this paper, 
the responses of 15 cones were evaluated in detail. Because of limited 
recording time not all stimulus protocols could be run on all cells, but a 
subset of the pulse stimuli was run on all cells as a reference. All cells 
responded similarly. 
 
Solutions 
The Ringer’s solution contained (in mM) 102.0 NaCl, 2.6 KCl, 1.0 MgCl2, 
1.0 CaCl2, 28.0 NaHCO3, 5.0 glucose and was continuously gassed with 
2.5% CO2 and 97.5% O2 yielding a pH of 7.8. The pipette medium 
contained (in mM) 10 KCl, 96 KGluconate, 1 MgCl2, 0.1 CaCl2, 5 EGTA, 
5 HEPES, 5 ATP-Na2, 1 GTP-Na3, 0.2 3’:5’ -cGMP-Na, 20 
Phosphocreatine-Na2, 50 units/ml creatine phosphokinase. The pH of the 
pipette medium was adjusted to 7.2 with KOH. All chemicals were 
supplied by Sigma (Zwijndrecht, The Netherlands). 
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Liquid junction potential 
The liquid junction potential was measured with a patch pipette filled with 
the pipette medium and positioned in a bath filled with the pipette medium. 
After the potential was adjusted to zero, the bath solution was replaced with 
Ringer’s solution. The resulting potential change was considered to be the 
junction potential and all data were corrected accordingly. 
 
Electrodes and recording equipment 
Patch-pipettes were pulled from borosilicate glass capillaries (GC150TF-
10, Harvard Apparatus Ltd., U.K.) with a Brown-Flaming micropipette 
puller (P-87, Sutter Instruments Company, U.S.A.) and had resistances 
between 5 and 8 MΩ when filled with pipette solution and measured in 
Ringer’s solution. Series resistances ranged from 100 to 200 MΩ and were 
corrected for offline. The electrodes were placed in a PCS-5000 patch 
clamp micromanipulator (Burleigh Instruments, Inc., USA) and connected 
to a Dagan 3900A Integrating Patch Clamp amplifier (Dagan Corporation, 
U.S.A). Data acquisition and control of the optical stimulator were done 
with a CED 1401 Plus AD/DA converter, Signal software (Cambridge 
Electronic Design Ltd., U.K.) and a Windows XP (Microsoft Corporation, 
U.S.A.) based computer system. Recordings were performed in current-
clamp mode, with the holding current kept at 0 pA. Data were sampled at 
1 kHz for all stimulus protocols and filtered at 1 kHz using a four-pole 
Bessel filter. 
 
Optical stimulator 
The visual stimulus was generated by a light-emitting diode (LED) with a 
peak wavelength at 526 nm and a bandwidth of 47 nm (HLMP-CM15-
S0000, Agilent Technologies, Inc., U.S.A.). The light of the LED was 
focused onto the retina through the objective of the microscope by means 
of mirrors and lenses to form a homogeneous spot with a diameter of 30 
µm. The output of the LED at the focal plane was measured with a 
radiometer (model 50-245, irradiance head J1812, Tektronix, U.K). The 
original stimuli were corrected for measured nonlinearities between the 
light output and the driving voltage. Mean illuminance levels were changed 
by insertion of neutral density filters (Schott, Germany). 
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Stimuli 
Classical stimuli 
Two types of classical stimuli were used, pulses and sinusoids. Pulse data 
were obtained at Weber contrasts, (Imax-Imin)/Imin, of 2 and 8. Pulses lasted 
for 10 or 500 ms. For pulse stimuli the highest background light level (I0 in 
Fig. 3) corresponded to 9.3×104 photons µm-2 s-1. Light levels 10 and 100 
times lower were obtained by using neutral density filters. Responses to 
sinusoids were obtained at Michelson contrasts, (Imax-Imin)/(Imax+Imin), of 
50% and 100%, and at temporal frequencies of 0.5, 2, 5 and 15 Hz. For 
sinusoids the mean light level corresponded to 4.8×105 photons µm-2 s-1. 
 
Natural time series of intensities 
As an appropriate stimulus for cones we used a natural times series of 
intensities (NTSI). The NTSI was measured with a light detector worn on 
a headband by a person walking through a natural environment (van 
Hateren, 1997; van Hateren & Snippe, 2001). The acceptance angle of the 
light detector was approximately 2 arcmin, and followed the direction of 
view of the face (see (van Hateren, 1997), for further details). Obviously, 
an NTSI thus measured is not identical to an intensity series that a goldfish 
cone would normally encounter: the environment is quite different as well 
as many parameters, such as speed and behavior of the organism, average 
distance to objects, and acceptance angle of the cones. Although it can be 
argued that several of these parameters cancel each other, and that scale-
invariance of the environment will produce NTSIs for different organisms 
that are not so different (van Hateren, 1997), such arguments are not 
essential for the present study. The only critical requirement of the stimulus 
is that the stimulus is sufficiently rich, i.e., that it contains variations in 
intensity and contrast with a natural mixture of predictability and 
unpredictability. These variations will presumably drive the cones into 
regimes of gain control similar to those engaged in truly natural 
circumstances. For the present experiments we carefully selected a 1 
minute section of an NTSI that was representative (in power spectrum, 
dynamic range, and temporal structure) of the entire database of NTSIs 
recorded (12 NTSIs of 45 minutes each). 

For the NTSI stimulus the mean light level corresponded to 1.5×105 
photons µm-2 s-1. The NTSI was presented at a sample rate of 1 kHz and 
responses were averaged over 5 repetitions. 
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Figure 1 Photoreceptor model. Boxes containing a τ represent first-order low-pass filters 
of unit DC-gain. Other boxes represent linear or nonlinear transformations of variables. 
Photopigment excited by light (I) has a lifetime τR and excites a G-protein that quickly 
forms a complex E* (with lifetime τE) with phosphodiesterase (PDE). PDE can hydrolyze 
cGMP at a rate β, which consists of a dark activity cβ by unexcited PDE, and a light-
dependent part kβ E*. The cGMP concentration (X) opens transduction channels (with 
apparent cooperativity nX) producing current Ios into the cone’s outer segment. Part of the 
current consists of calcium (C, extruded with a time constant τC), which drives cGMP 
synthesis (with cooperativity nC) and thus produces a feedback. Ios drives the nonlinear 
membrane of the inner segment, with a gain dependent on the membrane potential Vis. For 
more details see van Hateren (2005). 
 
Phototransduction model 
Fig. 1 shows the phototransduction model used in the present study. It is 
identical to the one developed in van Hateren (2005; see also (van Hateren 
& Lamb, 2006)) as part of a model that describes responses in macaque H1 
horizontal cells. Photocurrent in that model is generated in accordance with 
the current standard model. Briefly, light (I) excites visual pigment R 
converting it into R* (where the latter has a lifetime τR). R* excites a G-
protein G converting it into G* which quickly binds with phosphodiesterase 
(PDE). This activated PDE E* (with a lifetime τE) hydrolyses cGMP, and 
thus causes closing of cyclic nucleotide gated channels which are normally 
held open by cGMP. The result is that the current entering the cell is 
reduced, and that the cell hyperpolarizes. Because part of the current is 
carried by Ca2+ and Ca2+ is actively extruded from the cell by a Na+-Ca2+ 
exchanger, the intracellular Ca2+ concentration declines as well. This will 
affect two negative feedback pathways in the cone outer segment. In the 
first, the efficacy of cGMP binding to the channels is regulated by Ca2+, 
effectively reducing the apparent Hill coefficient of channel activation to 
nX=1 (see (van Hateren, 2005)). In the second, the production of cGMP by 
guanylyl cyclase is regulated by Ca2+. Ca2+ kinetics is determined by the 
Na-Ca exchanger (producing a time constant τC). The photocurrent drives 
the inner segment of the cone to yield the photovoltage, which is modeled 



Chapter 3 

59 
 

by a nonlinear feedback using a scheme presented in (Detwiler et al., 1980). 
The phototransduction model is described by the following equations: 
 

dR*/dt   =   (I  −  R*)/τR (1) 
dE*/dt   =   (R*  −  E*)/τE (2) 
β   =   cβ  −  kβE* (3) 
dX/dt   =   α  −  βX (4) 
dC/dt   =   (Ios   −  C)/τC (5) 

α   =   1/[1  +  (acC)
nc] (6) 

Ios   =   X
nx (7) 

dVis/dt   =   (Ios/gi  −  Vis)/τm (8) 
dgi/dt   =   (aisVis

γ  −  gi)/τis (9) 
 
For further explanation see (van Hateren, 2005). The parameter values 
obtained in this study are shown in Table 1, as well as the macaque values 
for comparison. 
 
Coherence methods 
The coherence between model prediction and measured response can be 
used to quantify model performance by comparing this coherence with the 
expected coherence inferred from measured response repeatability (Haag 
& Borst, 1998; van Hateren & Snippe, 2001; van Hateren et al., 2002). 
Briefly, the coherence γ2 between two signals, s1(t) and s2(t) is defined as 
the square of the cross-correlation of their Fourier transforms, S1(f) and 
S2(f), normalized by their power spectra: 

( )2
2

2
12

*
1

*
21

2 SSSSSS=γ , where the brackets denote averaging 

over a suitable partioning of the signals, and the asterisk denotes the 
complex conjugate. Spectra were calculated by periodogram averaging of 
50% overlapping data segments, with each periodogram the discrete 
Fourier transform of a cos2-tapered zero-mean data segment of 1024 ms, 
extended by zero-padding to 2048 ms. Results were not strongly dependent 
on segment length. Expected coherence (Haag & Borst, 1998) can be 
obtained from responses to repeated stimulus presentations as 𝛾𝛾exp2  = 
SNR/(SNR+1), where SNR is the unbiased Signal-to-Noise Ratio SNR=[(m-
1)/m] [S/N] – 1/m, where S and N are raw signal and noise power spectra, 
respectively, and m is the number of stimulus repeats (van Hateren & 
Snippe, 2001; van Hateren et al., 2002). It is convenient to collapse γ2 and  
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Table 1 Parameters and variables used in the model; see Fig 1. Values show mean and 
standard deviation of parameter values obtained from all model fits made for all individual 
cones and stimuli. Parameters with fixed values could not be well determined in the fits to 
the present set of stimuli and were either set close to the macaque value or fitted by hand 
to yield acceptable fits for the entire set of stimuli and cells. Notes: the smallest of the 
values at τR and τE is arbitrarily assigned to τR; a.u.=arbitrary unit. 
 
 
𝛾𝛾exp2 , which are functions of frequency, into a single number. The most 
straightforward way to do that is by defining a coherence rate 

dfR )1(log 2

0
2coh γ−−= ∫

∞

 

and an expected coherence rate 

dfR )1(log 2
exp

0
2exp γ−−= ∫

∞

 

Symbol Description Units Goldfish Value 
(this study) 

Macaque Value 
(van Hateren, 2005) 

 time constant of R* inactivation ms 20 ± 10 3.4 

 time constant of E* inactivation ms 30 ± 16 8.7 

 
rate constant of cGMP hydrolysis in darkness (ms)-1 3×10-3 (fixed) 2.8×10-3 

 
rate constant of cGMP hydrolysis (ms)-1(td)-1 (2.1 ± 2.1)×10-4 1.6×10-4 

 cGMP hydrolysis rate (ms)-1 - - 

 time constant of cGMP turnover ms - - 

 scaled cGMP concentration a.u. - - 

 apparent Hill coefficient of CNG activation - 1 (fixed) 1 

 scaled photocurrent of outer segment a.u. - - 

 time constant of Ca2+ extrusion ms 18 ± 12 3 

 scaled Ca2+ concentration a.u. - - 

 scaling constant of GC activation a.u. 0.1 (fixed) 9×10-2 

 apparent Hill coefficient of GC activation - 4 (fixed) 4 

 GC activity a.u. - - 

 capacitive membrane time constant ms 15 (fixed) 4 

 membrane voltage of inner segment mV - - 

 parameter of membrane nonlinearity - 0.85 ± 0.32 0.7 

 scaling constant of membrane nonlinearity (mV)-1-γ (4.7 ± 4.1)×10-2 7×10-2 

 time constant of membrane nonlinearity ms 300 (fixed) 90 

Rτ

Eτ

βc

βk
β

Xτ
X

Xn
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For discussion of the rationale of these equations see (van Hateren & 
Snippe, 2001). The specific form of these expressions is closely related to 
Shannon’s equation (Shannon, 1948), and coherence rate is therefore 
expressed in bit/s. It should be noted, however, that it is a biased estimate 
(an upper bound) of the information rate because not all signals involved 
are Gaussian (van Hateren & Snippe, 2001). To avoid confusion, we will 
therefore use the term ‘coherence rate’ rather than ‘information rate’. 
 
 
Results 
 
Van Hateren (2005) formulated a model for vertebrate photoreceptors 
which is highly nonlinear. This model formed the basis for an outer retinal 
model describing the responses of horizontal cells in primate retina (van 
Hateren, 2005) and was used to evaluate human ERG data (van Hateren & 
Lamb, 2006). So far the photoreceptor part of the model was not tested 
directly on photoreceptor responses. Validating that model is a major aim 
of the present study because it provides insight into which dynamical 
processes in the cone determine its response characteristics. In order to 
estimate the parameters of the photoreceptor model, we studied the 
dynamic properties of light responses of goldfish L- and M-cones to short 
and long flashes of light and sinusoidally modulated light and compared 
these responses to the responses of the model photoreceptors when 
stimulated with the same stimuli as used during experiments. 
 As the pigment epithelium was removed from the retinal 
preparation used in this study, light intensity levels were chosen such that 
a negligible fraction of the cone pigment became bleached, because 
recovery from bleaching may have been reduced or absent in our recording 
conditions. Furthermore, we used contrasts and light intensities that did not 
saturate cone responses. To reduce the possible influences of negative 
feedback from horizontal cells to cones on the responses, we used a small 
spot of light with a diameter of 30 μm to limit horizontal cell polarization. 
Moreover, it has previously been shown that under our experimental 
conditions (ECl=−55 mV) surround stimulation does not lead to 
polarization of cones (Kraaij et al., 2000). 
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Responses to pulses 
The responses of cones to flashes of either 10 or 500 ms at a Weber contrast 
of either 2 or 8 at three different light levels were studied first. The first 
three panels of Fig. 2 show the responses to flashes of 500 ms with contrasts 
of 2 and 8 together with the responses of the cone model. The three light 
levels are indicated at the top of the panels. Note that the scaling of the 
voltage axis is different for each panel. 
 

 
 
Figure 2 Responses of a cone photoreceptor and the phototransduction model to flashes. 
The four panels show the responses of a cone (dots) and the phototransduction model (red 
lines) to light flashes at three different light levels as indicated above the panels with 1 log 
unit steps. Flashes were of a Weber contrast of 2 (open dots and red line) or 8 (filled dots 
and red line), which is indicated near the traces in the panels. The stimulation period is 
marked by the thick black line below the responses. For A–C the flash lasted 500 ms. The 
stimulus of D had a duration of 10 ms and was performed at the same light level as C. For 
all panels the voltage axis has different scaling as indicated within each panel. The same 
parameter values are used for all model responses. 
 

The cone responses to 500 ms flashes are relatively sustained with 
a sag-back after light onset and response overshoot at light offset for all 
intensities and contrasts. For equal contrasts, response amplitudes increase 
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with light level, i.e. goldfish cones do not respond according to Weber's 
law at these intensities. At each intensity level a non-linear relationship was 
found between flash contrast and response amplitude: the response 
amplitude to the flash with a Weber contrast of 8 was always smaller than 
4 times the response amplitude to the flash with a Weber contrast of 2. 

Fig. 2D displays the responses to 10 ms flashes at the highest light 
level. The responses are slightly biphasic and the response amplitude at 
Weber contrast 8 is smaller than 4 times the response amplitude at Weber 
contrast 2. Since the duration of the 10 ms flash stimulus is considerably 
shorter than the integration time of the cone, the responses do not reach the 
same amplitude as with 500 ms flashes of corresponding contrasts. 

The red continuous lines in Fig. 2 are responses of the model cones. 
These curves were simultaneously fitted to the complete data set for each 
cell. Comparison of the red curves and the actually measured responses 
shows that they both have the same response characteristics. See 
Discussion for a detailed interpretation. 
 
Reponses to sinusoids 
Next, light responses to sinusoidal modulation were measured at 
frequencies of 0.5, 2, 5 and 15 Hz and Michelson contrasts of 50% and 
100%. Fig. 3 shows an example of the responses of an L-cone together with 
the responses of the cone model to the same stimuli. The different panels 
show the responses to different stimulation frequencies as indicated in each 
panel. The scaling of the time axis is chosen such that for each frequency 
the response to two stimulus periods is shown. The stimuli are displayed at 
the bottom of the figure. 

