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Chapter 1

General introduction

The subject of this thesis is the first synapse in vision, which is found in the 
retina and may be the most complex synapse of the vertebrate brain. During 
my studies of the transmission and modulation in this synapse in the retina 
of the goldfish (Carassius auratus auratus) and zebrafish (Danio rerio) I 
discovered a novel and intriguing synaptic transmission mechanism. 

In the first section of this introduction I will introduce the retina. The retina 
is a light sensitive layered structure in the back of the eye consisting of many 
different cell types (Section 1). The photoreceptors are the light sensitive cells 
and project to the bipolar cells (BCs) and the horizontal cells (HCs). The HCs 
in turn feed back to the photoreceptors, modulating their output (Section 2). 
This negative feedback mechanism has been subject of intense debate for 
over two decades and will be the main topic of this thesis. Therefore, I will 
address HCs and their connectivity with the cone photoreceptors in detail 
(Section 3). Different hypotheses for the mechanism of negative feedback 
have been proposed over the years. These hypotheses will be discussed in 
section 4. However, as one of these hypotheses, the ephaptic mechanism, 
will be the sole subject of chapter 2, it will only be briefly discussed in this 
introduction. After having introduced negative feedback from HCs to cones, 
I will focus on connexin (Cx) and pannexin 1 (Panx1) channels located on 
the HCs (Section 5). Cx hemichannels have been shown to have a key role 
in negative feedback. In this thesis I will show that, apart from Cxs, Panx1s 
are also an essential element of this feedback synapse. Finally, in section 6, 
I will provide the rationale for using zebrafish and goldfish as experimental 
animals.

1.  The vertebrate retina
Light entering the eye is projected by the cornea and lens on a layered 
neuronal network that covers the inner back wall of the eye, the retina 
(Figure 1). To make sure that the image is constantly focussed on the retina, 
the lens can be adjusted by the connected cilliary muscles. The retina 
processes the incoming visual information and sends it to the brain over the 
optic nerve. In the brain this information is further processed, eventually 
leading to perception.
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The retina consists of six major neuronal cell types and a glial cell type. Very 
schematically, the retina works as follows. Photoreceptors respond to the 
incoming light and project to HCs and BCs. HCs provide lateral inhibition by 
feeding back to the photoreceptors. BCs then feed this processed signal to 
the ganglion cells (GCs) who in turn send their signals to the brain. Amacrine 
cells (ACs) provide lateral processing at the level of BCs and GCs, shaping 
the output of the BCs. The Müller cells are the glia cells in the retina. 
(For this section I used three textbooks as my primary source: The visual 
neurosciences, Chalupa et al., 2004; The first steps in seeing, Rodieck, 1998; 
The retina: an approachable part of the brain, Dowling, 1987).

This basic structure of the retina is well preserved among vertebrates. In 
every animal all the major retinal cell types are comprised of many subtypes 
that perform specialised functions. Although the number and the specific 
functions of these subtypes can differ per species, the general mechanism 
of many of the processing steps in the retina are highly conserved. The 
properties of the principal mechanism studied in this thesis, negative 
feedback from HCs to cones, are virtually unchanged from fish all the way to 
monkeys (Verweij et al., 1996; Verweij et al., 2003). This makes the goldfish 
and the zebrafish suitable experimental animals to study the first synapse in 
vision.

Photoreceptors
The rod and cone photoreceptors are the light sensitive neurons in the 
retina. The light sensitive part of the photoreceptors is the outer segment, 
which consists of stacked disc-shaped membranes containing photopigment 
molecules. Rod photoreceptors (Figure 1, dark green cells) are very sensitive 
and, when fully dark adapted, respond to just a single photon, making them 
suitable for vision in very dark conditions. As a trade-off their signals are 
relatively slow and noisy. At higher light levels the cone photoreceptors 
take over. Cones come in different types and, depending on the pigments 
they contain, they are preferentially sensitive to certain wavelengths. The 
number of different types of cone in the retina varies between animal 
species. The human retina contains three cone types: a long wavelength 
sensitive cone (L-cone or ‘red’ cone), a middle wavelength sensitive cone 
(M-cone or ‘green’ cone) and a short wavelength sensitive cone (S-cone or 
‘blue’ cone) (Figure 1). The experimental animals used in this thesis, goldfish 
and zebrafish, have an additional cone type that is sensitive to UV light 
(UV-cone) (Neumeyer, 1985). The photoreceptors are covered by a layer of 
heavily pigmented epithelial cells (Figure 1, grey cells) that regenerate the Figure 1 Schematic illustration of the eye and the retina.
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which vesicles are organized and funnelled to the location of exocytosis, 
allowing for high and sustained levels of glutamate release (Figure 2) (Sterling 
and Matthews, 2005).  Rod photoreceptors have one ribbon in their synaptic 
terminal, whereas cone synaptic terminals are much bigger and contain 
multiple ribbons. 

In the dark, photoreceptors are depolarised and release glutamate 
continuously at a high rate. This release is triggered by the influx of Ca2+ 
through L-type Ca2+-channels that are located close to the synaptic ribbons. 
This allows the vesicles to dock to and fuse with the presynaptic membrane 
of the cone and release the glutamate they contain into the synaptic cleft. 
Light stimulation hyperpolarises photoreceptors. This leads to closure of the 
voltage sensitive Ca2+-channels and consequently to a reduction in vesicle 
fusion and glutamate release (Sterling and Matthews, 2005). Dendrites of 
the second order neurons express glutamate receptors and are located close 
to the synaptic ribbon. Figure 2 shows that the HC and BC dendritic tips are 
strategically located near the synaptic ribbon in a very specific pattern. BCs 
dendrites are located centrally relative to the ribbon and HCs dendrites end 
either laterally or centrally relative to the ribbon (Stell and Lightfoot, 1975). 

Bipolar cells
There are many different subtypes of BCs. For instance, in the human retina 
eleven types have been identified (Kolb et al., 1992). One of these types 
connects exclusively to rods, while all the other types receive input from 
cones. Subtypes of BCs vary in the amount and type of cones they connect to. 
In the fovea, some BCs connect to one cone only, whereas in the periphery 
many cones connect to one BC. 