Goldfish cones are capable of following the sinusoidal stimulus at 
the highest temporal frequency used i.e. 15 Hz (Fig. 3D). Beyond 2 Hz 
stimulation (Fig. 3B), increased temporal frequencies yield decreased 
response amplitudes (Fig. 3C and D). At low and intermediate frequencies 
two different distortions are present, especially at high contrasts. At low 
frequencies (Fig. 3A), the distortion consists of an asymmetry around the 
response level produced by the mean intensity (dashed line). The result is 
a flattening of the hyperpolarization to the maximum of the stimulus and a 
sharpened shape of the depolarization to the minimum of the stimulus. At 
intermediate frequencies (Fig. 3B and C), an additional distortion, 
consisting of an asymmetry around the vertical axis, gives the response a 
sawtooth-like appearance. The hyperpolarizing flank has become faster 
than the depolarizing flank of the response to the sinusoid. 
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Figure 3 Responses of a cone photoreceptor and the phototransduction model to sinusoids. 
The panels show the voltage responses of a cone (dots) and the photoreceptor model (red 
line) to sinusoidal light stimulation of four different frequencies as indicated within each 
panel. Shown are the responses for two periods of stimulation, which are illustrated below 
the panels. For these responses, stimuli had a Michelson contrast of 50% (filled dots) and 
100% (open dots). Note the different y-axis scaling for each stimulation frequency. The 
dashed line is the response level produced by the mean light intensity. The same parameter 
values are used for all model responses. Recordings are from a different cone than in Fig. 
2. 
 

Next, the photoreceptor model was fitted to the voltage responses. 
The red lines in Fig. 3 show the simulated responses. They were 
simultaneously fitted to the complete data set for each cell. The model fits 
adequately describe all the characteristics of the real cone responses (see 
the Discussion for a detailed interpretation). 
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To check whether these non-linearties were due to membrane 
properties or due to properties of the phototransduction cascade, we 
recorded the responses of cones when they were voltage clamped at −80 
mV and stimulated by a 8 Weber 500 ms flash or a 2 Hz 100% contrast 
sinusoid. Fig. 4 shows that the non-linearities found in the voltage 
responses were also present in the current responses. The sag-back and the 
overshoot are both present in the current response but seem to be much 
smaller compared to the voltage response. This indicates that the sag-back 
and off-overshoot are partly due to the non-linear behaviour of the 
membrane. The current responses to the sinusoids show both non-linear 
features, the flattening of the response and the sawtooth-like behaviour. 
They are equal in strength in both the voltage and the current responses. 
This shows that the non-linear behaviour is due to non-linear properties of 
the phototransduction cascade. 

 
 

 
 
Figure 4 Voltage and current responses of a cone photoreceptor A, current (top) and 
voltage (bottom) responses of a cone when stimulated with a 500 ms flash of 8 Weber. 
Both responses show a biphasic nature. However, the biphasaic nature in the voltage 
response is much stronger than for the current response. B, current (top) and voltage 
(bottom) responses of a cone when stimulated with a 2 Hz 100% contrast sinusoid. The 
‘flattening’ and the ‘sawtooth’ non-linearities are visible in both traces to the same extent, 
indicating that these two non-linearities originate in the phototransduction cascade. 
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Figure 5 Responses of a cone photoreceptor and different models to a natural time series 
of intensities. A, the recorded natural time series of intensities (NTSI). On the right side 
of this panel, its corresponding probability density function (pdf) is plotted. B, the 
response (average of 5 individual responses) and resulting pdf of a cone photoreceptor 
where the NTSI was used as stimulus. C, the response and pdf of the phototransduction 
model when fitted to the cone of B. D, the response and pdf to the NTSI when using the 
linear filter that optimally transforms the stimulus into the measured response. E, detailed 
view of stimulus and responses around time = 6.0 s. F, detailed view of stimulus and 
responses around time = 17.5 s. Recordings are from a different cone than in Figs. 2 and 
3. 
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Cone responses to a natural time series of intensities 
To investigate the processing strategy of goldfish cones we studied how 
they respond to a natural time series of intensities (NTSI). The NTSI is 
plotted as a function of time in Fig. 5A. The time series shows a low mean 
intensity with occasional high intensity peaks. The probability density 
function (pdf), which is displayed to the right of the time series, shows the 
relative occurrence of each intensity level. The time series shows a 
distribution which is skewed towards the lower intensities and has a long 
tail into the higher intensity region. This kind of pdf is typical of NTSIs 
(e.g. (van der Schaaf & van Hateren, 1996; Burkhardt et al., 2006)). 

The NTSI was reproduced on an LED, and projected onto the cones 
at a light intensity avoiding significant pigment bleaching. A typical 
response of a cone stimulated with the NTSI is shown in Fig. 5B (left). The 
pdf of the response (Fig. 5B, right) is transformed compared to that of the 
original stimulus (Fig. 5A, right). Unlike the pdf of the stimulus, the pdf of 
the response is more symmetrical in shape. The pdf of the response shows 
that the cone devotes a large proportion of its dynamic range to the NTSI's 
lower intensities. 
 
Model responses to a natural time series of intensities 
Figure 5C shows the response of the photoreceptor model to the NTSI with 
parameters fitted for this cell. Comparing Fig. 5B and C indicates that the 
model captures most of the details of the cone response. The pdf of the 
model responses is similar to that of the cone. Next we evaluated whether 
a linear filter yields a similar good performance. This filter is the optimal 
linear filter as provided by the coherence analysis of stimulus and response. 
Although a linear filter (Fig. 5D) captures the large intensity changes 
adequately, it under-represents the responses to low intensities. For 
instance, the small intensity changes in the two enlarged sections, shown in 
Fig. 5E and F, are well represented by both the real cone and the 
photoreceptor model. They are much smaller in the response of the linear 
filter (Fig. 5D and E). At the right-side of Fig. 5D the pdf of the responses 
for the linear filter is given. Like the photoreceptor model and the cone 
response, it yields a distribution which is much more compact than that of 
the stimulus. It lacks the long tail present in the stimulus at high intensities 
because the sparse high intensity peaks are suppressed. As a result the 
dynamic range of the response is reduced. Whereas this compression of the 
dynamic range is partly attributable to non-linearities in the photoreceptor 
model, for the linear filter it is attributable purely to low-pass filtering. 
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Since high intensity peaks are sparse and therefore tend to be short in 
duration, they are particularly reduced by low-pass filtering. 
 

 
 
Figure 6 Coherence of a cone photoreceptor and different models. The coherences 
calculated for the same cone photoreceptor as in Fig. 4 (continuous line, expected 
coherence), the photoreceptor model (dashed line), and the optimal linear filter (dash–dot 
line) over the frequency range. The inset displays the amplitude transfer function of the 
linear filter. 
 

Finally, we quantified the performance of the photoreceptor model 
and the optimal linear filter using two parameters: i.e. the coherence and 
the coherence rate. The amount of coherence tells us, as a function of 
frequency, what fraction of the measured response is linearly related to the 
computed response (see Methods for a mathematical description). Roughly 
speaking it is like the squared correlation coefficient at each frequency 
component. The coherence is calculated between the noise-free model 
response and the measured individual response traces, and therefore is 
ultimately limited by the signal-to-noise ratio of the cone. For the measured 
cone responses a coherence (expected coherence) can be obtained from the 
response repeatability (see Methods). It can be interpreted as the coherence 
between the true mean of the response (which would have been obtained 
from averaging an infinite number of response traces) and the individual 
response traces. It is therefore the maximum coherence any model 
predicting the mean response could yield. The coherences of the 



Chapter 3 

69 
 

photoreceptor model, the linear filter, and the cone (expected coherence) 
are plotted in Fig. 6. The phototransduction model has a coherence which 
is close to that of the cone itself; the linear filter performs less well. The 
amplitude transfer function, the inset in Fig. 6, shows that the linear filter 
is essentially a low-pass filter. 

Integration of the coherence over the frequency range yields the 
coherence rate (Rcoh, see Methods for a mathematical description). It is 
expressed in bit per second because it is related to the information rate. The 
coherence rate of the cone itself (Rexp) is the maximum that can be attained 
by any model. The average coherence rate of cones measured was 43 ± 6 
bit s−1 (n= 11) and is set to 100%. The linear filter captures 48 ± 8% of the 
coherence rate of the cone, compared to 91 ± 5% by the phototransduction 
model as fitted to each individual cone. The phototransduction model with 
a generic parameter set (Table 1, average parameter values obtained from 
all fits to all cones) still yields 87 ± 8% of the cone coherence rate. 
 
 
Discussion 
 
In this paper, we examined the response behavior of cones to a NTSI. We 
found that a strong response compression occurs already in the cones. Low 
light intensities receive a higher gain than high intensities. Consequently 
the skewed intensity distribution found in NTSIs is transformed into a more 
symmetrical distribution of cone responses, in which small contrast 
modulations are well represented. It is this distribution which is ultimately 
transmitted to higher-order neurons. We evaluated two approaches to 
describe this behavior of the cones: an optimal linear filter and a nonlinear 
model incorporating known features of the phototransduction. Although 
the compressive transformation of the light distribution occurs in both 
approaches, the cone responses to small contrast modulations are best 
reproduced by the nonlinear model. These results indicate that cones 
perform a nonlinear transformation on a NTSI. 

The photoreceptor model of van Hateren (2005) used here is based 
on known processes of the phototransduction of cones and is highly 
nonlinear. It was used in a model of the primate outer retina to evaluate 
horizontal responses and to evaluate human ERG responses. The present 
study is the first study in which the model is directly compared to responses 
of cones themselves and shows that the photoreceptor model adequately 
describes the properties of cones for classical and natural stimuli. It 
describes the cone responses significantly better than a linear filter. 
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The responses measured in goldfish cones are qualitatively very 
similar to the corresponding measurements on macaque horizontal cells 
presented by Smith et al. (Smith et al., 2001). Nearly the same distortions 
in response to sinusoids are observed, as well as a similar nonlinear contrast 
response relationship and a similar change in gain as a function of 
background light level. From the model fits performed here and in van 
Hateren (2005) we can quantitatively compare the properties of primate 
and goldfish cones. Evaluation of the parameter sets used to describe the 
goldfish and the primate cones shows that they are remarkably similar 
(Table 1). The major difference between the two sets of parameters is that 
the time constants for the macaque cones are shorter, showing that primate 
cones are faster than goldfish cones. The possible reason for this difference 
in time constants might be the temperature of the preparation during the 
experiments. The responses of goldfish cones were recorded at room 
temperature (20 °C) whereas the responses of macaque horizontal cells 
were recorded at 36°C (Dacey & Lee, 1994). Given a Q10 between 2 and 4 
(Schellart et al., 1974) this temperature difference can account for the 
differences in time constants. The close correspondence of the other 
parameters between the goldfish and macaque cones may reflect the high 
level of conservation in the phototransduction machinery between these 
species. 
 
Responses to light flashes 
To assess the dynamic properties of cones we have used flashes of light 
upon different background light levels. For these flashes we used Weber 
contrasts, this implies that the absolute intensity of the flash increases with 
increasing background intensities. We find that this kind of stimulation 
results in increasing response amplitude for the same contrast when 
increasing background intensities. Therefore, for the light levels we used, 
cones did not show contrast constancy, i.e. did not follow Weber’s law. 
Burkhardt (Burkhardt, 1994) found similar results in salamander cone 
photoreceptors and showed that increasing light levels even further leads 
to a stabilization of the response amplitude for the same contrast. In that 
case cones do show contrast constancy. Likewise, macaque horizontal cells 
display increasing response amplitudes for increased background 
intensities (Smith et al., 2001). As a remark we note that many researchers 
use constant flash amplitudes for different background light levels. This 
causes the Weber contrast to decrease with increasing light levels resulting 
in lowering of the response amplitude. It should be stressed that this is fully 
consistent with our present results. 
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The pulse responses shown in Fig. 3 are biphasic. It should be noted 
that these responses show the membrane voltage of the cone and not the 
photocurrent. Various lines of evidence indicate that pulse responses are 
monophasic for the cone photocurrent. Cone current responses derived 
from ERG measurements on human retina show monophasic 
characteristics, well described by the standard model for photocurrent 
generation (van Hateren & Lamb, 2006). Similarly, photocurrent produced 
by short pulses on a bright background is monophasic in macaque cones 
((Dunn et al., 2007), their figure 1e). In figure 6 of van Hateren (2005), it 
can be seen that in the model the photocurrent is monophasic and without 
sagging, whereas the voltage response of the cone and horizontal cell is 
biphasic and shows sagging due to properties of the cone inner segment 
and pedicle. We have modeled this in the same way for the present 
measurements on goldfish cones: the biphasic pulse responses and sagging 
shown in Fig. 3 are attributed to properties of inner segment and cone 
pedicle (represented by the rightmost control loop in Fig. 1). 

In recent experiments on salamander cones, Soo et al. (Soo et al., 
2008) present photocurrent traces that show sagging in response to long 
pulses. A major difference with the present experiments is that their 
stimulus is presented on a dark background and not at photopic 
backgrounds as is done here. Soo et al. argue that the sag is presumably 
attributable to a change in front-end rate constants (equivalent to τR and τE 
in the scheme of Fig. 1). Given the overall match between measured and 
computed responses for the range of stimuli we used here, there is no need 
to assume such an additional process for the present results. If τR and τE also 
adapt under our recording conditions it appears to be a weak effect at most. 
 
The origin of sine-wave distortions in cone responses 
The responses of goldfish cones display two characteristic distortions to 
sinusoids: asymmetric responses around the mean level at low frequencies 
and a sawtooth like distortion at intermediate frequencies. These become 
more apparent at higher contrasts. Such distortions are also found in the 
macaque H1 horizontal cell (Smith et al., 2001) and are indicative for 
processing nonlinearities. Very similar distortions were found in cat 
horizontal cells as well (Lankheet et al., 1991). Detailed modeling (van 
Hateren, 2005) suggested that the origin of these nonlinearities can be 
found in the cones. Our cone data provide support for this suggestion. 

In the model of van Hateren, the activity of phosphodiesterase 
(PDE) is defined as β. As discussed in van Hateren (2005) 1/β turns out to 
be very important value for setting the sensitivity and the time constant of 
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the system. The first distortion, which is the asymmetry around the resting 
level, is mainly produced by this static nonlinearity 1/β. The low intensity 
part of the sinusoidal stimulus leads to a small β and successively a large 
1/β and thus a large response. In the high intensity part of the sinusoid β is 
large and in that way reduces the response amplitude. The calcium-
feedback loop will also contribute to this distortion, although to a lesser 
extent. The second distortion, the sawtooth like distortion with the falling 
flank steeper than the rising flank, originates from the low pass filter 
properties of the calcium-feedback loop. When the light intensity starts to 
rise from the trough of the sinusoid, β is small but gets larger and therefore 
1/β gets smaller quickly. Normally this would be moderated by the negative 
feedback of the calcium loop, but because β is still small at this point in 
time the associated time constant τX = 1/β is long and it therefore takes some 
time before the calcium feedback becomes effective. Therefore the falling 
flank of the response is steep. At the rising flank β changes from large to 
small, therefore τX is short and the calcium feedback acts quickly to make 
the flank less steep than it would have been without calcium feedback. 

Van Hateren (2005) describes a third kind of distortion to sinusoids 
in macaque horizontal cells responses, which can also be found in cat 
horizontal cells. This distortion occurs at high frequencies (about 30 Hz) 
and leads to a steeper depolarizing flank compared to the hyperpolarizing 
flank. This distortion can be attributed to the subtractive feedback circuit 
of horizontal cells regulating the synaptic output of cones in such a way 
that it only affects the horizontal cell membrane potential and not the cone 
membrane potential (van Hateren, 2005). This is consistent with 
physiological results from Kraaij et al. (Kraaij et al., 2000). Moreover, 
possible feedback responses that would be visible in the cones have been 
strongly reduced by our experimental approach (see beginning of Results). 
Consistent with this approach and the hypothesis that the third type of 
distortion is generated by the horizontal cells we did not find any evidence 
for this type of distortion in our cone data. 
 
Functional role of cone nonlinearities 
A major function of cones is to ensure that the very wide range of intensities 
and contrasts encountered in natural environments is compressed in such a 
way that the signals fit into the cell’s response range. The major strategy 
used by vertebrate cones to accomplish this is the hydrolysis of cGMP by 
activated PDE, a nonlinear process that causes an inverse relationship 
between light intensity and channel opening (1/β). The dynamics of the 
nonlinear equation governing this process are such that it also makes the 
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cone faster at higher background intensities. However, the inverse 
relationship does the job too well: it would overcompress natural 
intensities, leading to a skewed distribution once more, but now with a long 
tail not at high intensities but at low intensities (see the Supplementary 
Material of van Hateren (2005) for a mathematical analysis, and van 
Hateren and Snippe (2006) for a graphical illustration). The calcium 
feedback loop reduces the effect of the 1/β nonlinearity through negative 
feedback, bringing the transformation closer to what is required for natural 
intensity distributions. Similarly, the dynamic nonlinearity of the inner 
segment (essentially a band-pass filter) helps to further reduce the required 
response range. In figure 3 of van Hateren and Snippe (2007) the relative 
contribution of the various processes can be seen. Eventually, all processes 
in the cone contribute towards reaching contrast constancy (i.e., the same 
response to a given contrast independent of background light level) in the 
visual system. 
 
Linear or nonlinear processing in photoreceptors 
The processing strategy of cone photoreceptors was tested experimentally 
by stimulation with a NTSI. These stimuli show a large dynamic range with 
a distribution which is skewed towards the lower intensities or contrasts. 
We find that goldfish cones when presented with this NTSI partly correct 
this skewed distribution in their voltage response, whilst enhancing small 
contrast modulations. The behavior of cones in our experiments can be best 
modeled by a nonlinear biophysical model. It has been argued that static 
responses can be described by a logarithmic transformation ((Normann & 
Werblin, 1974; Laughlin & Hardie, 1978; Normann & Perlman, 1979; 
Laughlin, 1981) see also van Hateren and Snippe, 2006). Such a 
transformation has an interesting functional interpretation because it 
implies contrast constancy. We tested a logarithmic transformation of the 
NTSI for computing the dynamic responses of the present study, i.e., a 
logarithm followed by the optimal linear filter produced by the subsequent 
coherence analysis. We found that such a transformation indeed performs 
significantly better (65 ± 6 % of the cone coherence rate) than only a linear 
filter (48%), but also considerably worse than the biophysical 
photoreceptor model (87-91%). A type of model that has recently gained 
popularity (e.g. (Mante et al., 2005)) consists of a linear filter followed by 
a static nonlinearity. It is likely that such a model performs at least as good 
as a logarithmic transformation on the NTSI responses. However, we have 
not investigated such a model here, because it cannot explain all 
nonlinearities we found (such as the asymmetrical distortion of sinusoids), 
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does not produce changes in speed as a function of background light level 
(van Hateren, 2005), and has no clear functional or biophysical 
interpretation. 

Vu et al. (Vu et al., 1997) reported that rod photoreceptors of the 
salamander behave as linear transducers, using fairly low contrast stimuli 
obtained from natural environments. Apart from possible differences 
between rods and cones, we believe that a main reason for the difference 
between their and our results lies in the contrasts used. Indeed, for low 
contrasts photoreceptors act as linear transducers in good approximation. 
Similar results are reported for salamander cones by Burkhardt et al. 
(Burkhardt et al., 2006), who show that the contrast-response curve of 
cones is much shallower than that of bipolar cells for naturally occurring 
contrasts. However, when one also includes higher contrasts it becomes 
clear that the photoreceptor actually is a nonlinear transducer, which only 
responds linearly over a limited range of contrasts. This is evident when 
stimulating with the natural time series of intensities, which contains both 
low and high contrasts. 
 
 
Conclusions 
 
The visual system is faced with the task to code the wide range of intensities 
and contrasts as encountered in natural scenes into a limited neuronal 
response range. This study directly shows that in goldfish cones much of 
the essential compression already takes place in the photoreceptors and can 
be related to properties of the phototransduction cascade as was suggested 
by van Hateren (2005) for macaque cones. 
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Abstract 
 
Natural stimuli contain a large amount of redundant information in the 
temporal and spatial domains. In addition, the spectral sensitivities of cone 
photoreceptors widely overlap, creating redundancies in the spectral 
domain. The retina needs to reduce these redundancies to optimally encode 
visual information. Previously, we have shown that photoreceptors 
improve coding efficiency by normalizing the skewed distribution of light 
intensities of a natural monochromatic stimulus over their response range. 
In the current study, we have broadened our scope on this subject with 
recordings from goldfish cones, monophasic (MHC), and biphasic 
horizontal cells (BHC) using a chromatic stimulus. We found that there is 
no further improvement in the redistribution of stimulus intensities from 
cones to either of the horizontal cell types. Next, we determined the bitrate 
for cones and HCs, which is a measure for the amount of information a 
neuron can transmit, and related to the signal-to-noise ratio (SNR). The 
bitrate is significantly enhanced in both horizontal cell types compared with 
cones. This is probably because horizontal cells receive input from many 
cones and are electrically coupled. Moreover, monophasic horizontal cells 
have a significantly higher bitrate compared with biphasic horizontal cells. 
This might be attributed to the fact that L- and M-cone inputs to the 
biphasic horizontal cells is opponent. This subtraction of the inputs in the 
BHCs reduces the signal while the noise remains equal, thus reducing the 
SNR and consequently the bitrate. Such difference in SNR is not 
compensated for by stronger low-pass filtering in BHCs compared with 
MHCs, since the filtering characteristics of both cell types were essentially 
similar. 
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Introduction 
 
Natural images contain strong correlations in space and time (van Hateren, 
1993; Dong & Atick, 1995), resulting in a large amount of statistically 
redundant information. Furthermore, redundancy in the spectral domain is 
induced by the large overlap of spectral sensitivity of cone photoreceptors 
(Atick, 1992) and the neuronal elements constituting the visual system are 
noisy. On the other hand, the resources of the visual system (number of 
neurons, their dynamic range, number of synaptic contacts, etc.) encoding 
this information, are limited and thus require efficient use. Much of the 
neural activity in the early stages of visual processing is concerned with 
reducing statistical redundancy of the sensory input by efficient coding and 
improving the signal-to-noise ratio by filtering. 

Coding strategies dealing with redundancies can be divided in 
minimum redundancy codes and minimum entropy or factorial codes 
(Atick, 1992). The first strategy aims to eliminate inefficiency due to non-
uniform probability distributions of the input signal. The second strategy 
deals with correlations within the stimulus. Previously, we have shown that 
single cones process naturalistic stimuli according to a minimum 
redundancy code (Endeman & Kamermans, 2010). Photoreceptors 
redistribute the heavily skewed distribution of light intensities of a natural 
scene in the temporal domain, into a more symmetrical response 
distribution. This transformation leads to a more efficient code since it 
utilizes the available response range more equally, thus makes better use of 
the information capacity of the photoreceptor. Comparable coding behavior 
has been found in the large monopolar cell of the blowfly (Laughlin, 1981). 

Next to reducing redundancy, the retina also employs several 
mechanisms to keep the amount of noise in its signal at acceptable levels. 
In the outer retina, most noise originates from the phototransduction 
cascade and synaptic transmission of photoreceptors (Choi et al., 2005; 
Borghuis et al., 2009; Angueyra & Rieke, 2013). One way of minimizing 
this noise is by converging photoreceptor output. Horizontal cells (HCs), 
for instance, receive input from a multitude of photoreceptors and are 
strongly coupled by gap-junctions. This causes the HC responses to be an 
integral of a large population of cone inputs. Since both phototransduction 
noise and synaptic noise generated in each cone are uncorrelated, noise in 
HCs is reduced, which increases the signal-to-noise ratio (SNR). 

Because cones have widely overlapping spectral sensitivities, their 
responses are highly correlated and consequently send redundant 
information to second order neurons such as HCs. One way of reducing this 
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form of redundancy is by using and opponent/non-opponent coding scheme 
(Atick, 1992). Buchsbaum and Gottschalk (Buchsbaum & Gottschalk, 
1983) found that the optimal coding scheme, based on the spectral 
sensitivity of cones is, distribution into three channels, with monophasic, 
biphasic, and triphasic response profiles. HCs in goldfish seem to use such 
an opponent/non-opponent coding scheme. However, such a coding 
scheme comes at a cost. Since the inputs from L- and M-cones are 
subtracted in the opponent channel, the signal will reduce while the noise 
remains equal. This would lead to decrease in SNR, which might require 
more low-pass filtering (Atick, 1992). 

The goldfish retina contains three types of cone-driven HCs: 
monophasic HCs (MHC) hyperpolarize to light stimuli over the whole 
visual spectrum, biphasic HCs (BHC) depolarize to red light and 
hyperpolarize to blue and green light, and triphasic HCs (THC) 
hyperpolarize to blue and red light and depolarize to green light. The 
spectral coding of HCs is brought about by a cascade of feedforward and 
feedback pathways  (Stell & Lightfoot, 1975; Yang et al., 1982, 1983; 
Kamermans & Spekreijse, 1995). In general terms, MHCs are summing the 
L-, m- and S-cone inputs and from a non-opponent channel, while BHCs 
are subtracting L- from M-and S-cone input and thus form an opponent 
channel. Therefore, we predict that the SNR ratio in MHCs is higher than 
in BHCs, which might be accompanied by stronger low-pass filtering. 

In this paper, we extend our previous research to the redistribution 
of information over responses levels to HCs. We compare the filter 
characteristics, the amount of information content and signal-to-noise ratio 
(SNR) between cell types. We find that cones and HCs convert the highly 
skewed and peaked intensity distribution of natural scenes into a broad 
symmetrical distribution. No significant improvement of this 
transformation occurs from cones to HCs. Furthermore, we find, as 
predicted, that HCs maintain a higher bitrate, a measure related to the SNR, 
compared with cones and MHCs have a higher bitrate than BHCs. 
 
 
Materials and Methods 
 
All experimental procedures adhered to the ARVO Statement for the Use 
of Animals in Ophthalmic and Vision Research, and conformed to the 
guidelines for the Care and Use of Laboratory Animals of The Netherlands 
Institute for Neuroscience acting in accordance with the European Union. 
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Experimental Animals 
Goldfish, Carassius auratus (12 - 16 cm standard body length), were kept 
at 16 °C under a 12-hour dark, 12-hour light cycle. Experiments were 
performed with fish that were between 6 and 9 hours into their light phase. 
Recordings from cones and HCs were made in flat mounted isolated retina 
preparations. 
 
Isolated retina preparation for cone and HC recordings 
Fish were dark-adapted for at least 3 minutes and all further steps in 
preparation were performed in the dark or under dim deep red light 
illumination. After decapitation, an eye was enucleated and hemisected and 
most of the vitreous was removed with filter paper. The retina was isolated, 
placed receptor side up in a superfusion chamber (volume 0.75 ml) 
mounted on a Nikon Eclipse 600FN microscope (Nikon, Tokyo, Japan) for 
cone recordings or an Olympus IMT2 inverted microscope (Olympus, 
Tokyo, Japan) for HC recordings. The retina was superfused continuously 
(1.5 ml/min) with a Ringer's solution. The Ringer’s solution contained (in 
mM) 102.0 NaCl, 2.6 KCl, 1.0 MgCl2, 1.0 CaCl2, 28.0 NaHCO3, 5.0 
glucose and was continuously gassed with approximately 2.5% CO2 and 
97.5% O2. pH was adjusted to 7.8 by making small changes in the amount 
of CO2 in the gas mixture. All chemicals were obtained from Sigma-
Aldrich (St. Louis, MO, U.S.A.). 
 
Electrodes and recording equipment for cone recordings 
Pipettes were pulled from borosilicate glass (GC150TF-10, Harvard 
Apparatus Ltd., Kent, United Kingdom) with a Sutter P-87 micropipette 
puller (Sutter Instruments Company, Novato, CA, U.S.A.). Impedances 
ranged from 3 to 6 MΩ when filled with pipette medium and measured in 
Ringer's solution. 

The patch pipette medium contained (in mM): 10 KCl, 96 D-
Gluconic-K, 1.0 MgCl2, 0.1 CaCl2, 5.0 EGTA, 5.0 HEPES, 5.0 ATP-K, 1.0 
GTP-Na3, 0.2 3':5’-cGMP-Na, 20 phosphocreatine-Na2 and 50 units/ml 
creatine phosphokinase. The pH of the pipette medium was adjusted to 7.25 
with KOH. Electrodes were mounted on a PCS-5000 micromanipulator 
(Burleigh Instruments Inc., Fishers, NY, U.S.A.) and connected to an 
Axopatch 200A patch-clamp amplifier (Axon Instruments Inc., Union City, 
CA, U.S.A.). 

The preparation was illuminated with infrared light (λ > 850 nm; 
Wratten filter 87c, Kodak, Rochester, NY, U.S.A.), magnified with a Nikon 



Chapter 4 

83 
 

60x water immersion objective (N.A. = 1.00), and viewed using differential 
interference contrast and a video camera (Philips, Eindhoven, The 
Netherlands). Data acquisition and control of the patch clamp were done at 
1 kHz with a 1401 AD/DA converter and Signal 3.07 (both from 
Cambridge Electronic Design Ltd., Cambridge, United Kingdom). 
 
Electrodes and recording equipment for HC recordings 
Microelectrodes were pulled on a horizontal puller (P-80/PC, Sutter 
Instruments Company) using aluminosilicate glass (SM100F-10, Harvard 
Apparatus Ltd.) and had impedances ranging from 100-200 MΩ when 
filled with 3M KCl. Electrodes were mounted on a Mini 25 
micromanipulator, controlled by a SM-5 keypad in combination with a SM-
7 control box (All from Luigs and Neumann, Ratingen, Germany). 
Intracellular recordings were made with a S7000A microelectrode 
amplifier system and S7071A electrometer module (both from World 
Precision Instruments Inc., Sarasota, FL, U.S.A.), sampled at 1 kHz using 
a CED 1401 AD/DA converter coupled to Signal 3.07 (also from 
Cambridge Electronic Design Ltd.). 
 
Optical stimulator 
Light stimuli were generated with a custom-made LED stimulator based on 
a three wavelength high intensity LED (Atlas, Lamina Ceramics Inc., 
Westhampton, NJ, U.S.A.). Peak wavelengths were 465, 525, and 624 nm 
and bandwidths were smaller than 25 nm for all LEDs. An optical feedback 
loop ensured linearity. The output of the LEDs was coupled to the 
microscope via light guides. Full-field chromatic light stimuli were 
projected through the microscope condenser (N.A. = 1.25) for cone 
recordings and through a 2× objective lens (N.A. = 0.08) for HC recordings. 
The mean light level of the stimulus corresponded to 3.6 × 105 photons µm-

2 s-1. 
 
Natural time series of chromatic intensities 
Cones and HCs were stimulated with a natural time series of chromatic 
intensities (NTSCI), which was previously used in by van Hateren and 
others for experiments in the macaque retina (van Hateren et al., 2002). 
This chromatic stimulus was recorded at the Westfriese Flora 
(Bovenkarspel, The Netherlands) with a digital video camera (GR-
DVL9600, JVC, Yokohama, Japan) while walking through the exhibition. 
The camera was used in progressive scan mode, at 25 frames per second 
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(fps), and was held steady, either with only unintentional manual vibration 
or with deliberate manual displacements and smooth scans. Every 2–3 sec 
a shift of varying angle was made toward a new camera heading. The movie 
was presented 6.67 times faster than recorded, and so there were effectively 
two to three gaze shifts per second in the stimulus. This recording 
procedure was an attempt to roughly mimic typical eye movements. The 
recorded movie was transported to a PC and stored as separate frames in a 
noncompressed format. The movie was originally created for recordings in 
the macaque retina and therefore reduced to a temporal stimulus by 
spatially averaging the effective L-, M-, and S-cone illuminances produced 
over a circular weighting profile shaped as a cosine in the interval -π/2 to 
π/2 (full diameter 15 arc min, positioned in the center of the movie). The 
resulting stimulus had a duration of 54 seconds and was presented at 166.67 
Hz with a resolution of 12 bits. During a recording, the stimulus was 
typically repeated five times. Each repeat was preceded and followed by an 
equal energy white stimulus of 4.5 seconds with the same mean luminance 
as the movie. We found that there was generally no systematic change in 
response from the first to the last repeat. 
 
Data evaluation 
All calculations in this paper were standardized to a time resolution of 1 
ms, providing a frequency bandwidth of 500 Hz. 
 
Probability distributions 
To allow comparison between probability distributions of stimulus and 
different cell types, data were converted to z-scores with a zero mean and 
a standard deviation of one. The shape of probability distributions was 
described by calculating the kurtosis and skewness. Distributions plots 
were generated using 100 equally spaced bins. 
 
Coherence methods 
Expected coherence (Haag & Borst, 1998) and bitrate (van Hateren & 
Snippe, 2001) were inferred from measured response repeatability and 
were computed as follows. From the responses ρi(t) to m stimulus repeats, 
the average: 
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is calculated. The power spectrum of �̅�𝜌(𝑡𝑡) is Sraw, a (biased) estimate of the 
signal power spectrum. For each response, the deviation 𝛿𝛿𝑖𝑖(𝑡𝑡) = 𝜌𝜌𝑡𝑡(𝑡𝑡) −
�̅�𝜌(𝑡𝑡) is calculated and its power spectrum Ni determined. Then, 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 =
1
𝑚𝑚
∑ 𝑁𝑁𝑖𝑖𝑚𝑚
𝑖𝑖=1  is a (biased) estimate of the noise power spectrum. Unbiased 

estimates of signal and noise power can be obtained (van Hateren & Snippe, 
2001) as �̂�𝑆 = 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 −

1
𝑚𝑚−1

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑁𝑁� = 𝑚𝑚
𝑚𝑚−1

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟,which yields the 
unbiased signal-to-noise ratio (SNR)): 
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To obtain an estimate of the information transmitted, the bitrate was 
calculated as follows. The expected coherence is (Haag & Borst, 1998): 
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and the bitrate is: 
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where the integral extends to a frequency f0, where the coherence has 
become zero. Because the  and thus 𝛾𝛾exp2 is unbiased through (3), 𝛾𝛾exp2  
fluctuates around zero for high frequencies, and Rexp(f) becomes essentially 
flat for sufficiently high f0. Thus, the choice of f0 is not critical, as long as 
it is high enough. 