The receptive fields of BCs have a centre-surround organisation. This means 
that their response to stimulation of their surround with an annulus is 
opposite in sign to their response to a spot stimulation in the centre of their 
receptive field. These surround responses are thought to be generated by 
negative feedback from HCs to cones. If the retina is stimulated with a spot of 
light, the cones within the light hyperpolarise, while cones outside the spot 
do not polarise (Figure 3). The HCs receiving input from the cones covered 
by the spot will hyperpolarise in response. The signal of the HC is then fed 
back to the cones and subtracted from the cone signal. Because the HCs 
are connecting to multiple cones, they also send an inhibitory signal to the 
cones that are not stimulated by the light. The broader signal from the HCs is 
subtracted from the narrow cone signal and the resulting output is received 

bleached photopigments, phagocytose the outer segment disks and provide 
the cells with the other necessary resources. Furthermore, they may protect 
the photoreceptors from being exposed to too much light.

Photoreceptor synaptic terminal
The photoreceptors form synapses with HC and BC dendrites in the outer 
plexiform layer (OPL) of the retina. The HC and BC dendrites invaginate 
the photoreceptor terminal, forming a complex convoluted structure. 
Photoreceptors release glutamate at the synaptic ribbon, a structure along 

Figure 2 Electron micrograph of the cone pedicle of the goldfish retina, cross section in the 
transverse plane. HC dendrites are localised laterally or centrally to the synaptic ribbons 
(SR). BCs are always located centrally to the ribbon. The vesicle density in the cones is very 
high, while HCs contain only a few. Unpublished data Jan Klooster.
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BCs can be divided into two main groups, the depolarising BCs (DBCs) and 
hyperpolarising BCs (HBC). This refers to the way they respond to glutamate. 
HBC express AMPA type glutamate receptors whereas DBC express a 
metabotropic glutamate receptor (mGluR6). Ionotropic receptors are sign 
conserving whereas metabotropic receptors are sign inverting. Upon light 
stimulation, cones hyperpolarise and decrease their glutamate release, 
which results in a depolarising response in DBCs and a hyperpolarising 
response in the HBCs. 

Horizontal cells
HCs (Figure 1, yellow cells) provide lateral inhibition. They receive input from 
many photoreceptors and are electrically coupled by gap junctions enabling 
them to integrate signals over a large area. This signal is fed back to the 
photoreceptor via an inhibitory synapse, in essence subtracting their signal 
from that of the photoreceptor. In this way HCs modulate the photoreceptor 
output and generate the centre-surround organisation of the receptive field 
of BCs (Figure 3). The connectivity of the cones to HCs and negative feedback 
from HCs to cones will be discussed in more detail in the next sections.

Ganglion cells
All neurons in the retina respond with graded potential changes, with the 
exception of the GCs (Figure 1, red cells) and some types of ACs. Both the 
ACs and GCs receive their input from BCs. The GCs transform the graded 
potential changes into spikes that is sent to the brain via the optic nerve. 
By this time the amount of data is already substantially reduced by retinal 
processing. 

The receptive fields of GCs have a centre-surround organisation similar to 
that of the BCs. If, for example, an ON-GC is stimulated with a light spot 
that only covers its excitatory centre, the cell will fire at a much higher rate 
than if the stimulus covers both the excitatory centre and the inhibitory 
surround (Figure 4). The receptive field sizes vary substantially between the 
different GC types. For instance, in the primate retina the midget GCs have 
the smallest receptive fields as they only receive input from a single midget 
BC (Kolb and Dekorver, 1991). Other GCs receive input from many BCs and 
thus have much larger receptive fields.

by the BCs. The feedback from HCs to cones generates a response of the 
BC that is not only dependent on the cones from which it received direct 
input, but also on the surrounding cones from which it receives no direct 
input (Figure 3). This results in the so-called centre/surround organization 
of the receptive field of BCs. While many neurons in the visual pathways 
have a centre-surround organization of their receptive fields, it first appears 
at the synapse between cones, HCs and BCs. Although, the centre-surround 
structure of visual neurons is refined and modified at many stages, it seems 
that part of this organization is inherited from this first synaptic interaction. 

Figure 3 HC to cone negative feedback is responsible for the centre-surround organisation of 
BCs. Cones that are stimulated with a spot of light hyperpolarise, but cones outside the spot 
do not experience a change in their polarisation. This results in the narrow cone response 
graph (top graph). HCs are receiving input from multiple cones and are electrically coupled, 
leading to a much broader response graph (middle). This HC response is fed back to the 
cones via an inhibitory signal. The HC response is subtracted from the cone response and 
this signal is received by the BCs. The resulting response is shown in the bottom graph. As a 
consequence of negative feedback, the BCs receive a signal from the cones just outside the 
spot that is ‘darker’ than further away from the spot.
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starburst AC. While these ACs do not receive direction selective input, their 
output is the first instance of direction selectivity in the retina and as such, 
they are therefore crucial to the functioning of the direction-selective GCs 
(Taylor and Smith, 2012).

Müller cells
Müller cells (Figure 1, light brown cell) are the glia cells in the retina and 
stretch across the retina from ganglion cells to cones. They contain glutamate 
transporters and take up excess amounts of glutamate. They also control 
extracellular concentrations of γ-aminobutyric acid (GABA), potassium and 
protons (Newman and Reichenbach, 1996). Furthermore, Müller cells have 
been proposed to be involved in channelling the light falling on the GC side 
of the retina towards the photoreceptors (Franze et al., 2007).

2. Negative feedback from horizontal cells to cones
In the dark, Ca2+-dependent vesicular glutamate release from cone 
photoreceptors is high. Voltage gated Ca2+-channels (ICa) are responsible for 
the voltage dependent modulation of the intracellular Ca2+ concentration in 
the cone synaptic terminal. A high Ca2+-concentration leads to a large amount 
of glutamate release, which activates glutamate receptors on HC dendrites. 
Light stimulation of the cone causes a hyperpolarisation, resulting in a 
reduction in ICa. This reduces the glutamate release from the cone synaptic 
terminal, leading to the closure of the glutamate-gated channels on the HCs 
and consequently a hyperpolarisation of the HC. The HCs feed back to the 
cones by shifting the activation potential of ICa in cones to more negative 
potentials (Figure 8A) (Verweij et al., 1996). This causes an increase in the 
influx of Ca2+ through the Ca2+-channels and consequently the glutamate 
release increases, completing the feedback loop. This mechanism is highly 
conserved and has been identified in both warm- and cold-blooded animals 
(Fish: Verweij et al., 1996; Newt: Hirasawa and Kaneko, 2003; Monkey: 
Verweij et al., 2003; salamander: Cadetti and Thoreson, 2006).

HCs integrate cone signals over a large area, generating a signal that contains 
a large amount of redundant information in the spatial domain. This signal is 
fed back negatively to the cones and subtracted from the local cone signal. 
By subtracting this redundant information from the original cone signal, the 
details and finer features, which are of most interest to an organism, are 
preserved and sent on to the BCs. 