Power spectra were calculated by periodogram averaging of 50% 
overlapping data segments, with each periodogram the discrete Fourier 
transform of a Hann- (sometimes called cos2) tapered zero-mean data 
segment of 1000 ms. 
 
Filter characteristics 
The frequency response function for the different cell types were calculated 
separately for the 525 nm and 624 nm stimulus by dividing the average 
power of the responses of one cell by the power of one of the stimuli. 
Results were subsequently normalized and converted to dB-scale. 
 
 

SNR
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Statistics 
In total, we successfully recorded from 8 cones, 7 MHCs, and 4 BHCs. 
Data are presented as mean ± standard deviation. Differences were 
evaluated for statistical significance (p < 0.05) using Student’s T-tests. For 
box plot figures, box encloses first and third quartiles, band inside box 
represents the second quartile (median), mean is indicated by a filled 
square, and whiskers show 1.5 times the interquartile range. 
 
 
Results 
 
Minimal redundancy code 
We recorded voltage responses of goldfish cones, MHCs and BHCs upon 
full-field stimulation with a Natural Time Series of Chromatic Intensities 
(NTSCI), to see whether cones and HCs use a minimal redundancy code 
under natural stimulus conditions. The transformations occurring at 
different levels of retinal processing were examined by comparing the 
probability density plots of the stimulus and the responses of these neurons. 
Fig. 1 displays the stimulus together with examples of responses for the 
different cell types. 

Fig. 1A shows the normalized intensities of the 525-nm and 624-
nm LED, for the entire stimulus duration. Both stimulus channels consist 
of mainly low intensities, which are alternated with brief high intensity 
peaks. To gain more insight in the stimulus content, the probability 
distributions of light intensities were calculated and transformed to z-scores 
(aka standard scores). The resulting probability distributions of both stimuli 
and their average are shown in Fig. 1B. The 525-nm and 624-nm stimulus 
both have a peaky, skewed distribution of light intensities. This was 
quantified by calculating the kurtosis, which is a measure of the 
“peakedness”, and the skewness, which is a measure of the asymmetry of 
the probability distribution. The box plots in Fig 2A and 2B show the 
results of this analysis. The kurtosis (8.34 versus 9.33) and skewness (2.16 
versus 2.22) are about equal for the 525-nm and the 624 nm stimulus. 

Fig 1C shows an example of the average response of 5 repeats of a 
cone for the entire stimulus. The mean probability distribution of all cones 
recorded is shown in Fig 1D. Since cones hyperpolarize to light 
stimulation, the x-axis for the probability plots of retinal cells was inverted 
relative to the x-axis of the stimulus probability plot. Comparing Fig 1B 
with Fig 1D shows that the peaky and skewed distribution of the stimulus 
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was transformed into a broader and symmetrical distribution in cone 
responses. This is quantified in Fig 2A and 2B. 
 
 

 
 

Figure 1 Graphical representation of the chromatic timeseries of intensities (CTSI) and 
examples of responses for different cell-types together with probability distribution 
functions. (A) Normalized intensity for the 525-nm (green line) and 624-nm (red line) 
LED used to stimulate the retina. (C, E, and G) Examples of average responses from a 
cone photoreceptor (C), a MHC (E) and a BHC (G) to the stimulus, average of 5 individual 
responses with mean response set to zero. At the right hand of these examples the average 
probability distributions of the z-scores for the stimuli and the cell-types recorded are 
shown (B, D, F, and H). To ease comparison of these distributions, the z-scores of cell 
responses are plotted from positive to negative since photoreceptors hyperpolarize to light. 
The shaded area depicts the standard deviation. Going from top to bottom, one can see 
that the skewed distributions of intensities of the stimuli are progressively being 
transformed into a more symmetrical distribution of cellular response levels. 
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Figure 2 Statistics of the probability distribution functions for stimuli and the different 
cell types recorded. (Left panel) Values for the kurtosis of the probability distributions of 
the 525-nm and 624-nm stimulus, cones, MHCs and BHCs. (Right panel) Values for the 
skewness of the probability distributions of the 525-nm and 624-nm stimulus, cones, 
MHCs and BHCs. 
 

Similar behavior can be seen in the data collected from MHCs (Fig 
1E) and BHCs (Fig 1G) and their probability distributions shown in Fig 1F 
and 1H, respectively. Quantification of these distributions is given in Fig 
2A and 2B. The kurtosis of the probability distribution was 8.8 ± 0.70 (n = 
2) for the stimulus channels, decreased in cones to 4.3 ± 1.2, (p < 0.01, n = 
8) but was not significantly further reduced in MHCs (3.4 ± 0.91, n = 7) 
and BHCs (3.6 ± 1.0, n = 4). For this parameter, the two types of HCs 
significantly differed from to the stimulus (p < 0.01, in both cases), but not 
from each other. The skewness significantly decreased during retinal 
processing as well. The skewness of the stimulus was 2.2 ± 0.042 (n = 2). 
In cones, it was reduced to -0.34 ± 0.97 (p < 0.01, n = 8), in MHCs to -0.30 
± 0.57 (p < 0.01, n = 7) and in BHCs to -0.15 ± 0.74 (p < 0.01, n = 4). Also 
for this parameter, there was no significant difference between cones, 
MHCs and BHCs. For none of the retinal neurons the skewness 
significantly differed from zero, meaning that their responses are 
symmetrically distributed. 

Together, these data show that the asymmetrical distribution of 
natural light intensities is transformed into a more symmetrical and less 
peaky output of outer retinal neurons. Thus, coding inefficiency due to 
unequal use of response levels is reduced. Moreover, no significant change 
of this transformation occurs during the transfer of information from cones 
to HCs. 
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Figure 3 Frequency response curves and filtering properties. (A) Average frequency 
response curves of cones (solid line), MHCs (striped line), and BHCs (dotted line) versus 
525-nm stimulus. (B) Average frequency response curves of cones (solid line), MHCs 
(striped line), and BHCs (dotted line) versus 624-nm stimulus. (C-D) Box plot data of the 
f3dB cut-off frequency determined from the frequency response curves for the different cell 
types for 525-nm and 624-nm stimulus. (E-F) Box plot data of the f6dB cut-off frequency 
determined from the frequency response curves for the different cell types for 525-nm and 
624-nm stimulus. 
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Filter characteristics 
Optimizing the SNR is an essential step in coding. Noise has a rather flat 
power spectrum, whereas the signal is dominated by lower frequencies. 
Improving the SNR can be done by low-pass filtering, which will mostly 
remove noise while hardly affecting the signal, or by electrically coupling 
cells with gap-junctions. We analyzed the filtering characteristics occurring 
at different stages of retinal processing by calculating the frequency 
response functions of the different cell types for both stimuli separately. 
Results for the 525-nm stimulus are plotted in the left column of Fig. 3, 
those for the 624-nm stimulus in the right column. The frequency response 
function of all retinal cell types recorded show low-pass filtering (Fig.3A-
B), this was quantified by determining the -3 dB (f3dB) and -6 dB (f6dB) cut-
off frequencies (Fig. 3C-F). The average f3dB for cones (5.3 ± 1.6 Hz for 
525-nm, 5.7 ± 1.8 Hz for 624-nm, n = 8) were, significantly lower than for 
MHCs (9.4 ± 4.3 Hz for 525-nm, 10.1 ± 4.1 Hz for 624-nm, n = 7, p < 0.05 
in both cases). Whereas, compared to BHCs (10.1 ± 4.7 Hz for 525-nm, 9.9 
± 6.0 Hz for 624-nm, n = 4) only the f3dB for the green stimulus was 
significantly different (p < 0.05). However, the f6dB for both 525-nm and 
624-nm stimulus were significantly lower in cones (7.5 ± 2.3 Hz for 525-
nm, 7.8 ± 2.3 Hz for 624-nm, n = 8) compared to MHCs (14.2 ± 4.9 Hz for 
525 nm, 14.4 ± 4.9 Hz for 624-nm, p < 0.01 in both cases, n = 7) and BHCs 
(16.4 ± 1.8 Hz for 525-nm, 15.9 ± 2.5 Hz for 624-nm, p < 0.01 in both 
cases, n = 4). For both stimuli, there were no significant differences for f3dB 
and f6dB between MHCs and BHCs. These experiments show that cones 
have a lower f3dB than HCs and that MHCs and BHCs have very similar 
filter characteristics. 
 
Expected coherence and bitrate 
The expected coherence is a measure indicating the amount of information 
a neuron can transmit. This measure is inferred from the signal-to-noise 
ratio (SNR) and based on the response repeatability; i.e. the degree in which 
single response traces deviate from the mean response. Fig. 3C shows the 
expected coherences for cones, MHCs and BHCs (solid, striped and dotted 
lines, respectively). Interestingly, both types of HCs, but especially the 
MHCs, can transmit significant information at much higher frequencies 
than cones. This is most likely due to the electrical coupling of HCs and 
the large conversion of cone signals in HCs. Since HCs receive input from 
many cones they average out the noise in the cone signals. 
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Figure 4 Expected coherences and bitrates. (Left panel) Average expected coherence of 
cones (solid line), MHCs (striped line), and BHCs (dotted line). (Right panel) Bitrate 
values inferred from expected coherence curves for the different cell types. 
 

Integrating the expected coherence over the frequency yields the 
bitrate in bits per second. The values calculated for this measure for the 
different cell types are shown in the box plot of Fig. 3D. The average bitrate 
of cones was 47.3 ± 6.18 bits/sec (n = 8). MHCs had an average bitrate of 
166.3 ± 29.2 bits/sec (n = 7), a significant increase compared with cones (p 
< 0.01). The average bitrate of BHCs was 86.6 ± 50.6 bits/sec (n = 4), 
significantly lower than in MHCs (p < 0.01), but higher than in cones (p < 
0.05). 
 
 
Discussion 
 
Optimal neural coding of natural images for noisy overlapping channels of 
limited dynamic range consists of a combination of remapping input, low- 
and high-pass filtering, and opponent/non-opponent coding. Remapping in 
order to effectively use the whole dynamic range of a neuron, high pass 
filtering and opponent/non-opponent coding for removing redundancies, 
and low-pass filtering to keep the SNR within acceptable limits. The 
question we addressed in this paper is which of these coding strategies are 
used in the first retinal processing stages. We find that cones and HCs of 
the goldfish retina transform the skewed intensity distribution of the 
stimulus into more symmetrical and less peaky response distributions. Such 
transformation is a form of minimal redundancy code. Convergence and 
electrical coupling leads to an increase in bitrate in HCs compared with 
cones. Since HCs in goldfish use an opponent/non-opponent coding 
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scheme, the bitrate in BHCS is lower than in MHCs. Interestingly, this 
reduction in SNR in BHCs is not compensated for by stronger low-pass 
filtering. 

Natural scenes display a non-uniform probability distribution of 
intensities, which is skewed to the right, i.e. lower intensities occur most 
frequent. On the other hand the response range of photoreceptors, like that 
of all neurons, is limited. To efficiently encode the non-uniform probability 
distribution of its input, photoreceptors output must be such that all 
response levels are used with equal frequency. The probability distributions 
of cones reported in this paper are in line with this idea. The response 
distribution is significantly less skewed and less peaky than that of the 
stimuli. Previously, we obtained similar results from cones using a 
monochromatic stimulus (Endeman & Kamermans, 2010). In that study, 
we proposed non-linearities in the phototransduction cascade accomplish 
the transformation of the probability distribution. 

In addition, we find that the transformation of the response 
distribution progresses no further in MHCs and BHCs. The kurtosis and 
skewness of the response distributions of these second-order neurons is 
comparable with that of cones. The skewness of the response distribution 
of cones does not significantly differ from zero. Therefore, it seems that an 
optimal normally distributed response is already attained in cones and no 
further improvement from a coding point of view is required. 

Similar to the response behavior we found in cones and HCs, large 
monopolar cells (LMC) of the blowfly compound eye have been shown to 
transform the probability distribution of contrasts found in the environment 
of the fly to a uniform distribution by the function relating the contrast to 
the membrane potential of this neuron (Laughlin, 1981). 

The power spectrum of natural signals decreases with 1/fβ 
(0.7<β<3), whereas the power spectrum of noise is essentially flat. Hence, 
when stimulated with natural stimuli, the SNR of the responses will be 
largest at lower frequencies. Redundancy reduction and optimization of the 
SNR can be achieved by a combination of low- and high-pass filtering of 
the signal (van Hateren, 1992; Atick, 1992). High-pass filtering will reduce 
temporal redundancies and make that most of the channel capacity can be 
devoted to higher frequencies. However, above a certain frequency the 
amount of noise becomes significant and the SNR drops below acceptable 
levels. Low-pass filtering will prevent the transmission of noisy signals in 
this high frequency range, ensuring that no channel capacity is wasted to 
transmit noise. 
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To assess the filter characteristics of the recorded cells we 
calculated the frequency response functions versus 525-nm and 625-nm 
stimulus separately. From these data, it becomes apparent that both cones 
and HCs have bandpass filter characteristics. Cones had lower -3 dB and –
6 dB cutoff frequencies compared with MHCs and BHCs. Especially for 
the 525-nm stimulus, HCs display bandpass filtering. The difference 
between the 525-nm and the 624-nm stimulus is presumably due to the fact 
that HCs have larger response amplitudes when stimulated with mid-
wavelength light than to long wavelength light (Kamermans et al., 1989). 

The filter characteristics of HCs is consistent with those of H1 HCs 
of the macaque retina, which also displayed low pass filtering and a 
resonance peak around 40 Hz (Smith et al., 2001). Conversely, Spekreijse 
and Norton did not find such bandpass filtering in carp (Spekreijse & 
Norton, 1970). The difference between our results and theirs might be due 
to the different stimulus protocols used. Whereas they used sinusoids of 
different frequencies with a maximal contrast of 80 %, we used a NTSCI, 
which has a maximal contrast of more than 400 %. 

In goldfish, MHCs receive excitatory input from all cone-types 
(Yang et al., 1982, 1983). Since many cones project to a single MHC its 
response can be regarded as the average response of cones within its 
receptive field. Because noise in cones is uncorrelated one expects that 
averaging many cone responses leads to a better SNR. The gap-junction 
coupling of HCs should lead to a similar enhancement of the SNR in the 
case of full-field stimuli. In accordance, we found that the bitrate, a value 
related to the SNR of a cell’s response, significantly increased in MHCs and 
BHCs compared to cones. 

BHCs are mainly innervated by S- and M-cones. Their light 
response consists of a hyperpolarization for short- and middle wavelength 
stimuli and a depolarization at long wavelength stimuli. The 
hyperpolarizing response of BHCs is the result of direct M- and S-cone 
input, whereas the depolarizing response is a consequence of feedback 
from the MHC to the M- and S-cones (Stell & Lightfoot, 1975). The light 
response of a BHC is therefore a mix of direct cone and indirect MHC input 
and not a summated average of cone responses within its receptive field. 
Therefore, BHC responses reflect the difference between the M- and S-
cone input and the inverted MHC response. In the naturalistic stimulus we 
used, there is a high degree of coherence between the 525-nm and 624-nm 
stimulus and thus the response size of L- and M-cones. Consequently, the 
response amplitude of BHCs was relatively small, except for brief periods 
where there were large deviations between the 525-nm and 624-nm 
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stimulus. Given that the amount of noise in MHCs and BHCs stays 
constant, this will result in low SNR in BHCs for most of the stimulus 
duration. Consistent with this is that the bitrate we find for BHCs is 
significantly lower compared with MHCs. Since the filter characteristics of 
MHCs and BHCs are similar, there does not seem to be a very high 
evolutionary pressure on the system to increase the SNR of BHCs by low-
pass filtering to match the SNR of MHCs. 

Previously, van Hateren and others (van Hateren et al., 2002) 
obtained similar results when examining the responses of several types of 
primate ganglion cells to the chromatic and luminance component of a 
similar stimulus as we used here. Although, there were differences between 
cell types, on the whole the sensitivity to luminance far exceeded that to 
chromaticity for naturalistic stimuli. This was attributed to the fact that 
luminance contrast in natural scenes is much higher than the chromatic 
contrast (Ruderman et al., 1998). 

In conclusion, we have found that there is no further improvement 
in redistributing the skewed stimulus intensity distribution from HCs to 
cones. However, the skewness has already reached its optimal value in 
cones. Furthermore, we find a significant increase of expected coherence 
between cones and both types of HCs, and between MHCs and BHCs. The 
former might be due to the averaging of multiple cone inputs occurring in 
HCs. The latter is possibly a result of the opponent/non-opponent coding 
scheme. 
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Abstract 
 
In neuronal systems, excitation and inhibition must be well balanced to 
ensure reliable information transfer. The cone/horizontal cell interaction in 
the retina is an example of this. Because natural scenes encompass an 
enormous intensity range both in temporal and spatial domains, the balance 
between excitation and inhibition in the outer retina needs to be adaptable. 
How this is achieved is unknown. 

Using electrophysiological techniques in the isolated retina of the 
goldfish it was found that opening Ca2+-dependent Cl--channels in recorded 
cones reduced the size of feedback responses measured in both cones and 
horizontal cells. Furthermore, we show that cones express Cl--channels that 
are gated by GABA released from horizontal cells. Similar to activation of 
ICl(Ca), opening of these GABA-gated Cl--channels reduced the size of light-
induced feedback responses both in cones and horizontal cells. Conversely 
application of picrotoxin, a blocker of GABAA and GABAC receptors, had 
the opposite effect. In addition, reducing GABA release from horizontal 
cells by blocking GABA-transporters also led to an increase in the size of 
feedback. Since the independent manipulation of Ca2+-dependent Cl--
currents in individual cones yielded results comparable to bath-applied 
GABA, it was concluded that activation of either Cl--current by itself is 
sufficient to reduce the size of horizontal cell feedback. However, 
additional effects of GABA on outer retinal processing cannot be excluded. 

These results can be accounted for by an ephaptic feedback model 
in which a cone Cl--current shunts the current flow in the synaptic cleft. 
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The Ca2+-dependent Cl--current might be essential to set the initial balance 
between the feedforward and the feedback signals active in the cone 
horizontal cell synapse. It prevents that strong feedback from horizontal 
cells to cones floods the cone with Ca2+. Modulation of the feedback 
strength by GABA might play a role during light/dark adaptation, adjusting 
the amount of negative feedback to the signal to noise ratio of the cone 
output. 
 
 
Introduction 
 
Reliable information transfer in neuronal systems depends on well 
balanced excitatory and inhibitory inputs. Cone photoreceptors are excited 
by light and receive inhibitory feedback from horizontal cells (HCs). For 
these neurons, the balance between excitation and inhibition seems 
particular important since they respond with graded potential changes and 
their synaptic output can both increase and decrease depending on the 
stimulus configuration. If inhibition would be too large or too small, 
modulation of the cone membrane potential would not be effectively 
transformed into changes in glutamate release (Fahrenfort et al., 1999). 
How the strength of the feedback signal from HCs to cones can be tuned to 
maintain the balance between excitation and inhibition is unknown. 

Feedback from HCs modulates the cone Ca2+-current (ICa), which 
regulates cone glutamate release (Verweij et al., 1996). Although, GABA 
has been suggested as feedback neurotransmitter (Wu & Dowling, 1980; 
Tachibana & Kaneko, 1984; Tatsukawa et al., 2005), surround-induced 
feedback responses in cones do not seem to be mediated by GABA 
(Verweij et al., 1996, 2003; Kamermans et al., 2001; Crook et al., 2011). 
The negative feedback mechanism from HCs to cones is, at least in fish, 
mediated by connexin hemichannels most likely via an ephaptic interaction 
(Kamermans et al., 2001; Kamermans & Fahrenfort, 2004; Fahrenfort et 
al., 2009; Klaassen et al., 2011). Feedback is strongly pH dependent 
(Hirasawa & Kaneko, 2003; Vessey et al., 2005; Fahrenfort et al., 2009). 
The pH dependence might be due to the strong pH sensitivity of connexin 
hemichannels (Malchow et al., 1993; Trexler et al., 1999; González-Nieto 
et al., 2008; Huckstepp et al., 2010), or it might indicate that protons are 
mediating feedback (Hirasawa & Kaneko, 2003; Vessey et al., 2005; 
Fahrenfort et al., 2009). This leaves the role of GABA-gated Cl--currents 
(ICl(GABA)) in cones unexplained (Tachibana & Kaneko, 1984) and thus a 
possible candidate for the modulation of feedback. 
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Apart from a ICl(GABA) (Tachibana & Kaneko, 1984; Picaud et al., 
1998; Klooster et al., 2004), cones have a large Ca2+-dependent Cl--current 
(ICl(Ca)) (Bader et al., 1982; Corey et al., 1984; Barnes & Bui, 1991; Barnes 
& Deschênes, 1992; Kraaij et al., 2000a), which is located in the synaptic 
terminal of photoreceptors (Stöhr et al., 2009; Mercer et al., 2011). The 
activation of ICa(Cl) depends on the intracellular Ca2+-concentration 
([Ca2+]i), which is mainly determined by the influx of Ca2+ through voltage-
gated Ca2+-channels (Barnes & Bui, 1991; Kraaij et al., 2000a; Lalonde et 
al., 2008), uptake of Ca2+ in Ca2+-stores and the extrusion of Ca2+ via Ca2+-
pumps (Krizaj et al., 2004). The activation and inactivation time constants 
of this current range from a few 100 ms to seconds (Kraaij et al., 2000a) 
due to the slow kinetics of the Ca2+-dependent Cl--channel (Scudieri et al., 
2012) and the slow extrusion of Ca2+ by Ca2+-pumps (Krizaj et al., 2004). 
It has been suggested that this current plays a role in controlling the 
intracellular chloride concentration ([Cl-]i), which might modulate the 
amplitude of ICa in photoreceptors (Rabl & Thoreson, 2002; Thoreson et 
al., 2003). Therefore, this current is a potential candidate for the 
modulation of the communication between cones and horizontal cells. 

In this paper, the role of these two cone Cl--currents (ICl) on the 
strength of feedback from HCs to cones was studied in the goldfish retina. 
Activation of either ICl led to a reduction of the amplitude of the feedback 
signal from HCs to cones. Although, both currents are carried by Cl-, they 
function on different timescales. The GABAergic system functions on a 
time scale of seconds whereas the ICl(Ca) functions on a time scale of 
hundreds of milliseconds. Simulations with an extended version of an 
ephaptic feedback model, originally formulated by Fahrenfort et al. (2009), 
showed that a cone ICl can inhibit feedback from HCs to cones by 
interfering with the current flow in the synaptic terminal. Together, these 
data suggest that the GABAergic pathway from HCs to cones modulates 
the strength of feedback globally on a slow time scale, possibly during 
light/dark adaptation. By contrast, ICl(Ca) modulates feedback strength 
locally on a much faster time scale depending on cone polarization. 
 
 
Materials and Methods 
 
Experimental Animals 
Goldfish, Carassius auratus (12 - 16 cm standard body length), were kept 
at 16 °C under a 12-hour dark, 12-hour light cycle. Experiments were 
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performed with fish that were between 6 and 9 hours into their light phase. 
All recordings from cones and HCs were made in flat mounted isolated 
retinal preparations. 

All experimental procedures adhered to the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research, and conformed to 
the guidelines for the Care and Use of Laboratory Animals of The 
Netherlands Institute for Neuroscience acting in accordance with the 
European Communities Council Directive of 24 November 1986 
(86/609/EEC). 
 
Experimental Procedures 
Isolated retina preparation for cone and HC recordings: Fish were dark-
adapted for at least 3 minutes and all further preparation steps were 
performed under dim deep red light illumination. After decapitation, an eye 
was enucleated and hemisected and most of the vitreous was removed with 
filter paper. The retina was isolated, placed receptor side up in a 
superfusion chamber (volume 0.75 ml) mounted on a Nikon Eclipse 600FN 
microscope (Nikon, Tokyo, Japan) or an Olympus IMT2 inverted 
microscope (Olympus, Tokyo, Japan), and superfused continuously (1.5 
ml/min) with a Ringer's solution of which the pH was continuously 
measured. The Ringer’s solution contained (in mM): 102.0 NaCl, 2.6 KCl, 
1.0 MgCl2, 1.0 CaCl2, 28.0 NaHCO3, 5.0 glucose, and was continuously 
gassed with approximately 2.5% CO2 and 97.5% O2. Minor adjustments to 
the amount of CO2 were made such that the pH was 7.8. All chemicals were 
obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.), except for 
SKF89976A (a kind gift from Smith Kline Beecham Pharmaceuticals, 
London, United Kingdom). 
 
Voltage clamp measurements of cone responses 
Optical stimulator: Two optical stimulators were used for the cone 
measurements. The first consisted of a 450 W Xenon-lamp which supplied 
two beams of light that were directed to the preparation after passing 
through Uniblitz VS14 shutters (Vincent associates, Rochester, NY, 
U.S.A.), neutral density filters (Schott, Mainz, Germany), and a series of 
lenses and apertures. The second consisted of two homemade LED 
stimulators based on a three wavelength high intensity LED (Atlas, Lamina 
Ceramics Inc., Westhampton, NJ, U.S.A.). The peak wavelengths of the 
LEDs were 635, 520, and 460 nm, respectively, with a bandwidth smaller 
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than 25 nm. An optical feedback loop ensured linearity. The output of the 
LEDs was coupled to the microscope via light guides.  

Feedback-induced responses to 500 ms, 3000 µm spot stimulation 
were measured in cones at different potentials while the cone was 
continuously saturated with a 20 µm spot. The 20 µm spots were projected 
through the 60x water immersion objective (N.A. = 1.00) of the 
microscope, and the 3000 µm spots were projected through the microscope 
condenser (N.A. = 1.25). For experiments with cones, only white light 
stimuli were used. Light intensities are expressed in log units of attenuation 
relative to a luminance of 4 × 103 cd/m2. 

Electrodes and recording equipment: Pipettes were pulled from 
borosilicate glass (GC150TF-10 Harvard Apparatus Ltd., Kent, United 
Kingdom) with a Sutter P-87 micropipette puller (Sutter Instruments 
Company, Novato, CA, U.S.A.); the impedances ranged from 3 to 6 MΩ 
when filled with pipette medium and measured in Ringer's solution. The 
standard patch pipette medium contained (in mM): 10.0 KCl, 96.0 D-
Gluconic-K , 1.0 MgCl2, 0.1 CaCl2, 5.0 EGTA, 5.0 HEPES, 5.0 ATP-K, 
1.0 GTP-Na3, 0.2 3': 5’-cGMP-Na, 20 phosphocreatine-Na2, 50 units/ml 
creatine phosphokinase. In experiments with the standard patch pipette 
medium, the calculated ECl was –55 mV. Where appropriate, ECl was 
shifted by interchanging concentrations of KCl and D-Gluconic-K. The pH 
of the pipette medium was adjusted to 7.25 with KOH. The electrodes were 
mounted on a MP-85 Huxley/Wall-type micromanipulator (Sutter 
Instruments Company, Novato, CA, U.S.A.) and connected to a Dagan 
3900A Integrating Patch Clamp (Dagan Corporation, Minneapolis, MN, 
U.S.A.). The liquid junction potential was measured with a patch pipette 
filled with the pipette medium, and positioned in a bath filled with pipette 
medium. The reference electrode was filled with 3M KCl. After the 
potential was adjusted to zero, the bath solution was replaced with Ringer’s 
solution. The resulting potential change was considered the junction 
potential, and all data were corrected accordingly. The preparation was 
illuminated with infrared light (λ > 850 nm; Wratten filter 87c, Kodak, 
Rochester, NY, U.S.A.), magnified with a Nikon 60x water immersion 
objective (N.A. = 1.00), differential interference contrast, and viewed using 
a video camera (Philips, Eindhoven, The Netherlands). Data acquisition, 
and control of the patch clamp and optical stimulator were done with a CED 
1401 AD/DA converter and Signal 3.07 (both from Cambridge Electronic 
Design Ltd., Cambridge, United Kingdom). 
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Intracellular measurements of horizontal cell responses 
Optical stimulator: Light stimuli were generated using 2 beams from a 450 
W Xenon light source, and a pair of circular neutral density filters (Barr & 
Strout, Glasgow, United Kingdom). Full-field chromatic light stimuli were 
projected onto the retina through a 2× objective lens (N.A. = 0.08) of the 
microscope. To spectrally classify the HC, a monochromator (Ebert, 
Waltman, U.S.A.), and interference filters with a bandwidth of 8 ± 3 nm 
(Ealing Electro-Optics Inc., South Natick, MA, U.S.A.) were used. Light 
intensities are expressed in log units relative to 4 × 104 photons µm-2 sec-1. 

Electrodes and recording equipment: Microelectrodes were pulled 
on a horizontal puller (P-80/PC, Sutter Instruments Company, Novato, CA, 
U.S.A.) using aluminosilicate glass (SM100F-10, Harvard Apparatus Ltd., 
Kent, United Kingdom), and had impedances ranging from 300-400 MΩ 
when filled with 3M KCl. Intracellular recordings were made with a WPI 
S7000A microelectrode amplifier system (World Precision Instruments 
Inc., Sarasota, FL, U.S.A.), recorded on paper (Linearcorder F WR3701, 
Graphtec, Yokohama, Japan), and sampled using an AD/DA converter 
(CED 1401, Cambridge Electronic Design Ltd., Cambridge, United 
Kingdom) coupled to a Windows based computer system (Microsoft 
Corporation, Redmond, WA, U.S.A.). 
 
Model 
The model describing negative feedback from HCs to cones is an extended 
version of a model for the goldfish retina (Fahrenfort et al., 2009; Klaassen 
et al., 2011). Briefly, a simple conductive network was used to evaluate 
whether the physiology and morphology of the cone/HC synapse allows for 
physiologically relevant ephaptic interaction. The HC is modeled as three 
conductances with their associated reversal potentials; the hemichannel-
conductance (ghemi), the glutamate-gated-conductance (gGlu) and a non-
linear potassium-conductance (gK) taken from (Dong & Werblin, 1995). 
ghemi is located on the dendrites of HCs, while gGlu is located on both the 
dendrites and the soma of the HCs. The reversal potentials for ghemi and gGlu 
are 0 mV and that for gK is -82.7 mV (EK). In the dark, the HC membrane 
potential (VHC) is more positive than EK, and current will flow from gK into 
ghemi and gGlu via an extracellular resistive pathway in the synaptic complex 
whose conductance is gext. This current will generate a voltage drop over 
gext, making the potential deep in the synaptic cleft (Vext) slightly negative. 
The light-induced closure of gGlu causes the HC to hyperpolarize, resulting 
in an increase in current through gext, and a greater negativity in Vext. The 
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fall in Vext causes the cone membrane to depolarize locally, which 
modulates the cone Ca2+-current (ICa), and increases the release of 
neurotransmitter. All parameters and equations of the model were kept 
equal to parameter set 2 in Fahrenfort et al. (2009). The cone model 
consisted only of a voltage-gated Ca2+-current and glutamate release. ICa 
was modeled according to equation (1) with parameter values: KCa = -5.4 
mV, ECa = 44.6 mV, nCa = 12 mV and 𝑔𝑔𝐶𝐶𝑟𝑟𝑚𝑚𝑟𝑟𝑚𝑚 = 36 (normalized units) 
(Klaassen et al., 2011). The relation between ICa in the cone and the 
glutamate-dependent-conductance gGlu in the HC is described by equation 
(2). This relation is based upon the finding that the glutamate release 
depends linearly on ICa (Schmitz & Witkovsky, 1997) and that the 
dependence of gGlu on the glutamate concentration can be described by a 
Hill function with coefficient 2 (O’Dell & Christensen, 1989; Schmitz & 
Witkovsky, 1997). Similar to Klaassen et al. (2011), 𝑔𝑔𝐺𝐺𝐺𝐺𝐺𝐺𝑚𝑚𝑟𝑟𝑚𝑚 = 10 nS and KGlu 
= 0.1 (normalized units). The relation between ICl and Vcone is given by 
equation (3). 
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The present extension of the model consists of only one free parameter gCl. 
To determine how critical this value is for the behavior of the model, ECl 
and gCl were varied. 
 
Statistics 
Data are presented as means ± standard error of the mean (SEM). 
Significance was determined using the Student’s-t test (paired if 
appropriate) or the Mann-Whitney test. p < 0.05 was considered as 
significant. 
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Results 
 
Activation of the Ca2+-dependent Cl--current reduces feedback responses 
in cones 
Cones possess a large ICl(Ca) with highly specific characteristics. Fig 1 
illustrates these features by showing the current traces of a cone at −80 mV 
and stepped for 2000 ms to various potentials with ECl at -55 mV. Stepping 
the cone membrane potential to the depolarized potentials yields a slowly 
developing outward current (Fig 1A, left). Small tail currents are visible 
when the membrane potential is hyperpolarized back to -80 mV. This 
slowly activating current can be blocked by niflumic acid, one of the most 
potent pharmacological blockers of ICl(Ca) (Barnes & Deschênes, 1992; 
Kraaij et al., 2000a; Mercer et al., 2011) (Fig 1A, right). However, some 
of niflumic acid's ability to block ICl(Ca) might lie in its ability to block Ca2+-
influx (Thoreson et al., 2003). This makes this drug less suitable to study 
the functional role of ICl(Ca) in cones. We therefore chose to manipulate the 
size of ICl(Ca) without the use of pharmacology, by simply manipulating the 
holding potential of the cone. It exploits the slow kinetics of ICl(Ca). When 
keeping a cone hyperpolarized for a prolonged period, [Ca2+]i will decrease 
and Ca2+-dependent Cl--channels will be closed. Subsequent short term 
depolarization will only minimally activate ICl(Ca). On the other hand, 
keeping the cell depolarized for a prolonged time will lead to high [Ca2+]i 
and strong activation of ICl(Ca). Subsequent brief hyperpolarization will 
minimally inactivate ICl(Ca). Thus, after stepping to a potential at which 
feedback can be measured (-45 mV to -25 mV), there will be a short time 
window in which ICl(Ca) will be relatively stable activated or inactivated  
depending on the prepulse. To verify the above, a number of control 
experiments were performed. 