There are many different GC subtypes that transmit different aspects of the 
visual input, such as luminance, contrast, spectral content and movement 
in a certain direction. Many of these direction-selective GCs are sensitive to 
movements in a certain direction and are even selective for a certain speed 
(Vaney et al., 2012), while others respond to approaching objects (Münch 
et al., 2009). There are also GCs that are not directly involved in visual 
perception, but provide input the the biological clock in the superchiasmatic 
nucleus (SCN). Furthermore, they drive the light reflexes of the pupils. These 
GCs contain melanopsin and are themselves intrinsically light sensitive 
(Berson et al., 2002; Hattar et al., 2002).

Figure 4 The response of a sustained ON-GC is dependent on the diameter of the stimulus 
light spot. The highest firing rate is reached when the spot perfectly overlaps with the GC’s 
excitatory centre, but declines when the spot reduces or increases in size.

Amacrine cells
ACs (Figure 1, purple cells) are interneurons that are responsible for a large 
variety of tasks. They modify the signal flow between BCs and GCs via GABA-
ergic and Glycinergic inhibition. There are many subtypes of ACs, more than 
any other cell type in the retina. ACs are often electrically coupled to ACs 
of the same type by gap junctions, relaying signals directly, or they inhibit 
different AC subtypes. The functions of most subtypes are still unknown, 
but one in particular that has been studied extensively is the mammalian 
AII AC. This AC receives its input from rod DBCs. Rod DBCs do not directly 
signal to a GC. Instead, the AII ACs receive the signal from the rod DBCs 
and relays it to the cone DBCs via a gap junction connection (see section 
5) (Demb and Singer, 2012). The AII AC also sends an inhibitory signal to 
HBCs. In this way, in very low light conditions, the rod system can make use 
of the cone pathways. Another AC that has been studied extensively is the 
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the slope of ICa is more shallow. An equal modulation of the cone membrane 
potential will now lead to a smaller change in the cone output. However, 
when HCs are hyperpolarised, negative feedback shifts the activation 
potential of ICa to more negative potentials. The consequence is that the 
cone membrane potential shifts back to the potential range where ICa has a 
steep slope and small modulations in the membrane potential of cones lead 
to larger changes in the cone output. In this way, feedback changes the gain 
of the cone synapse, enhancing the remaining cone signal after subtraction 
of the laterally integrated HC signal (VanLeeuwen et al., 2009). Redundant 
spatial information is reduced, while relevant information is enhanced.

This lateral gain control mechanism may have important consequences for 
vision. It might form the basis for colour constancy. The spectral composition 
of the light changes over the day. When the sun is just above the horizon, 
the light is red, but when the sun is at its highest point the light is much more 
blue. Nonetheless, we always perceive oranges as orange and tomatoes as 
red, which is what we mean when we refer to colour constancy. If a retina 
is stimulated by a blue global illumination, the S-cones hyperpolarise and 
their gain decreases. The other cone-types do not respond strongly to this 
illumination, but do receive feedback from HCs. This increases their synaptic 
gain. In this way, the retina compensates for the blue global illumination 
(Kamermans et al., 1998; VanLeeuwen et al., 2007; Sabbah et al., 2013).  

3. The horizontal cells and their connections with the cone photoreceptors
Two classifications of HCs are generally used. One classification is based 
on the morphological properties, the other on the spectral sensitivities of 
the HCs. Stell and Lightfoot (1975) identified three morphological types 
of HCs in the goldfish retina; H1, H2 and H3 (Figure 6). The classification 
based on spectral sensitivities divided HCs into monophasic HCs (MHCs), 
biphasic HCs (BHCs) and triphasic HCs (THCs) (Carp: Norton et al., 1968). The 
MHCs hyperpolarise to all wavelengths, the BHCs hyperpolarise to short and 
middle-length wavelengths, but depolarises to long wavelengths, and the 
THCs hyperpolarise to short and long wavelengths, but depolarises to middle 
wavelengths. 

Stell et al. (1975) proposed a model for the connectivity of HCs and cones to 
account for the different spectral responses found by Norton et al. (1968). 
They found that HCs make two types of connections; some dendritic tips 
were located lateral to the synaptic ribbon, whereas others were located 
centrally to the ribbon much like BC dendrites. They showed that each cone 

At a dark-light border, HCs receive input from cones on both sides and feed 
back negatively to these same cells. This has an interesting effect that serves 
as a contrast enhancement mechanism. Cones in homogenous illumination 
receive feedback from HCs, which leads to an increase in the glutamate 
release from these cones. However, the HCs feeding back to cones at the 
dark-light border also receive input from cones on the dark side, so the 
feedback-induced increase in glutamate release is reduced. As a result, 
the output of cones in the light near the light-dark border is ‘lighter’. The 
opposite happens at the dark side of the border. In a totally dark area, the 
feedback-induced increase in glutamate release from the cones is small. 
However, at the dark-light border the HCs also receive input from cones on 
the light side. The feedback-induced increase in glutamate release from the 
cones near the dark border is larger than it would be in complete darkness 
and the cone output is therefore ‘darker’. This effect serves to enhance the 
difference between two areas of different luminance, resulting in contrast 
enhancement (Klaassen et al., 2011), which is elegantly demonstrated in the 
Mach band illusion (Figure 5).

Figure 5 The Mach bands illusion. At the borders where each segment meets, the darker 
edge appears darker than the rest of its segment, while the lighter edge appears lighter 
than the rest of its segment. The contrast between the surfaces is enhanced and the border 
between each pair of segments is therefore easier to detect. This effect is caused by negative 
feedback from HCs to cones.

In addition to this inhibitory action of negative feedback from HCs to cones, 
feedback also increases the synaptic gain of the cone. This seems counter 
intuitive; inhibition combined with a gain increase. In the dark the cone 
membrane potential is close to the half maximum activation of ICa. At that 
potential, a small modulation of the cone membrane potential leads to a 
relatively large change in ICa and thus a larger change in cone output. When 
cones hyperpolarise, the cone membrane potential shifts to a potential where 
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MHCs. The H2 type was identified as a C-type BHC and the H3 type was split 
into three physiological types; C-type blue THCs, tetraphasic HCs, and C-type 
UV THCs (Connaughton and Nelson, 2010).

type makes a specific type of connection with certain HC types (Fig 7). By 
assuming that the lateral ending HC dendrites deliver feedback signals to 
cones and that the central ending dendrites receive feedforward signals 
from the cones, they were able to account for the spectral responses of the 
various HC types.