Cones, in the isolated retina, were voltage-clamped for at least 1 
minute at either -20 mV, to activate ICl(Ca) or -80 mV, to inactivate ICl(Ca) . 
ECl was set to -35 mV. Whole cell IV-relations of the sustained current were 
constructed in conditions with ICl(Ca) activated (Fig 1B, black line) or 
inactivated (Fig. 1B, red line) and subtracted from each other. The resulting 
difference curve, plotted in Fig. 1C (black line), is a linear current with a 
reversal potential around ECl (-33.9 ± 5.8 mV; n = 6), suggesting it is carried 
by Cl-. This current could be blocked by the application of 100 µM niflumic 
acid (n = 6), shown in Fig. 1C (red line). Application of niflumic acid 
reduced the difference current at -95 mV by 69.8 ± 0.072 % (n = 6; p = 
0.017), indicating that this current is mediated through Ca2+-dependent Cl-
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-channels. These results confirm that the designed protocol indeed 
modulates the activity of ICl(Ca). Moreover, ICl(Ca) remains stably activated 
or inactivated for a period long enough to determine the size of feedback 
from horizontal cells to cones in cones. 

The activation of the ICl(Ca) led to a number of changes in the cone-
horizontal cell communication. First of all the half-activation potential of 
ICa was significantly shifted to positive potentials after holding the cell at -
20 mV (-20 mV: -21.5 ± 1.6 mV; -80 mV: -26.6 ± 1.1 mV; n = 5; p = 0.01) 
(Fig 1D, left), without a change in the peak amplitude of the ICa (-20 mV: 
120 ± 13 pA; -80 mV: 124 ± 26 pA; n = 5; p = 0.80) (Fig 1D, middle). 
What would be the effect of the activation of ICl(Ca) on the communication 
between HCs and cones? Cones were voltage clamped at -40 mV and 
saturated with a 20 µm spot of intense white light and a full-field stimulus 
(0 log) was flashed on for 500 ms in addition. Full-field light stimulation 
leads to hyperpolarization of HCs, which induces an inward current in 
cones. This current is the light-induced feedback mediated response in 
cones (Verweij et al., 1996; Kamermans et al., 2001; Klaassen et al., 2011). 

Activating ICl(Ca) affected the light-induced feedback responses 
measured in cones (Fig. 1E). The black trace shows a feedback-induced 
response in a cone clamped for 250 ms at -40 mV after at 1 minute 
depolarization to -20 mV (light intensity = 0 log; ECl = -55mV). The red 
trace shows a similar response, but now clamped for 250 ms at -40 mV 
after a 1 minute hyperpolarization to -80 mV. The feedback response after 
prolonged hyperpolarization is significantly larger than after prolonged 
depolarization (16.6 ± 4.8 pA and 3.3 ± 0.8 mV respectively; n = 6; p = 
0.021) (Fig 1D, right). This reduction was voltage dependent. Fig 1F shows 
the amplitude of feedback measured at different potentials after 1 minute 
Depolarization (-20 mV; black line) and after 1 minute of hyperpolarization 
(-60 mV;blue line and -80 mV; red line). After prolonged hyperpolarization 
the feedback amplitude was maximal at -40 mV whereas after prolonged 
depolarization the potential where feedback was at around -30 mV and 
reduced in amplitude. This reduction was significant at -40 mV (n = 4; p = 
0.04), which is the middle of the activation range of the cones Ca2+-current. 
These results show that activation of a ICl in an individual cone is sufficient 
to reduce feedback induced response in the physiological membrane 
potential range of the cones. 
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►► Figure 1. Activation of the Ca2+-dependent Cl--current in individual cones decreases 
the size of light-induced feedback responses. A) The cone membrane potential was 
clamped at -60 mV and stepped to a range of voltages from -80 mV to +30 mV in 10 mV 
steps. Left panel: Whole cell current traces in control conditions show that ICl(Ca) is a slowly 
activating current. Right panel: Whole cell current traces of a cone when ICl(Ca) is blocked 
by 100 µM niflumic acid. The slowly activating current is absent. B) Average whole-cell 
IV-relations of cones after a pre-pulse of 1 minute to either -20 mV (black trace, n = 5) or 
-80 mV (red trace, n = 5). From these curves both the peak amplitude and the half-
activation potential of the ICa were determined. The peak amplitude not differ significantly 
between the two VClamp values but the half-activation potential of ICa, was significantly 
shifted to positive potentials for a depolarized VClamp (-20 mV: -21.5 ± 1.6 mV; -80 mV: -
26.6 ± 1.1 mV; n = 5; p = 0.01). C) Average IV-relations of the pre-pulse-induced current 
(the difference between the current after the pre-pulse of -20mV and -80 mV) in the 
presence or absence of niflumic acid. The pre-pulse induced current (black trace) reverses 
around the calculated value (-35 mV) for ECl (-33.9 ± 5.8 mV; n = 6) and can partially be 
blocked by 100 µM niflumic acid (red trace). D) Activation of ICl(Ca) leads to changes in 
the communication between HCs and cones. Left panel: Activation of ICl(Ca) leads to a 
sustained shift of ICa to positive potentials. Middle panel: The peak amplitude of ICa does 
not depend on the activation of ICl(Ca). Right panel: Feedback responses in cones are 
significantly reduced when ICl(Ca) is activated. E) Example of a feedback responses to 100 
ms full field flash in a cone clamped at -40 mV, following either a pre-pulse of -20 mV 
(black trace) or -80 mV (red trace). A depolarizing pre-pulse significantly reduces the 
feedback responses compared to a hyperpolarizing pre-pulse (3.3 ± 0.8 pA vs. 16.6 ± 4.8 
pA respectively; n = 6; p = 0.021). F) The amplitude of light-induced feedback responses 
in cones at different clamping potentials and pre-pulse potentials. The amplitude of 
feedback is dependent on both the potential at which it is measured and the pre-pulse 
potential. Feedback is the largest for the most hyperpolarized pre-pulse. 

 
Cones have a GABA-gated current 
ICl(Ca)  is not the only ICl reported in cones. In many vertebrates, cones 
express GABA receptors (Kamermans & Werblin, 1992; Verweij et al., 
1998; Paik et al., 2003; Klooster et al., 2004) and have a ICl(GABA) 
(Tachibana & Kaneko, 1984; Picaud et al., 1998). HCs contain GABA and 
release GABA via a GABA transporter working in the reversed direction, 
at least in non-mammalian species (Schwartz, 1982; Yazulla & 
Kleinschmidt, 1983). These two findings led to the hypothesis that HCs 
feedback to cones via a GABAergic pathway. However, direct 
measurements of the light-induced feedback signal in cones in goldfish 
(Verweij et al., 1996; Kamermans et al., 2001) and macaque (Verweij et 
al., 2003) showed that the feedback responses remained present when 
GABAergic transmission was blocked, leaving the function of ICl(GABA) 
unexplained. 
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Figure 2 Goldfish cones have a GABA-receptor mediated Cl--currents. A) Example of a 
whole-cell IV-relation of a cone in the presence or absence of GABA: Control (black 
trace), 200 µM GABA (red trace), Wash (blue trace). B) IV-relations of drug-induced 
(drug minus control) currents. 200 µM GABA induces a current reversing close to the 
calculated value for ECl -55 mV (red trace, n = 5). Application of 25 µM SKF89976-A, a 
GABA-transporter blocker, leads to the closure of a current (black trace, n = 5), similar to 
the effect of 200 µM PTX (green trace, n = 4). All currents reverse close to the estimated 
value of ECl. C) The GABA-induced (GABA minus control) IV-relations in conditions 
with a calculated ECl of -20 mV (black trace, n = 8) or -55 mV (red trace, n = 5). Changing 
ECl shifts the reversal potential of the currents near the values of the calculated ECl (-20mV: 
-29.1 ± 3.5; -55mV: -48.8 ± 6.0 mV). D) Example of cone current traces with or without 
light stimulation. To maximize the size of the Cl--current, ECl was set to an estimated -20 
mV and the cone was stepped to -102 mV Next, HCs were hyperpolarized by a 3 sec full 
field light flash (red trace). This sequence did not elicit any current changes compared to 
cones kept in the dark following the same potential step (black trace) in all 6 cones tested. 
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Cones in the isolated retina of goldfish were voltage-clamped and 

IV-relations were constructed in the presence (red trace, Fig. 2A) or 
absence of 200 µM GABA (black and blue traces, Fig. 2A). Application of 
GABA led to an increase in conductance. GABA-induced currents were 
isolated by subtraction of the control IV-relation from the one determined 
in the experimental condition. GABA application induced a linear current 
(Fig. 2B, red line) with a reversal potential of -48.8 ± 6.0 mV (n = 5). This 
is close to the calculated reversal potential for Cl- (ECl = -55 mV), implying 
that this current is mainly carried by Cl-. If this current is indeed carried by 
Cl- , then its reversal potential should depend on ECl. This was tested next 
by performing the same experiments with a different intracellular chloride 
concentration. The red line in Fig. 2C is the IV-relation of the GABA-
induced current with ECl at -55 mV and the black line is the IV-relation of 
the GABA-induced current with ECl at -20 mV (-29.1 ± 3.5; n = 8). The 
reversal potential of the GABA-induced current shifts with ECl (Fig. 2C), 
corroborating that it is carried by Cl-. Application of 200 µM of the GABA-
gated Cl- channel blocker picrotoxin (PTX) closed a conductance (Fig. 2B, 
green line) with a reversal potential close to ECl, -50.5 ± 3.0 mV (n = 4). 
This indicates the presence of an endogenous ICl(GABA) in cones in control 
conditions. 

HCs are the only GABAergic neurons synapsing in the outer 
plexiform layer (Marc et al., 1978; Lam et al., 1980; Yazulla, 1986). HCs 
release GABA via GABA-transporters (Schwartz, 1982, 1987), which can 
be blocked by SKF89976-A (Verweij et al., 1998). The black line in Fig. 
2B shows that application of 25 µM SKF89976-A leads to the closure of a 
conductance with a reversal potential of -47.6 ± 4.4 mV (n = 5), just as the 
application of 200 µM PTX. Thus, blocking GABA-transporters leads to a 
reduction of ICl(GABA) in cones. This is consistent with the hypothesis that 
HCs release GABA via a GABA transporter working in the reversed 
direction (Schwartz, 1982). These experiments show that GABA, released 
by HCs, opens GABA-gated Cl- conductances in cones, illustrating that 
HCs project to cones via a GABAergic pathway. Moreover, a significant 
fraction of the GABA receptors on cones are activated under control 
conditions. 

If HCs would modulate their GABA release in a voltage-dependent 
manner (Schwartz, 1987), then hyperpolarizing HCs should change the 
GABA-gated-conductance in cones. However, we were unable to modulate 
the GABA-gated conductance in cones by a light induced 
hyperpolarization of horizontal cells. HCs were hyperpolarized by full-
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field light stimulation (0 log) for 3 sec (Fig. 2D). Hyperpolarization of HCs 
should lead to a reduction of the GABA release by HCs (Schwartz, 1987) 
and thus close GABA-gated-conductance in cones and lead to a reduction 
of the current at -102 mV. Fig. 2D shows the whole-cell current of a cone 
when stepped from -62 mV to -102 mV without light stimulation (black 
trace) and with a 3 sec full-field light stimulus (0 log, red trace), which 
hyperpolarizes HCs. The two traces are identical. This was found in all 6 
cells tested this way. These results indicate that light-induced 
hyperpolarization of HCs does not modulate GABA-gated-conductance in 
cones on a time scale of seconds (see Discussion). 
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GABA-gated current inhibits feedback responses in cones and horizontal 
cells 
What is the effect of the activation of this GABAergic mechanism on the 
communication between HCs and cones? Light-induced feedback-
mediated responses in cones were reduced in the presence of 200 µM 
GABA (Fig 3A, middle trace) compared to the control conditions (Fig. 3A, 
left trace) which recovered after washing out GABA (Fig. 3A, right trace). 
On average feedback-induced responses were reduced by 42.2 ± 6.5% (n = 
15; p = 0.00014). Blocking GABA-gated channels with 200 µM PTX had 
the opposite effect (Fig. 3B). 

Application of PTX increased the feedback-induced current by 74.9 
± 20.2 % (n = 8; p = 0.018) relative to control conditions, revealing the 
presence of an endogenous GABA-gated current in control conditions as 
previously shown in Fig. 2B. Blocking GABA release from horizontal cells 
by application of SKF 89976-A led, in 2 of the 4 cells tested to a similar 
increase in feedback as PTX (Fig 3 C). The two other cells did not respond 
to the application of SKF89976-A. 

 
►► Figure 3 GABA reduces the size of feedback responses in cones and HCs. A) 
Example of light-induced feedback responses in a cone in the presence and absence of 
GABA. The cone was clamped at -40 mV and saturated with a 20 µm spot of intense white 
light to saturate the direct light response. A full-field stimulus was flashed on for 500 ms, 
which induces an inward current. Application of 200 µM GABA reduces the amplitude of 
this current by 42.2 ± 6.5% (n = 15; p = 0.00014). The feedback responses recover after 
wash out of the drug. B) Example of light-induced feedback responses in a cone in the 
presence and absence of PTX. In contrast to GABA application of 200 µM PTX results in 
an increase in the amplitude of the feedback response in cones by 74.9 ± 20.2 % (n = 8; p 
= 0.018). The feedback response returned to pre-drug value after washing out. C) Example 
to a light-induced feedback response in a cone with and without SKF89976-A. Blocking 
the GABA transporter activity leads to an enhancement of feedback responses in cones. 
D) Example of responses in a HC to a 500 ms full-field flash in the presence of 25 µM 
SKF89976-A while applying GABA and PTX. The rollback in the light-induced response 
of the HCs (arrow, left trace) is an indirect measure for negative feedback from HCs to 
cones. Application of 200 µM GABA (middle trace) reduced the rollback on average by 
14.9 ± 3.3 % (n = 10; p = 0.0084). Conversely, co-application of 200 µM PTX (right trace) 
had the opposite effect and increased the rollback by 14.5 ± 4.1 % (n = 6; p = 0.027) 
relative to the value of rollback in the presence of GABA. E) The voltage response of a 
BHC to diffuse light stimulation of 550 nm and of 650 nm in control (left trace) and in the 
presence of 200 µM GABA (right trace). Feedback induces a depolarizing response to 650 
nm light stimulation (arrow). This response is suppressed by GABA. F) The voltage 
response of a BHC to diffuse light stimulation of 550 nm and of 650 nm in control (left 
trace) and in the presence of 25 µM SKF89976-A (right trace). The feedback induced 
depolarizing response to 650 nm light (arrow) is enhanced by SKF89976-A. 
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The rollback, defined as the ratio between the peak and sustained 
light-response of monophasic horizontal cells (MHCs), is an indirect 
measure for negative feedback from HCs to cones (Kamermans et al., 
2001). To test the effect of GABA on this measure of HC feedback we 
recorded full-field light (0 log) responses of MHCs in the presence of 200 
µM GABA alone or in combination with 200 µM PTX (Fig. 3D). During 
these experiments 25 µM SKF89976-A was present in control conditions 
to exclude interference of the GABA-transporters on the HCs. Application 
of GABA alone led to a marked change in response shape (Fig. 3D, middle 
trace). The rollback response clearly present in control conditions (Fig. 3D; 
left trace; arrow) was reduced by 14.9 ± 3.3 % (n = 10; p = 0.0084) after 
GABA application. Subsequent co-application of PTX increased the 
rollback response by 14.5 ± 4.1 % (n = 6; p = 0.027) (Fig. 3D right trace) 
similar to control values. In the absence of both SKF89976-A and GABA, 
application of PTX increased rollback by 6.17 ± 1.60 % (n = 12; p = 0.003), 
presumably owing to the closure of previously mentioned endogenous 
GABA-gated on cones. 

A second measure for feedback in HCs is the depolarizing response 
of biphasic horizontal cells (BHCs) to red light. Fig. 3E and F show the 
responses of a BHC due to green (550 nm, 0 log) and red (650 nm, 0 log) 
light stimulation in control conditions and after application of 200 µM 
GABA or 25 µM SKF89976-A. GABA reduced the ratio between the 
hyperpolarizing and the depolarizing response of the BHCs by 21.0 ± 6.6 
% (n = 8; p = 0.03). Application of SKF89976-A led to an increase of the 
depolarizing response to red light in 3 out of 3 BHCs (Fig. 3F). These 
results illustrate that feedback-induced responses in both cones and HCs 
are inhibited by GABA and enhanced when the GABAergic system is 
blocked. 