Figure 7 The model proposed by Stell et al. (1975) for the connection of the three HC 
subtypes with the L-, M-, and S-cones, with the corresponding spectral responses depicted 
inside the HCs (taken from Stell et al., 1975).The Stell model suggests that H1 cells are MHCs, H2 cells are BHCs and H3 cell 

are THCs. MHCs receive L-cone input and have hyperpolarising responses to 
all wavelengths stimuli. BHCs receive M-cone input and have hyperpolarising 
responses to short and middle wavelengths stimuli, but a depolarising 
response to long wavelengths stimuli due to sign inverting feedback from 
MHCs to M-cones and, consequently, a sign preserving feedforward signal 
from these cones to the BHC. THCs receive S-cone input, have depolarising 
responses to middle wavelength stimuli and have hyperpolarising responses 
to short and long wavelength stimuli. This spectral sensitivity is assumed 
to be formed by feedback from BHCs to the S-cones (sign inverting). This 
generates the depolarising response to middle wavelength stimuli and the 
hyperpolarising response to long wavelength stimuli.  The hyperpolarising 
response of the THCs to short wavelength stimuli is due to direct input 
from the S-cones. Since then, physiological data has been acquired from 
zebrafish HCs that seemed to overlap to some extend with the predicted 
spectral responses (Connaughton and Nelson, 2010). However, the model 
had to be adapted, with the number of HC types being extended to six. The 
morphological H1 type was split into two physiological types, L1- and L2-type 

Figure 6 The three morphological HC types. Serial confocal images projected over the z-axis 
(taken from Li et al., 2009). Scale bar is 10 µm.

Although the model of Stell et al. (1975) is generally accepted, some 
problems with the model were raised by Kamermans et al. (1989a,b; 1991). 
First of all, contrary to the prediction of the Stell model, roughly half of the 
MHCs receive input from M-cones (Yang et al., 1982; Yang et al., 1983; Tauchi 
et al., 1984). Furthermore, according to the Stell model these responses 
are generated through different pathways, predicting a difference in both 
the latency and kinetic properties. However, Spekreijse and Norton (1970) 
showed that the HC responses of the different HC-types to long wavelength 
light differ in latency, but not in their kinetic properties. 

One other limitation of the model of Stell et al. (1975) was addressed in a study 
by Kraaij et al. (1998). The Stell model hypothesises that the hyperpolarising 
response of the THCs to long wavelength light stimulation is driven by feedback 
from the BHCs to the S-cones. Since the signal in the long wavelength part of 
the spectrum would have already undergone a sign inversion in the BHC, the 
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and Werblin, 1991; Cammick and Schwartz, 1993). HCs in the mammalian 
retina seem to use a different mechanism for releasing GABA, doing so via a 
vesicular release mechanism. Consistent with this is the finding that dendrites 
of mammalian HCs contain vesicles (Dowling et al., 1966; Raviola and Gilula, 
1975; Linberg and Fisher, 1988; Brandstätter et al., 1999). The HC dendritic 
tips of fish, on the other hand, contain substantially fewer vesicles (Wagner, 
1980) and the labelling of VGAT (vesicular GABA transporter) in EM studies 
is much weaker than in rodents (Klooster, unpublished data). Although there 
is a slight difference in the release mechanism for GABA between lower 
vertebrates and mammals, it seems that in vertebrates all the components 
for a GABA-ergic inhibitory pathway are present in the OPL. 

A GABA-ergic mechanism would work as follows. In the dark, HCs are 
depolarised and release GABA either via GABA transporters or via vesicles. 
GABA binds GABARs on cones activating a GABA-gated Cl--current (ICl(GABA)) 
which will hyperpolarise cones. When HCs hyperpolarise, their GABA 
release reduces and thus ICl(GABA), which leads to a depolarisation of the 
cone (Murakami et al., 1982a,b; Wu, 1991). This depolarisation increases 
the glutamate release from the cone, making this a negative feedback loop. 
Indeed many studies have found surround induced depolarising responses 
in cones (Baylor et al., 1971; O’Bryan, 1973; Piccolino et al., 1981; Lasansky, 
1981) and have shown that they are carried by Cl- (Lasansky, 1981; Wu, 1991; 
Barnes and Deschênes, 1992; Thoreson and Burkhardt, 1991; Kraaij et al., 
2000). 

There are however three major problems with the GABA hypothesis:

(1) A depolarising response as a result of the surround-induced reduction of 
ICl(GABA) can only happen if the equilibrium potential of chloride (ECl) is more 
hyperpolarised than the membrane potential of the cone. Many studies 
showing depolarising responses used a bright spot focussed on the recorded 
cone to eliminate direct light responses (Baylor et al., 1971; O’Bryan, 1973; 
Piccolino et al., 1981; Lasansky, 1981). The recorded cones were therefore 
relatively hyperpolarised, while ECl has been estimated to be close to the dark 
resting membrane potential (-46 mV; Thoreson and Bryson, 2004). Taken 
together, if feedback was GABA-mediated one would expect a hyperpolarising 
response instead of a depolarising response in these measurements. 

(2) The input resistance of cones reduces with surround stimulation 
(O’Bryan, 1973; Gerschenfeld and Piccolino, 1980; Lasansky, 1981; Thoreson 
and Burkhardt, 1991). According to the GABA-mediated hypothesis, 

response of the THC would be hyperpolarising (Figure 7). This would mean 
that the feedback response of the S-cone to long wavelength light stimulation 
should be inverted. Long wavelength surround stimulation should lead to a 
shift of ICa in the cones to more positive potentials, which leads to a decrease 
in glutamate release and thus a hyperpolarisation of the THC. Kraaij et al. 
(1998) tested this prediction directly and found the opposite effect, thereby 
questioning the validity of the model of Stell et al. (1975). As the connectivity 
seemed to be more general, based on these physiological arguments they 
put forward a connectivity model first suggested by Kamermans et al. 
(1991), in which more feedback pathways were allowed.  How the different 
morphologically and physiologically derived connectivity patterns could be 
reconciled remained unclear. In chapter 6 I will suggest a solution for this 
problem.

4. Mechanisms of negative feedback from horizontal cells to cones
In this section I will introduce three different hypotheses for the underlying 
mechanism of negative feedback from horizontal cells to cones: the GABA 
hypothesis, the pH hypothesis and the ephaptic hypothesis. At this moment 
there is a general consensus about the following features of feedback; HCs 
feed back to cones by shifting the activation range of ICa in the cones towards 
more hyperpolarised potentials (Verweij et al., 1996) and  this shift increases 
the influx of Ca2+ into the cone terminal, resulting in an increase glutamate 
release. The mechanism behind the shift of ICa was intensely debated and 
has become focussed on two hypotheses: the ephaptic feedback hypothesis 
and the proton-mediated feedback hypothesis. Nevertheless it is worthwhile 
reviewing the evidence for the GABA hypothesis since the experimental 
results supporting this hypothesis should be accounted for by any feedback 
mechanism.