Apart from affecting feedback measures in HCs, application of 
GABA slightly depolarized MHC membrane potential by 3.9 ± 1.1 mV (n 
= 10; p = 0.008) but did not affect sustained light response amplitudes. The 
response amplitude in control and GABA differed 6.7 ± 0.05 %, which is 
not significant from zero (n = 10; p = 0.19). Also, PTX application did not 
affect the MHC membrane potential. The membrane potential in control 
and PTX differed 0.04 ± 1.26 % (n = 12), which is not significantly 
different from zero. However, the sustained light response amplitude was 
reduced by 18.0 ± 0.06 % (n = 12; p = 0.004). The latter reduction might 
be fully explained by the increase in rollback response. 
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Feedback modulating mechanism 
The results so far indicate that opening Cl--channels in cones leads to a 
reduction of the feedback from horizontal cells to cones. What is the 
mechanism? Since the reduction can be obtained by opening Cl--channels 
in a single cone, the mechanism must be local in the cones. Recently, it was 
shown that feedback from HCs to cones is mediated by a connexin 
hemichannel, most likely via an ephaptic interaction (Kamermans et al., 
2001; Fahrenfort et al., 2009; Klaassen et al., 2011). Next, we evaluated 
whether such an ephaptic feedback mechanism could be modulated by a ICl 
in the cone synaptic complex. Therefore, Cl--channels were incorporated in 
the ephaptic feedback model, described previously (Fahrenfort et al., 2009; 
Klaassen et al., 2011)  (Fahrenfort et al., 2009; Klaassen et al., 2011) (Fig. 
4), and its behavior as function of the Cl--conductance was analyzed. 
Details of the modification of the model can be found in Material & 
Methods. 

In short, this mechanism functions as follows. Connexin 
hemichannels are located at the tips of the HC dendrites close to the 
synaptic ribbon (Fig 4A). Current will flow into HCs via these 
hemichannels. This current has to come from outside the synaptic terminal. 
Since the extracellular space in the synaptic terminal has a finite resistance, 
a voltage drop over this intersynaptic resistance will occur. This makes the 
potential deep in the synaptic cleft slightly negative. The voltage-dependent 
Ca2+-currents in the cones will be influenced by this voltage drop. They 
will experience a slightly more depolarized membrane potential. 
Hyperpolarizing HCs will lead to an increase of the hemichannel current, 
which will cause an increase of the voltage drop over the intersynaptic 
resistance. This makes the potential deep in the synaptic cleft even more 
depolarized. So far, this model correctly predicted the specific way 
feedback is affected when the number of hemichannels in HC dendrites was 
reduced  (Klaassen et al., 2011) and how ephaptic feedback depends on 
glutamate receptors (Fahrenfort et al., 2005; Fahrenfort et al., 2009). Now 
the model was extended with a ICl in the cone synaptic complex and used 
to evaluate the behavior of feedback as function of the Cl--conductance (Fig 
4B). Its equivalent circuit is given in Fig 4C. 
  



Cone chloride currents and horizontal cell feedback 

116 
 

 
 

 
 

 
 



Chapter 5 

117 
 

►► Figure 4 Description of the ephaptic feedback model. A) Schematic representation 
of the ephaptic feedback model. The model, described by Fahrenfort et al. (2009), consists 
of a simple resistive network. The HC is modeled as three conductances with their 
associated reversal potentials; the hemichannel-conductance (ghemi, blue resistor), the 
glutamate-gated-conductance (gGlu, green resistors) and a non-linear potassium-
conductance (gK, orange resistor). In the dark, the HC membrane potential (VHC) is more 
positive than reversal potential for potassium (EK) and current will flow from gK in the HC 
membrane into ghemi and gGlu via an extracellular resistive pathway in the synaptic complex 
with conductance gext (white resistors). This current will generate a voltage drop over gext, 
making the potential deep in the synaptic cleft (Vext) slightly negative. Light stimulation 
leads to a reduction of glutamate release by cones, which ultimately leads to the closure 
of gGlu and hyperpolarization of the HC and an increase in the current through ghemi and an 
increase of the voltage drop over gext, making Vext more negative. Vext is sensed by voltage-
gated Ca2+-channels (red voltage sensor), which adjust the cone Ca2+-current (ICa) 
accordingly. The pink resistor is gK in the cone. B) Schematic representation of the 
ephaptic feedback model including a Cl--current in the cone pedicle. The original feedback 
model was extended by incorporation of a Cl--conductance (gCl, yellow resistor) with its 
associated equilibrium potential (ECl) to evaluate the consequences of this current on the 
feedback and compare it to experimental results. C) The equivalent electrical circuit of the 
ephaptic model of feedback from HCs to cones. All components as described above. In 
addition, gGlu,tip is the glutamate-gated-conductance at the tips of HC dendrites, gGlu,neuropil 
is the glutamate-gated-conductance in the HC neuropil, [Glu] is the glutamate 
concentration in the synaptic cleft and Vcone is the cone membrane potential relative to 
outside. 
 

Fig 5A shows the steady state ICa of the cone with HCs resting at 
their dark membrane potential of -34.7 mV (red) or when hyperpolarized 
to -54.7 mV (blue). HC hyperpolarization leads to a shift of ICa to negative 
potentials. ECl was set to the value where the ICl reverses when ECl was set 
to -55 mV (-50.3 mV). Increasing gCl from 0 pS (left), to 5 pS (middle) or 
10 pS (right) shifted ICa to positive potentials. Next, the feedback-induced 
currents (i.e.: ICa when HCs are depolarized, subtracted from ICa when HCs 
are hyperpolarized) were determined. Fig 5B shows that the maximal 
feedback-induced response shifts to positive potentials and reduces in 
amplitude with increasing gCl. This result is qualitatively similar to those 
experimentally obtained (Fig 3D), although the curves do deviate 
somewhat from the experimental results at positive potentials. This is most 
likely due to the fact that gCl in the model is static whereas ICl(Ca) changes 
dynamically during a voltage-clamp experiment. Changing ECl from -55 
mV to -29.4 mV leads to shifts of ICa in the opposite direction with 
increasing gCl but the reduction of the feedback-induced shift of ICa 
remained (Fig 5C). 
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Figure 5 Inclusion of a Cl--conductance in the ephaptic model of HC feedback shifts ICa 
and reduces the size of feedback. A) The normalized steady state ICa of the cone with the 
HC membrane potential either depolarized at -34.7 mV (red traces) or hyperpolarized at -
54.7 mV (black traces). ECl was set to -50.3 mV. For the left panel gCl was set to 0 pS. In 
this condition, hyperpolarization of HCs leads to a shift of ICa to negative potentials. 
Increasing gCl to 5 pS (middle panel) or 10 pS (right panel) leads to a shift of ICa to positive 
potentials and a reduction of the feedback-induced shift of ICa. B) Plot of the feedback-
induced current as a function of Vcone for different values of gCl. The feedback-induced 
currents were calculated by subtracting ICa, when HCs were depolarized, from ICa, when 
HCs were hyperpolarized. Increasing gCl (0 pS, black trace; 5 pS, red trace; 10 pS; green 
trace) reduces the maximal feedback-induced response and shifts it to positive potentials. 
C) Plot of the feedback-induced current as a function of Vcone for different values of gCl  with ECl set to -29.4 mV. The reduction of the feedback-induced shift of ICa remains (0 pS, 
black trace; 5 pS, red trace; 10 pS; green trace). 
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Discussion 
 
Excitatory output of photoreceptors is counteracted by negative feedback 
from HCs. These two elements create a balance, which ensures optimal 
information transfer to bipolar cells (BCs). To maintain high sensitivity 
throughout the broad range of stimuli encountered under natural conditions, 
it is essential that the contribution of both these elements can adapt. 
Although much is known about mechanisms facilitating photoreceptor 
adaptation, how the strength of inhibitory feedback is modulated, has 
received less attention. In the present study, the role of ICa(Cl) and GABA-
gated currents in cones, in modulating the size of feedback from HCs was 
examined in the goldfish retina. It was shown that these two ICl are involved 
in modulating the balance between cone excitation and HC inhibition, by 
altering the efficacy of HC feedback to cones. 

Could the change in feedback strength, described in this paper be 
due to changes in [Cl]i? Thoreson and co-workers showed that in 
photoreceptors of the tiger salamander, ICa is reduced when [Cl-]i is reduced 
(Thoreson et al., 2000, 2003). The relevance of this pathway strongly 
depends on ECl. The physiological value of ECl in photoreceptors seems to 
differ between rods and cones. Rods seem to have an ECl of -25 mV which 
is more positive than the dark membrane potential (Rabl & Thoreson, 
2002). In cones, ECl seems to be close or slightly negative to the dark resting 
membrane potential (Kraaij et al., 2000a; Thoreson & Bryson, 2004). 
Therefore, opening of Cl--channels in goldfish cones in the dark will not 
alter either membrane potential or [Cl-]i substantially. Accordingly, the 
peak amplitude of ICa in cones was found to be independent of activation 
of either ICl(GABA) or ICl(Ca). The modulation of feedback by opening a Cl-
channel in cones cannot be accounted for by such modulation of ICa by 
changes in [Cl]i since feedback reduced when a Cl- conductance was 
activated while ECl was set at -50 mV. In such condition Cl- ions will flow 
into the cell instead of out which should make ICa larges instead of smaller. 
 
Cl--channel activity modulates ephaptic feedback 
How could the activation of a cone ICl modulate feedback? One option 
would be that opening Cl--channels in cones would limit the change in 
surround induced depolarization due to shunting inhibition which reduces 
membrane potential changes in cones. Although we cannot exclude some 
contribution of shunting inhibition, it is highly unlikely that this would be 
the mechanism for the modulation of feedback, because feedback hardly 
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alters the membrane potential of the cone, but strongly modulates the Ca2+-
channels by changing the extracellular potential (Verweij et al., 1996; 
Kraaij et al., 2000a). Therefore, we explored how the activation of Cl--
channels would affect the ephaptic feedback mechanism. 

Negative feedback from HCs to cones strongly depends on the 
morphology of the cone synaptic terminal. The specific relative localization 
of Ca2+-channels, hemichannels and glutamate receptors in the 
invaginating cone synapse seems to be crucial for the function of the 
feedback mechanism. We developed a quantitative model of this ephaptic 
feedback mechanism based on gold- and zebrafish data (Fahrenfort et al., 
2009; Klaassen et al., 2011). The model, extended with ICl in cones, 
reproduced the inhibition of feedback by the Cl--conductance correctly (Fig 
5). The mechanism by which this happens is as follows. Activation of a Cl-

-conductance in the presynaptic membrane will influence the current flow 
in the synaptic terminal. When ECl is more negative than Vm, a ICl will flow 
from the inside of the cone into the synaptic cleft. This current will 
compensate part of the current flow over the intersynaptic resistance. The 
result is that the potential deep in the synaptic cleft will be slightly less 
negative. This leads to a shift of ICa to positive potentials as was found 
experimentally (Fig 1D, left). 

Apart from these sustained shifts of ICa, adding ICl in the synaptic 
terminal leads to modulation of the feedback-induced shift of ICa in cones. 
Hyperpolarization of HCs leads to an increase in current flow through the 
hemichannels. Without a Cl--conductance in cones all current has to come 
from outside the synaptic terminal and would flow through the 
intersynaptic space. However, with a Cl--conductance in the cone synaptic 
terminal, part of this current will flow via this pathway making the current 
through the intersynaptic space smaller. Since the potential deep in the 
synaptic cleft strongly depends on the modulation of the current flow 
through the intersynaptic space, the feedback-induced shift of ICa is reduced 
(Fig 1E). Note that this reduction is independent of ECl. The reason being 
that in the dark ICl, the hemichannel-current and the current through the 
intersynaptic space are balanced. In this condition, ICl can either be inward 
or outward depending on ECl. Increasing the hemichannel-current through 
HC hyperpolarization will lead to an increase in the current through the 
intersynaptic space and to an increase in outward ICl or a decrease of inward 
ICl depending on ECl. However, the change in current will be the same in 
both conditions. 
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The functional role of the Ca2+-dependent Cl--current 
We found that activation of ICl(Ca) leads to a decrease of the amplitude of 
the feedback response. This implies that in cones around their dark resting 
membrane potential, in which ICl(Ca) is activated, feedback is suppressed. 
This generates an intriguing mechanism. As soon as feedback becomes too 
large, and too much Ca2+ is flowing into the cone synaptic terminal, ICl(Ca) 
gets activated and suppresses feedback. ICl(Ca) tunes the amount of feedback 
a cone receives at its dark resting membrane potential and in that way 
ensures a proper balance between the feedforward and feedback signals 
flowing across this synapse. Note that this balance is mainly set by the 
properties of ICl(Ca); i.e.: its Ca2+-dependence. In other words, ICl(Ca) 
prevents cones from getting a Ca2+-overload due to excessive HC feedback. 
This mechanism functions on a timescale from a few 100 ms to seconds. 
 
Role of GABA in the outer retina 
Both the activation of ICl(Ca) and ICl(GABA) reduce the feedback induced 
responses. They might influence feedback via the mechanism outlined 
above. However, we cannot exclude that GABA exerts its effect via 
multiple pathways. These alternative pathways will be discussed next. 

It has been suggested that the feedback pathway from HCs to cones 
is GABAergic. This suggestion was based on the evidence that at least one 
type of HC in goldfish (H1-HCs) contain and release GABA (Marc et al., 
1978; Yazulla & Kleinschmidt, 1983) in a Ca2+-independent manner 
(Schwartz, 1982; Yazulla & Kleinschmidt, 1983; Cammack & Schwartz, 
1993), and that cones express GABAA receptors located close to the 
glutamate release sites (Yazulla & Brecha, 1980; Yazulla et al., 1989; 
Klooster et al., 2004), which can be activated by GABA (Murakami et al., 
1982; Tachibana & Kaneko, 1984). However, direct measurements of 
feedback from HCs to cones in goldfish shows that HC feedback is not 
GABA-mediated (Verweij et al., 1996). Similar results were obtained in 
monkey (Verweij et al., 2003). 

In the present study, it was confirmed that cones have an ICl(GABA) 
and that GABA released by HCs, via a GABA-transporter working in the 
reversed direction, activates these receptors. Furthermore, it was shown 
that GABA inhibits negative feedback from HCs to cones. However, 
blocking this GABAergic pathway leads to an enhancement of feedback 
responses. These results are inconsistent with GABA as the feedback 
neurotransmitter but indicate that GABA modulates feedback. 
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How does GABA inhibit feedback? GABA can act at many 
locations in the retina. Firstly, GABA could hyperpolarize cones. This 
would lead to a reduction in the synaptic gain of the cone and thus to a 
smaller horizontal cell response (VanLeeuwen et al., 2009). Secondly, 
GABA could act on horizontal cells. Goldfish and salamander HCs have 
been shown to possess GABA receptors (Kamermans & Werblin, 1992; 
Verweij et al., 1998; Paik et al., 2003; Klooster et al., 2004). Opening these 
GABA-gated-channels will polarize the HC membrane potential depending 
on the position of ECl and shunt the HC light response. In principle, the 
reduction of the feedback responses in cones could be due to a reduction of 
the HC response amplitude as described in the previous section. Smaller 
HC response amplitudes will result in smaller feedback responses in cones 
(Kraaij et al., 2000b). However, in this study we showed that the HC 
response amplitude did not significantly reduce, suggesting that the 
opening of GABA-gated-channels on cones is the main mechanism 
responsible for the GABA-induced reduction of feedback responses. 
Secondly, GABA could act on dopaminergic interplexiform cells, which 
project to HCs (Dowling & Ehinger, 1978) and receive GABAergic input 
from the inner retina (Yazulla & Zucker, 1988). Dopamine is known to 
modulate the gap-junctional coupling and sensitivity of the glutamate 
receptors of horizontal cells (Knapp & Dowling, 1987; Tornqvist et al., 
1988; Yang et al., 1988a, 1988b; McMahon et al., 1989). Both of these 
changes could result in modulation of negative feedback from HCs to 
cones. It is unlikely that the modulation of the gap-junctions is the 
underlying mechanism for the modulation of feedback since the 
modulation of feedback remains present for full field stimuli. In such 
conditions, no current will flow through the gap-junctions and thus 
modulation of the gap-junctions will not affect the system.  

We were not able to activate this modulatory pathway by light 
stimuli. One of the reasons for this might be that this pathway functions on 
a time scale of seconds to minutes. The time constant of this GABAergic 
pathway is most likely determined by the time constant of the GABA-
transporter, the time constant of the GABA-receptors and the volume into 
which GABA is released. Since both the GABA-transporter and the 
GABA-receptor time constants are fast (Cammack et al., 1994; 
Lukasiewicz & Shields, 1998), it seems likely that the volume of the 
compartment wherein GABA is released, is the rate limiting factor. 
Immunocytochemical evidence shows that GABA-transporters are not 
focally localized in the synaptic complex but are also present on the somatic 
membrane of HCs (Klooster et al., 2004). This distribution of the GABA-
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transporters indicates that HCs release GABA in the extracellular space 
around them, which is a relatively large volume. Inducing significant 
changes in the GABA concentration in such a large compartment will take 
time (Kamermans & Werblin, 1992). How much time will depend on the 
precise organization of the extracellular space around HCs and might vary 
strongly between species. 

Alternatively, one could hypothesize that the GABA release by HCs 
is only partly voltage-dependent but that modulation of GABA-transporters 
by, for instance phosphorylation is a much more prominent way of 
regulating GABA release. In the dark-adapted retina, GABA release from 
HCs is increased (Yazulla, 1985). Interestingly, the efficiency of the 
feedback pathway changes strongly during light-dark adaptation, with 
feedback almost absent in the dark-adapted state (Weiler & Wagner, 1984). 
Choi et al. (2011) showed that the localization of GABA receptors in cones 
is modulated by light/dark adaptation, with most GABA receptors located 
in the membrane in the dark adapted state. These observations lead to the 
suggestion that GABA is involved in adaptation-induced changes in 
feedback strength (Gilbertson et al., 1991; Yang & Wu, 1993; Yang et al., 
1998). 

It has been suggested that HCs feed forward to BCs via a 
GABAergic pathway (Yang & Wu, 1991). The results of the present paper 
do not exclude the existence of such a feedforward pathway. It might be 
that in the dark adapted retina, the global, transporter-mediated GABAergic 
pathway from HCs to cones dominates. On the other hand, in the light 
adapted retina, GABA may mediate a local feedforward signal from HCs 
to BCs (Thoreson & Mangel, 2012). This feedforward pathway might be a 
Ca2+-dependent, vesicular release pathway (Lee & Brecha, 2010; Hirano et 
al., 2011). 
 
Functional role of GABAergic modulation of negative feedback 
In this paper, we have shown that activation of ICl(GABA) in cones inhibits 
negative feedback from HCs to cones. What is the functional consequence 
of this modulation? In the light adapted retina, GABA release is low 
(Yazulla & Kleinschmidt, 1983; Yazulla, 1985; O’Brien & Dowling, 1985) 
and feedback is consequently barely inhibited by ICl(GABA). Therefore, the 
feedback pathway from HCs to the cones will be maximally active in this 
adaptational condition. This leads to a well-developed center/surround 
organization in BCs and spectral coding of HCs, which are instrumental to 
reduce redundancies. 
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In the dark adapted retina, the signal-to-noise ratio drops and 
redundancy reduction has to be limited in order to collect enough reliable 
information about the stimulus. In this condition, GABA release is high 
(Yazulla & Kleinschmidt, 1982; Yazulla, 1985; O’Brien & Dowling, 
1985), resulting in the opening of GABA-gated Cl--channels and 
consequently a reduction of the efficiency of feedback from HCs to cones. 
This will result in a reduction of the center/surround organization of BCs 
(Thoreson & Mangel, 2012) and a loss of spectral coding of HCs (Weiler 
& Wagner, 1984). In the meantime, the cone Ca2+-current has to remain in 
its operating range. ICl(Ca) might be responsible for this. If sustained 
feedback is reduced, ICl(Ca) will be activated less and sustained feedback 
might increase again keeping the cone ICa in its working range. This 
delicate interplay between feedback, ICl(Ca) and ICa ensures that ICa will 
remain in its operating range independent of the adaptation state of the 
retina. 
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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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Summary 
 
 
Visual perception starts in the retina with the transduction of light into 
neuronal signals. Light can be considered to be visual information. The 
retina has evolved such that it can process and code this information 
efficiently, before it sends it to the brain. To achieve this, the retina consists 
of multiple layers of neurons, which can be subdivided in many different 
types, each with their own specific function regarding the process of coding 
visual information. The research described in this thesis focuses on the first 
steps of this process, which starts with the absorption of photons by visual 
pigments in so-called photoreceptors. This absorption leads to a 
conformational change of the visual pigment, which sets off a biochemical 
chain reaction, which ultimately results in a hyperpolarization of the 
voltage over the photoreceptor membrane. Photoreceptors communicate 
with bipolar cells and horizontal cells by releasing neurotransmitter 
molecules at a signal junction called a synapse. Bipolar cells and horizontal 
cells express receptors at the synapse, which bind the released 
neurotransmitter, which consequently leads to polarization of these cell 
types. Bipolar cells subsequently communicate with ganglion cells, 
whereas horizontal cell provide inhibitory feedback to photoreceptors. 
 
Processing of visual information is complicated by the large range of light 
intensities occurring naturally. In a single visual scene the difference in 
intensity can be thousand fold, whereas the difference between day and 
night can be more than trillion fold. The retina possesses various 
mechanism to remain sensitive over this entire range. For instance, there 
are two types of photoreceptors: rods and cones. Rods are very sensitive to 
light and are responsible for vision at low light intensities. Cones are less 
sensitive to light and are involved in vision during the day. By using two 
photoreceptors with different sensitivities the retina can remain responsive 
over the entire range of light intensities the occurring during a day-night-
cycle. 
 
The retina of fish, used in this thesis, has a number of different cone types. 
These cones differ functionally in the way they respond to different colors 
of light. This so-called spectral coding forms the basis of color vision. In 
chapter 2, a description can be found of the spectral coding of four different 
cone types of the zebrafish. Based on the responses of these cones, 
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predictions are made regarding the composition of the visual pigments they 
contain. Knowledge of the spectral sensitivities of zebrafish cones is 
important for future research in the field of visual neuroscience, in which 
this organism is becoming increasingly popular. 
 
A visual scene contains a large amount of redundant temporal, spatial, and 
spectral information. This redundant information is brought about by the 
structure of everyday visual scenes: relatively large areas of more or less 
equal color and intensities, alternated with abrupt transitions to others 
colors and intensities. Transmitting all this information would be a very 
inefficient way of information processing. Therefore, various processes are 
present in the retina which diminish the amount of redundant information. 
In the remaining chapters of this thesis, retinal mechanism are studied, 
which contribute to this optimization process. 
 
In chapter 3, the responses of cones to a so-called natural stimulus are 
studied in the goldfish retina. Such natural stimuli are characterized by a 
skewed distribution of occurring light intensities. De vast part of the 
stimulus consists of light with a low intensity alternated with brief peeks of 
light with a high intensity. However, the cone response to this stimulus 
display a more normal distribution. This means that the skewed distribution 
of stimulus intensities is redistributed into a normal response distribution. 
This way the available response levels of cones is more optimally utilized. 
The light responses of cones are also used to validate a mathematical cone 
model. This model consists of several equations, which describe the 
biophysical processes underlying the light response of photoreceptors. A 
number of these equations are of nonlinear nature. This model turns out to 
give a better description of cone responses to a natural stimulus than 
conventional linear and logarithmic models. 
 
The goldfish retina contains different types of horizontal cells. Horizontal 
cells are excited by neighboring photoreceptors. Thus, the response size of 
horizontal cell are a measure for the average global light intensity of a part 
of the retina, whereas the response of a photoreceptor reports the local light 
intensity. Because horizontal cells provide inhibitory feedback to 
photoreceptors, by which they are excited, the signal ultimately transmitted 
to bipolar cells is the difference between the global light intensity, as sensed 
by horizontal cells, and the local light intensity, as sensed by 
photoreceptors. In contrast to the different cone-types, not only the 
response size of horizontal cells, but also the direction of the response, 



 

151 
 

depends on the color of the stimulus. Monophasic horizontal cells 
hyperpolarize of the entire stimulus spectrum, but biphasic horizontal cells 
only hyperpolarize to blue light and depolarize to red light, and triphasic 
horizontal cells hyperpolarize to blue and red light, and depolarize to green 
light. The response patters are caused by the selective contacts, which 
horizontal cells make with the different cone-types and the feedback form 
horizontal cells to cones. In chapter 4, a natural stimulus is used to evaluate 
the visual information processing in monophasic and biphasic horizontal 
cells. Like cones, horizontal cells display a redistribution of light intensities 
over their response range, but no further optimization can be seen relative 
to cones. Because horizontal cells pool the signal of several photoreceptors, 
considerable improvement of the so-called signal-to-noise ratio does occur. 
 
In chapter 5, the influence of two different cone chloride currents on the 
size of feedback from horizontal cells is described. Both activation of the 
GABA-induced chloride current as well as the calcium-dependent chloride 
current lead to a reduction of the size of this feedback. This effect is 
explained by means of a model of the synapse between photoreceptors and 
horizontal cells. Although, both currents regulate the size of feedback it is 
proposed that this occurs relatively slowly and globally in the case of the 
GABA-induced chloride current, whereas this happens rapidly and locally 
in the case of the calcium-dependent chloride current. Possibly, the GABA-
dependent chloride current is involved in modulating the size of feedback 
during the day-night-cycle, and the calcium-dependent chloride current 
regulates the balance between excitation and inhibition in one adaptive 
state. 
 
Finally, the main findings are recapitulated and discussed in chapter 6. 
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Samenvatting 
 
 
Visuele perceptie begint in de retina (netvlies) met het omzetten van licht 
naar neuronale signalen. Licht kan worden beschouwd als visuele 
informatie. De retina is zodanig geëvolueerd dat het deze informatie op 
efficiënte wijze kan verwerken en coderen, voordat deze wordt 
doorgestuurd naar de hersenen. Om dit te bewerkstelligen bestaat de retina 
uit meerdere lagen en een groot aantal verschillende types neuronen 
(zenuwcellen), elk met hun eigen functie met betrekking tot het proces van 
de codering van visuele informatie. Het onderzoek in dit proefschrift richt 
zich op de eerste stappen in dit proces. Dit begint met de absorptie van 
fotonen door visuele pigmenten in zogenaamde fotoreceptoren. Deze 
absorptie leidt tot een conformatie verandering van het visuele pigment wat 
een biochemische kettingreactie ingang zet die uiteindelijk resulteert in een 
hyperpolarizatie van de spanning over de membraan van de fotoreceptor. 
Fotoreceptoren communiceren met bipolair cellen en horizontaal cellen 
door middel van de afgifte van neurotransmitter moleculen op een 
contactplaats genaamd de synaps. Bipolair cellen en horizontaal cellen 
hebben receptoren ter plaatse van de synaps die de afgegeven 
neurotransmitter binden wat daarna zorgt voor de polarisatie van deze cel 
typen. Bipolair cellen communiceren vervolgens met ganglion cellen, 
terwijl horizontaal cellen inhiberende terugkoppeling verzorgen naar de 
fotoreceptoren. 
 
De verwerking van visuele informatie wordt gecompliceerd door het grote 
verschillen in intensiteit van licht in een natuurlijke omgeving. In één 
visuele scene kan dit verschil in intensiteit meer dan duizendvoudig zijn, 
terwijl het verschil tussen dag en nacht zelfs meer dan een biljoenvoud kan 
zijn. De retina bezit verschillende mechanismes om over dit gehele bereik 
gevoelig te blijven. Zo bestaan er twee typen fotoreceptoren: staafjes en 
kegeltjes. Staafjes zijn zeer gevoelig voor licht en verantwoordelijk voor 
visie bij lage lichtintensiteiten. Kegeltjes zijn minderen gevoelig voor licht 
en zijn betrokken bij visie overdag. Door gebruik te maken van twee 
fotoreceptoren met verschillende gevoeligheden kan de retina responsief 
blijven over het gehele bereik van lichtintensiteiten in een dag-nacht-
cyclus. 
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De retina van de vissen gebruikt in dit proefschrift bezit verschillende 
kegeltypen. Deze onderscheiden zich functioneel door de grootte van hun 
respons op verschillende kleuren. Deze zogenaamde spectrale codering is 
de basis van kleuren visie. In hoofdstuk 2 is een beschrijving te vinden van 
de spectrale codering van de vier verschillende kegeltypen van de zebravis. 
Op basis van de responsen worden voorspellingen gedaan over de 
samenstelling van de visuele pigmenten in elk van de kegeltypes. Kennis 
van de spectrale gevoeligheden van de kegeltjes van de zebravis is van 
belang voor toekomstig onderzoek op het gebied van visie, waarin dit 
organisme in toenemende mate wordt gebruikt. 
 
Een visuele scene bevat een grote hoeveelheid overbodige of redundante 
informatie op zowel temporeel, spatieel en spectraal gebied. Deze 
redundante informatie is het gevolg van de structuur van alledaagse visuele 
scenes; relatief grote gebieden van min of meer gelijke kleur en intensiteit 
hier en daar afgewisseld met abrupte overgangen naar andere kleuren en 
intensiteiten. Al deze informatie doorgeven zou een zeer inefficiënte wijze 
van informatie verwerking zijn. Vandaar dat in de retina processen 
aanwezig zijn die ervoor zorgen dat de hoeveelheid redundante informatie 
verminderd wordt. In de overige hoofdstukken van dit proefschrift zijn 
retinale mechanismen bestudeerd die bijdragen aan dit optimalisatie 
proces. 
 
In hoofdstuk 3 worden de responsen van kegeltjes ten gevolge van een 
zogenaamde natuurlijk stimulus bestudeerd in de retina van de goudvis. 
Deze natuurlijke stimulus kenmerkt zicht door de scheve verdeling van 
voorkomende lichtintensiteiten. Het overgrote deel van de stimulus bestaat 
uit licht van een lage intensiteit afgewisseld met korte pieken van licht met 
een hoge intensiteit. De kegel respons ten gevolge van deze stimulus 
vertoont echter een meer normale verdeling. Dit betekent dat de scheve 
verdeling van stimulus intensiteiten worden herverdeeld tot een normale 
respons verdeling. Op deze wijze wordt er optimaler gebruik gemaakt van 
de beschikbare respons niveaus van kegeltjes. De lichtresponsen van 
kegeltjes worden tevens gebuikt om mathematisch model van kegeltjes te 
valideren. Dit model bestaat uit een aantal vergelijkingen die de biofysische 
processen beschrijven die ten grondslag liggen aan de lichtrespons van 
fotoreceptoren. Een aantal van de vergelijkingen in dit model zijn niet-
lineair van aard. Dit model blijkt een betere beschrijving te geven van de 
kegel responsen op een natuurlijke stimulus dan conventionele lineaire en 
logaritmische modellen. 
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De retina van de goudvis bevat verschillende typen horizontaal cellen. 
Horizontaal cellen worden geëxciteerd door meerdere naburige 
fotoreceptoren. Zodoende is de respons grootte van een horizontaal cel een 
maat voor de gemiddelde globale lichtintensiteit voor een stukje van de 
retina, terwijl de respons van één fotoreceptor iets zegt over de lokale 
lichtinitensiteit. Doordat horizontaal cellen inhiberende terukoppeling 
geven aan de fotoreceptoren die hen exciteren zal het signaal dat 
uiteindelijk wordt doorgegeven aan de bipolair cellen het verschil zijn 
tussen de globale lichtintensiteit, zoals waargenomen door horizontaal 
cellen, en de lokale lichtintensiteit, zoals waargenomen door 
fotoreceptoren. In tegenstelling tot de verschillende kegeltypen is niet 
alleen de grootte van de horizontaal cel respons afhankelijk van de kleur 
van de stimulus, maar ook de richting van de respons. Monofasische 
horizontaal cellen hyperpolariseren over het gehele stimulus spectrum, 
maar bifasische horizontaal cellen hyperpolariseren slechts op blauw licht 
en depolariseren ten gevolge een rode stimulus, en trifasische horizontaal 
cellen hyperpolariseren op blauw en rood licht en depolariseren op groen 
licht. Deze respons patronen zijn het gevolg van de selectieve contacten die 
de horizontale cellen maken met de verschillende kegeltypen en de 
terugkoppeling van de horizontaal cellen naar de kegeltjes. In hoofdstuk 4 
wordt een natuurlijk stimulus gebuikt om de verwerking van visuele 
informatie in monofasische en bifasische horizontaal cellen te evalueren. 
Horizontaal cel responsen vertonen, net als kegeltjes, een herverdeling van 
lichtintensiteiten over hun respons bereik van een scheve naar een normale 
verdeling, maar deze is niet verder geoptimaliseerd ten opzichte van 
kegeltjes. Doordat horizontaal cellen het signaal van meerdere 
fotoreceptoren groeperen vindt er wel aanzienlijke verbetering plaats van 
de zogenaamde signaal-ruis-verhouding. 
 
In hoofdstuk 5 wordt de invloed van twee verschillende chloride stromen 
in kegeltjes op de grootte van terugkoppeling van horizontaal cellen 
beschreven. Zowel activering van de GABA geïnduceerde chloride stroom 
als de calcium afhankelijk chloride stroom resulteren in vermindering van 
de grootte van deze terugkoppeling. Dit effect wordt verklaard met behulp 
van een model van de synaps tussen fotoreceptoren en horizontaal cellen. 
Hoewel beide stromen de grootte van terugkoppeling reguleren wordt 
voorgesteld dat dit in het geval van de GABA geïnduceerde chloride 
stroom langzaam en globaal plaatsvindt, terwijl dit voor de calcium 
afhankelijk chloride stroom snel en lokaal gebeurt. De GABA 
geïnduceerde chloride stroom is mogelijk betrokken bij het aanpassen van 
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de grootte van feedback tijdens de dag-nacht-cyclus en de calcium 
afhankelijke chloride stroom voor het reguleren van de balans tussen 
excitatie en inhibitie in één adaptieve conditie. 
 
Ten slotte worden de belangrijkste resultaten gerecapituleerd en verder 
besproken in hoofdstuk 6.



 
 

 