GABA hypothesis
For a long time feedback was generally thought to be GABA-ergic (Wu and 
Dowling, 1980; Tachibana and Kaneko, 1984). Initially, the case for GABA 
seemed very strong. Isolated HCs released GABA upon depolarisation 
(Schwartz, 1982; Ayoub and Lam, 1984) and cones expressed ionotropic GABA 
receptors (GABARs) (Tachibana and Kaneko, 1984; Kaneko and Tachibana, 
1986; Yazulla et al., 1989). Schwartz (1982) showed that GABA release from 
toad HCs was independent of intracellular calcium, which is necessary for 
vesicle release. He proposed that GABA release is mediated by a GABA 
transporter present in the HCs, but working in the reverse direction (Schwartz, 
1982; Yazulla and Kleinschmidt, 1983; Ayoub and Lam, 1984; Kamermans 
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Proton-mediated mechanism
ICa in cones has been shown to be pH sensitive. Extracellular alkalinisation 
shifts the activation potential of ICa towards more negative potentials (Barnes 
and Bui, 1991; Barnes et al., 1993). In 2003, Hirasawa and Kaneko showed 
that buffering the pH in the synaptic cleft using a high dose of the pH buffer 
HEPES diminished the feedback-induced shift of the activation range of 
ICa, suggesting that the feedback-induced modulation of ICa is mediated by 
pH changes in the synaptic cleft. Hyperpolarisation of the HCs results in 
an alkalinisation of the cleft. This causes an increased influx of Ca2+ in the 
cone synaptic terminal and thereby increases the release of glutamate, 
making it a negative feedback mechanism. Many studies have confirmed 
that a high dose of HEPES blocks feedback (Vessey et al., 2005; Cadetti and 
Thoreson, 2006; Davenport et al., 2008; Fahrenfort et al., 2009; Trenholm 
and Baldridge, 2010). Yet, Fahrenfort et al. (2009) showed that HEPES has 
secondary effects that might have affected feedback. Application of high 
dose of HEPES leads to intracellular acidification, which blocks hemichannels. 
Because hemichannels play a key role in this mechanism (I will come back to 
this later), this results in the blockage of ephaptic feedback. 

A critical issue is whether HC polarisation indeed leads to an extracellular pH 
change. Jouhou et al. (2007) used a fluorescent technique in dissociated HCs 
and showed that HC depolarisation results in an extracellular acidification. 
In contrast, Jacoby et al. (2012) found the opposite effect and pointed to a 
limitation of the technique used by Jouhou et al. (2007) as a potential reason. 
Jouhou and co-workers assumed that the dye they used was only present at 
the extracellular membrane. However, Jacoby and co-workers showed using 
confocal imaging techniques that a major part of the dye was inside the 
dissociated HCs, making it unclear whether the pH changes found by Jouhou 
et al. (2007) were intracellular or extracellular.  

Direct evidence for a surround induced pH change in the synaptic cleft of the 
cones came from a recent study in which they used a genetically modified 
zebrafish expressing a pH-sensor on the extracellular domain of cone Ca2+-
channels (Wang et al., 2014). They showed that polarisation of HCs indeed 
led to a change in synaptic pH and that the time course of this pH change was 
relatively slow; about 200 ms. These studies will be addressed in more detail 
in chapter 4 and the general discussion (Chapter 7).

Another major problem with the pH hypothesis was the lack of a pH modulating 
mechanism. So far, such a mechanism has not yet been identified (but see 

hyperpolarisation of HCs in response to the full field illumination would 
decrease the release of GABA and thus the activity of the GABARs and ICl(GABA). 
This would then increase the input resistance instead of decreasing it.

(3) Finally, many studies showed that surround induced depolarisations in 
cones could not be blocked by GABAR antagonists (Thoreson and Burkhardt, 
1990; Burkhardt, 1993; Verweij et al. 1996) and that the surround responses 
of BCs were GABA independent (Hare and Owen, 1996).

The GABA-hypothesis was pushed to the background when light induced 
feedback responses in cone were measured under voltage clamp conditions 
and the nature of the feedback induced current was revealed directly (Verweij 
et al., 1996). They showed that negative feedback from HCs to cones did not 
modulate ICl(GABA). Instead it modulates ICa of cones in a GABA independent 
way (Verweij et al., 1996), showing that GABA was not mediating negative 
feedback from HCs to cones.

In summary, a complete GABA-ergic feedback system seems in place at the 
HC to cone synapse and evidence shows that HCs release GABA and that 
GABA is actually sensed by cones via GABA receptors (Schwartz, 1982; Ayoub 
and Lam, 1984; Tachibana and Kaneko, 1984; Kaneko and Tachibana, 1986; 
Yazulla et al., 1989; Endeman et al., 2012). This system is, however, not 
mediating negative feedback from HCs to cones (Verweij et al., 1996). Two 
questions remain: Why do we have a GABA-ergic system in the outer retina 
and why are we unable to modulate this pathway using light? Recently it 
was shown that GABA modulates the strength of negative feedback from 
HCs to cones (Endeman et al., 2012; Liu et al., 2013). Picrotoxin, a blocker of 
GABA-gated channels, increases the surround induced feedback response in 
the cones of goldfish and macaque retinae instead of inhibiting the response 
(Verweij et al., 2003; Endeman et al., 2012). This modulation seems to take 
place on a timescale that is much slower than the light responses of cones 
and theliterature appears to supports this notion. It has been shown that 
the release of GABA by HCs increases only very slowly with dark-adaptation 
(Yazulla and Kleinschmidt, 1982; O’Brien and Dowling, 1985; Yazulla, 1985). 
Furthermore, GABA transporters are not exclusively localised on dendrites, 
but also on the HC soma (Klooster et al., 2004). GABA is therefore released 
by inherently slow GABA transporters in the relatively large volume outside 
the confined synaptic cleft, which leads to a relatively slow rise in the 
concentration of GABA. As a consequence, the GABARs on the cones respond 
slowly to release of GABA.   In conclusion, GABA does not mediate feedback, 
but it modulates the strength of negative feedback from HCs to cones. 
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Ephaptic mechanism
The ephaptic mechanism was first proposed by Byzov and Shura-Bura (1986). 
HC dendrites invaginate the cone terminal, forming a limited synaptic space 
that has a high resistance connection to the extrasynaptic space (Figure 8B, 
white resistors). Byzov and Shura-Bura (1986) proposed that the glutamate 
receptors on the HCs functioned as a current sink (Figure 8B, green resistor). 
The current passing through the extracellular space of the synapse leads to 
a potential change in the synaptic cleft relative to the extrasynaptic space. 
Verweij et al. (1996) showed that an ephaptic feedback mechanism solely 
based on glutamate receptors could not be the underlying mechanism of 
negative feedback. The key players in the ephatic mechanism were later 
shown to be Cx hemichannels (Kamermans et al., 2001; Shields et al., 2007; 
Klaassen et al., 2011), although the glutamate receptors can contribute as 
well (Kamermans et al., 2001; Fahrenfort et al., 2005). 

chapter 4). The proton-mediated mechanism depends on either a proton 
source or a proton sink in the synaptic cleft. One of the proposed candidates 
for a proton source is the vacuolar type H+ pump (V-ATPase) (Jouhou et al., 
2007). A general function of V-ATPases is to generate the proton gradient 
over the membrane of vesicles and as such, they are essential for loading 
the vesicles with neurotransmitters. If they were to be located in the HC 
membrane, they could serve as a proton source for the synaptic cleft. It has 
been suggested that the V-ATPases end up in the plasma membrane due to 
fusion of synaptic vesicles containing V-ATPases (Breton and Brown, 2007; 
Thoreson and Mangel, 2012). This would require vesicle release from HCs. 
Mammalian HCs have been shown to contain vesicles (Dowling and Boycott, 
1966; Dowling et al., 1966; Gray and Pease, 1971; Fisher and Boycott, 
1974; Linberg and Fisher, 1988; Spiwoks-Becker et al., 2001), and proteins 
necessary for vesicle docking and fusion (synaptoporin, SNAP-25, Rab3A and 
SNARE; Brandstätter et al., 1996; Grabs et al., 1996; Lee and Brecha, 2010). 
Fish HCs also contain vesicles, but substantially fewer (Wagner, 1980) (Figure 
2). V-ATPase was present in isolated fish HCs using immunohistochemistry 
(Jouhou et al., 2007). However, because the expression was visible throughout 
the cell, they could not confirm that V-ATPase was also localised in the plasma 
membrane instead of only in vesicles and vacuoles. Two studies using fish 
HCs have shown that blocking V-ATPase with Bafilomycin A1 (BFA1) affects 
depolarisation-induced extracellular acidification (Jouhou et al., 2007; Wang 
et al., 2014). However, since blocking V-ATPases will also affect the loading of 
glutamatergic vesicles, these experiments are far from conclusive. 

Two candidates for a proton sink are the acid sensing ion channel (ASIC) and 
the amiloride-sensitive epithelial Na+ channel (ENaC). The ASIC1a isoform 
has been localised to the HC dendrites (Ettaiche et al., 2006) and there is 
also some evidence that ENaC is localised in HCs (Brockway et al., 2002). 
There is, however, no direct evidence for the involvement of ASIC in negative 
feedback from HCs to cones. ENaCs, on the other hand, may be involved in 
the negative feedback system since amiloride has been shown to remove 
the rollback response (Vessey et al., 2005), which is a generally used but 
indirect measure for negative feedback (see chapter 5 for critique on this 
measure). Another proposed mechanism that changes the pH in the synaptic 
cleft involves the GABA receptors located on the HC itself (Liu et al., 2013). 
Activation of the GABA receptor would cause an influx of bicarbonate into 
the HCs and consequently an acidification of the synaptic cleft.

Figure 8 The ephaptic mechanism. (A) Negative feedback from HCs to cones shifts the 
activation potential of the cone ICa to more negative potentials. (B) The circuitry of the 
ephaptic mechanism, see text for explanation.

Cxs are the proteins that form gap junctions, or electrical synapses, which 
couple cells electrically and metabolically. However, at the tip of the HC 
dendrite Cxs are present as hemichannels. These hemichannels form 
large pores in the membrane that are open at physiological membrane 
potentials (Figure 8B, blue resistors). A constant inward current through 
the Cx hemichannels and the intersynaptic space (Figure 8B, white resistor) 
makes the synaptic cleft a little negative relative to the extrasynaptic space. 
Voltage sensitive Ca2+-channels located on the cone photoreceptor sense this 
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concentrations of dopamine due to increasing ambient illumination (Godley 
and Wurtman, 1988; Boelen et al., 1998) leads to a reduction in the gap 
junction conductance, resulting in a reduction of the receptive field size of 
HCs (Hankins and Ikeda, 1991). Dopamine acts on the dopamine receptor D1, 
leading to an increase in the HC’s intracellular cAMP concentration, which 
changes the phosphorylation of the Cx proteins (He et al., 2000). 

For a long time, Cxs were thought to only occur as gap junctions, but recent 
evidence suggests that some subtypes of Cxs can function as hemichannels 
without forming gap junctions. Cx hemichannels form large pores in the 
membrane, creating a direct connection between the intracellular and 
extracellular compartment. They are inhibited by extracellular Ca2+, although 
the sensitivity differs per Cx subtype. Their functions include the release of 
molecules like glutamate (Ye et al., 2003) and NAD+ (Bruzzone et al., 2001). 
Hemichannel-forming Cxs are also expressed in the tips of HCs and function 
as the current sink in ephaptic feedback mechanism. 

Another pore-forming protein, Panx, is expressed at the tips of HC dendrites. 
Despite the close resemblance with Cxs, Panxs are more closely related to 
innexins which are the ‘Cxs’ of invertebrates (Panchin et al., 2000; Baranova 
et al., 2004; Phelan, 2005; Yen and Saier, 2007; Fushiki et al., 2010). Panxs 
were discovered in 2000 by Panchin et al. (2000) and was named ‘pannexin’ 
after pan, which means all or throughout in Latin and nexus, meaning 
connection or bond. This name refers to the expression of Panx throughout 
the brain (Vogt et al., 2005; Zoidl et al., 2007) and also in numerous other 
organs, such as the heart and kidneys. Panx forms a family of three subtypes, 
Panx1, Panx2 and Panx3 (Panchin et al., 2000; Baranova et al., 2004). I will 
focus here on Panx1, since that is the type expressed on the HC dendrite 
(Prochnow et al., 2009; Kranz et al., 2013). 

Like Cxs, Panx1 forms hexameric channels (Bruzzone et al., 2003; Boassa et 
al., 2007; Ambrosi et al., 2010) and is able to form transcellular channels like 
Cxs (Bruzzone et al., 2003; Vanden Abeele et al., 2006; Boassa et al., 2007; Lai 
et al., 2007). However, evidence accumulated showing that Panx1 functions 
almost exclusively as a transmembrane channel (Bruzzone et al., 2005; 
Barbe et al., 2006) and it became uncertain as to whether Panx1 formed gap 
junctions at all in vivo (Dahl and Locovei, 2006; Huang et al., 2007; Sosinsky 
et al., 2011). It turned out that the behaviour of Panx1 was modulated by 
posttranslational glycosylation (Penuela et al., 2007; Penuela et al., 2008; 
Boassa et al., 2007; Boassa et al., 2008). Absence of the posttranslational 
glycosylation of Panx1 affected their trafficking to the membrane (Penuela 

negativity as a slight depolarisation (Figure 8B, red circle). Effectively, with the 
extrasynaptic medium as a reference, the activation potential of ICa is shifted 
towards more negative potentials. When photoreceptors are stimulated by 
light, their release of glutamate decreases, resulting in the hyperpolarisation 
of HCs. This leads to an increased inward current through Cx hemichannels 
and consequently an increase in negativity deep in the synaptic cleft, resulting 
in an even larger shift of the activation potential of ICa towards negative 
potentials (Figure 8A). Since glutamate release is directly dependent on the 
intracellular Ca2+ concentration, this leads to more glutamate release, making 
it a negative feedback mechanism. For completion of the electrical circuit, 
the potassium channels on the HC outside the synaptic cleft are depicted in 
figure 8B (orange resistor).

Because of their critical role in the feedback mechanism, Cxs are further 
introduced in the next section. Alongside Cx, another protein with a very 
similar structure is expressed in the HC dendritic tips; Panx1. The function of 
this protein in the HC was until recently unknown, but some recent studies 
have suggested that they also play a role in the ephaptic mechanism. In 
chapter 4 I will show the role that Panx1 channels play in a new type of 
communication between HCs and cones. Therefore, part of the next section 
will be dedicated to Panxs as well.

5. Connexins and pannexins
Cxs consist of four membrane spanning domain proteins with a short 
N-terminus and a long C-terminus. Six Cxs together form so-called 
hemichannels, which are large non-selective transmembrane channels. 
Hemichannels on adjacent cells can dock together forming transcellular 
channels called gap junctional channels, allowing direct electrical 
communication between cells. In addition, these gap junctional channels 
allow ions and small molecules to pass directly from cell to cell. There are 
many different Cxs, all part of the same protein family. Gap junctions can, 
therefore, differ greatly depending on the Cx type(s) they are composed of.  
They differ in properties such as single unit conductance, pore size, ionic 
selectivity, size selectivity, gating and phosphorylation sites (Beblo et al., 
1995; Gong and Nicholson, 2001; Lampe and Lau, 2004).

HCs are electrically coupled by gap junctions, and this coupling is regulated 
by dopamine levels in the retina (Teranishi et al., 1983; Picolino et al., 1984; 
Lasater and Dowling, 1985; Mangel and Dowling, 1985; DeVries and Schwartz, 
1989; Dong and McReynolds, 1991; Xin and Bloomfield, 1999). Increasing 
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6. Goldfish and zebrafish as experimental animals
The zebrafish (Danio rerio) is a small (≈4 cm) tropical freshwater fish found 
in India. It shares a common ancestor with humans roughly 340 million years 
ago (Amores et al., 2011). Their development is fast, reaching maturity in 
2.5-3 months. The zebrafish was introduced as an experimental animal in 
the 70’s by Streisinger. Since then it has become a widely used tool to study 
vertebrate development, genetics and diseases. In recent years it has become 
a model organism to study the retina. Recently the zebrafish genome has 
been sequenced, showing that 71.4 % of human genes have at least one 
orthologue in the zebrafish (Howe et al., 2013). Since zebrafish learvea are 
transparent they are now used to study brain function in vivo. Intact living 
zebrafish embryos, genetically engineered to express Ca2+-sensors in their 
neurons, can be imaged with 2-photon microscopy while they receive visual 
input (Ahrens et al., 2012). This makes it possible to monitor the single-cell 
activity of the entire brain in a live animal during behavioural tasks.

Since the introduction of the zebrafish as a model organism, various genetic 
techniques have been developed (Fadool and Dowling, 2008; Bibliowicz et 
al., 2011). One of these techniques is a forward genetic screening technique 
using ENU (N-ethyl-N-nitrosourea) to induce chemical mutagenesis in large 
amounts of zebrafish. This screening procedure is called TILLING (Targeted 
Induced Local Lesions in Genomes). The screening of these fish is labour 
intensive, because the point mutations that occur are random. In chapter 4, 
a mutant zebrafish is used that was developed using this technique. It lacks 
Cx 55.5 hemichannels in the tips of HCs, affecting negative feedback from 
HCs to cones. Another technique uses morpholinos (modified antisense 
oligomers) to specifically knock-down a certain gene (Nasevicius and Ekker, 
2000). However, the knockdown is transient as the morpholinos are effective 
for only a couple of days. Gene targeting techniques used in other animal 
models, such as mice, were until recently not available for zebrafish. New 
methods have since been developed that make it possible to specifically 
disrupt genes and introduce specific mutation in the germ line. These 
techniques include a method using zinc-finger nucleases (Doyon et al., 
2008), the TALENs (transcription activator-like effector nucleases) technique 
(Huang et al., 2011) and the CRISPR (clustered, regularly interspaced, short 
palindromic repeats) technique (Hwang et al., 2013). With these techniques 
we have generated a Panx1a KO zebrafish and are working on a Panx1b and 
a Cx52.9 KO zebrafish. Panx1a is one of two separate genes for Panx1 in 
zebrafish, the other being Panx1b (Kurtenbach et al., 2013).

et al., 2007; Penuela et al., 2008; Boassa et al., 2007; Boassa et al., 2008) and 
the presence of the glycosylation prevented the formation of gap junctions 
(Penuela et al., 2007). Now the present consensus is that Panx1 does not 
form transcellular channels in vivo (Bond and Naus, 2014) and functions as 
a ‘hemi’-channel.

Unlike Cxs, Panx1 is not sensitive to extracellular Ca2+ (Bruzzone et al., 
2005; Ma et al., 2009). Panx1 is, however, dependent on intracellular 
Ca2+ for its opening at physiological membrane potentials (Locovei et al., 
2006b; Prochnow et al., 2009; Orellana et al., 2013). The channel is also 
mechanosensitive (Locovei et al., 2006a,b) and has been shown to function 
as an ATP release channel in various systems. Taste buds, for example, express 
Panx1, facilitating communication between taste cells through ATP release 
and its detection by purinergic receptors on the adjacent taste cell (Huang 
et al., 2007). Panx1 expression has also been found in astrocytes (Iglesias 
et al., 2009) and it may have a role in Ca2+-wave initiation and propagation 
(Locovei et al., 2006b). Ca2+-waves can propagate by the flow of intracellular 
Ca2+ from one cell to the adjacent cell through Cx gap junctions. Alternatively, 
propagation is possible without the cell-cell coupling by ATP that is released 
from Panx1 acting on the purinergic receptors of its neighbouring cells. 
Activation of the purinergic receptor leads to an increase of the intracellular 
Ca2+ concentration and that in turn leads to the opening of Panx1 and the 
release of ATP (Locovei et al., 2006b). Interestingly purinergic receptors 
and Panx1 channels are often co-expressed in the same cell and may even 
form complexes (Iglesias et al., 2008). High extracellular concentrations of 
ATP in turn inhibit Panx1 channels (Qiu and Dahl, 2009), providing a control 
mechanism. 

Panx1 is expressed postsynaptically in neurons in the cerebral cortex and 
hippocampus (Zoidl et al., 2007), so Panx1 may have a role in neuronal 
communication via the release of ATP. Furthermore, Panx1 activity has been 
implicated in synaptic plasticity in the hippocampus (Prochnow et al., 2012). 
On a more grim note, Panx1 activation is also connected with neuronal cell 
death as a result of ischemia, with Panx1often being referred to colloquially 
by scientists as the ‘death channel’. During ischemia, cells get deprivated of 
oxygen and glucose leading to depolarisation of the cells (Thompson et al., 
2006). Such strong depolarisation leads to the opening of Panx1 channels 
and a strong Ca2+ influx, which results in further depolarisation and a further 
opening of the Panx1 channels. This ionic dysregulation, along with the loss 
of metabolites and ATP, eventually triggers apoptosis (Thompson et al., 2006; 
Bargiotas et al., 2009).
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Why use fish rather than a more closely related vertebrate? The vertebrate 
eye is surprisingly well conserved among most vertebrates. The anatomy, 
circuitry, development and biochemistry of the zebrafish and the human 
retina are therefore very comparable (Fadool and Dowling, 2008). Negative 
feedback from HCs to cones, the mechanism studied in this thesis, has been 
measured in the macaque monkey retina and has similar pharmacological 
properties as feedback measured in the zebrafish (Verweij et al., 2003). For 
example, in both systems carbenoxolone, a blocker of Cx and Panx, fully 
blocks feedback (Verweij et al, 2003).

There are other important reasons for using zebrafish as a model system. 
The fish are easy to house, they do not need much space and they are not 
very demanding. Other reasons to study zebrafish are that they are diurnal 
and as vision is their primary sensory system it is well developed. The mouse 
is the most frequently used animal in retinal research and is, like humans, 
a mammal. However, unlike zebrafish and humans, mice are nocturnal 
and rely mostly on hearing and feeling with their whiskers. As a result they 
have low acuity vision and lack, for instance, well developed colour vision. 
Furthermore, as much of the work in this thesis is based on cone recordings, 
the nocturnal mouse would not be the optimal choice since their retinae 
are rod dominated and the cones are very sparse (Jeon et al., 1998). So, 
counter intuitively, when studying (colour) vision and conducting behavioural 
experiments, zebrafish are a far more appropriate animal model than the 
most commonly used rodents. 

For experiments that did not require a mutant fish line I used goldfish. 
Goldfish retinae are very similar to those of the zebrafish in that they are 
both tetrachromatic and the cones have a similar mosaic organisation 
(Robinson et al., 1993). The goldfish cones are however, somewhat bigger 
than the zebrafish cones, leading to more stable measurements and larger 
responses of, for example, negative feedback from HCs to cones.

Thesis outline

Chapter 2: What are the essential elements of an ephaptic mechanism?
This chapter is a review of ephaptic mechanisms with the focus on the 
HC-cone ephaptic synapse. The mechanism will be explained and broken 
down into its essential elements to guide studies that aim to find similar 
mechanisms in other parts of the brain. (Vroman et al., 2013)

Chapter 3: What is the precise localisation of Panx1 in the outer plexiform 
layer and what are its functional properties? Does this allow for a role of 
Panx1 in negative feedback?
This chapter focuses on localisation of Panx1 in the outer plexiform layer of 
zebrafish and on its functional properties in order to assess the potential role 
for the protein in negative feedback. (Prochnow et al., 2009)

Chapter 4: What is the actual mechanism behind negative feedback and 
does Panx1 have a role in this mechanism?
This experimental chapter aims to resolve the longstanding debate about 
the underlying mechanism of negative feedback from HCs to cones. Two 
main hypotheses, the ephaptic and pH-mediated mechanisms, are brought 
together in an unexpected way. (Vroman et al., 2014)

Chapter 5: Can the HC rollback response be used as a reliable measure for 
negative feedback?
In this chapter, the relationship between the rollback response in HCs and 
negative feedback from HCs to cones is evaluated. (In preparation)

Chapter 6: What is the mechanism behind a newly discovered surround-
induced cone response and what are its functional implications?
In this chapter a third feedback pathway is identified. Negative feedback 
from HCs to cones causes an increase in vesicle glutamate release from 
neighbouring cones. Glutamate released by these cones spills over and 
inhibits neighbouring cones. Since spillover is not limited to cones with the 
same spectral sensitivity, this pathway influences the spectral coding of 
second order neurons such as BCs and HCs. (Submitted)

Chapter 7: How do the results from this thesis relate to other studies in 
literature?
This is the general discussion, points not raised in the chapters themselves 
are discussed here. 
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Abstract

In the vertebrate retina, cones project to the horizontal cells (HCs) and 
bipolar cells (BCs). The communication between cones and HCs uses 
both chemical and ephaptic mechanisms. Cones release glutamate in 
a Ca2+-dependent manner, while HCs feed back to cones via an ephaptic 
mechanism. Hyperpolarization of HCs leads to an increased current through 
connexin hemichannels located on the tips of HC dendrites invaginating 
the cone synaptic terminals. Due to the high resistance of the extracellular 
synaptic space, this current makes the synaptic cleft slightly negative. 
The result is that the Ca2+-channels in the cone presynaptic membrane 
experience a slightly depolarized membrane potential and therefore more 
glutamate is released. This ephaptic mechanism forms a very fast and noise 
free negative feedback pathway. These characteristics are crucial, since the 
retina has to perform well in demanding conditions such as low light levels. 
In this mini-review we will discuss the critical components of such an 
ephaptic mechanism. Furthermore, we will address the question whether 
such communication appears in other systems as well and indicate some 
fundamental features to look for when attempting to identify an ephaptic 
mechanism.


