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Voor mijn ouders Hanneke en Leo

The brain never 'sees' a raw image of the visual world.  Substantial 
processing of the incoming visual information is already taking place at 
the first retinal synapse. Here, horizontal cells (yellow) modulate the signal 
from photoreceptors to bipolar cells via a negative feedback pathway. The 
process underlying this inhibitory interaction is an unexpected combination 
of an extremely fast and a slow mechanism. The slow component is a newly 
discovered form of synaptic communication involving pannexin 1 channels 
and extracellular ATP hydrolysis by ecto-ATPases (green label, image-right). 
The mechanism inhibits by changing the pH buffer capacity in the synaptic cleft.
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[Ca2+]i  intracellular Ca2+ concentration    
AC  amacrine cell     
ADA  adenosine deaminase     
ADP  adenosine diphosphate     
AMP   adenosine monophosphate     
AMPA  α-Amino-3-hydroxy-5-methyl-4-isoxazolepr opionicacid 
APB  L-2-aminophosphonbutyric acid or L-AP4    
ARL67156 6-N,N-Diethyl-D-β,γ-dibromomethylene   
ASIC  acid sensing ion channel     
ATP  adenosine triphosphate     
BB FCF  brilliant blue FCF     
BC  bipolar cell     
BFA1  bafilomycin A1     
BHC  biphasic horizontal cell     
cAMP   cyclic adenosine monophosphate     
CBX  carbenoxolone     
CRISPR  clustered, regularly interspaced, short palindromic repeats 
Cx  connexin     
DBC  depolarising bipolar cell     
DNQX  6,7-dinitroquinoxaline-2,3-dione     
ECl  chloride equilibrium potential     
EM  Electron micrograph     
ENaC  epithelial Na+ channel     
ENU  N-ethyl-N-nitrosourea     
FMRFa  FMRFamide     
GABA  γ-aminobutyric acid      
GABAR  GABA receptor     
GC  ganglion cell     
GluR  glutamate receptor     
GluT  glutmate transporter     
HAF  5-hexa-decanoylaminofluorescein     
HBC  hyperpolarising bipolar cell     
HC  horizontal cell     
HEPES  4-(2-Hydroxyethyl)piperazine-1-ethanesul fonicacid  
ICa  Ca2+ current     
ICl  Cl- current     
ICl(Ca)  Ca2+-dependent Cl- current     

ICl(GABA)  GABA-dependent Cl- current     
ICl(GluT)  glutmate transporter associated Cl- current 
IKir  Inwardly rectifying K+ current
IR  immunoreactive     
IV relation current–voltage relation     
Kir  inwardly rectifying K+ channel
KO  knock out     
L-cone  long wavelength sensitive cone
M-cone middle wavelength sensitive cone     
MFA  meclofenamic acid     
mGluR6 metabotropic glutamate receptor 6     
MHC  monophasic horizontal cell     
morpholinos modified antisense oligomers     
N2a  neuroblastoma 2a (cell line)     
NMDA  N-methyl-D-aspartate     
NTDPase Ecto-nucleoside triphosphate diphosphohydrolase   
OAT  organic anion transporter     
OPL  outer plexiform layer     
Panx1  Pannexin 1     
PC  primary surround-induced current (negative feedback) 
SC  secondary surround-induced current (spillover)   
S-cone  short wavelength sensitive cone
SR  synaptic ribbon     
TALENs  transcription activator-like effector nucleases
TBOA  DL-threo-β-Benzyloxyaspartic acid     
THC  triphasic horizontal cell     
TILLING targeted induced local lesions in genomes 
UV-cone UV light sensitive cone     
V-ATPase vacuolar H+-ATPase     
VGAT  vesicular GABA transporter     
WT  wild-type     
ZM241385 4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo [2,3-a]
  [1,3,5]triazin-5-ylamino]ethyl)phenol    
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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.



10 11

Chapter 1General introduction

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 



26 27

Chapter 1General introduction

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.
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Neuronal activity leads to both intracellular and extracellular potential 
changes. In this way the synchronized activity of multiple neurons may 
generate local field potentials (LFPs). LFPs are discussed extensively in the 
other contributions to the special issue. Here we will discuss a special form 
of neuronal communication that operates by modulating the extracellular 
potential: ephaptic communication.

Ephaptic communication differs from LFPs in that it is highly localized and 
requires a specialized structure, an ephapse. The term ephapse is derived 
from the Greek verb ephaptein which means to closely touch. An ephapse 
is a specialized structure that generates a high extracellular resistance, such 
that current flowing through the extracellular space produces a potential 
difference. This potential difference modifies the activity of voltage gated 
channels localized within the ephapse, leading to, for instance, changes in 
spike threshold or modulation of synaptic transmission. In principle, any 
synaptic structure should generate an ephaptic interaction. However, in 
most synapses the extracellular resistance of the synaptic cleft is not large 
enough to generate a significant effect (Figure 1A).

uuFigure 1. (A) Ephaptic interactions will occur in every synapse. The strength of the 
ephaptic interaction will depend on the organization of the synapse. It will only become 
significant if the extracellular resistance is high enough. Left: synapse without significant 
ephaptic interaction. Middle and right: synapse with potentially significant ephaptic 
interactions. (B) Schematic drawing of the vertebrate outer retina. The photoreceptors are 
the light sensitive neurons in the retina (top layer). They are contacted by horizontal cells 
(HCs) (yellow) and bipolar cells (BCs) (black). The dendrites of both the HCs and the BCs 
invaginate the photoreceptor synaptic terminal. (C) Electron micrograph of a cone synaptic 
terminal. In this zebrafish HCs express Green Fluorescent Protein (GFP), which is visible as 
a black label in this image. Note that every ribbon is flanked by HC dendrites. R: synaptic 
ribbons. (Taken from: Klaassen et al., 2012) (D) Schematic drawing of the cone/HC synapse. 
In the dark, glutamate release is high and thus the glutamate receptors are activated (green 
resistors). A constant inward current flows through the connexin hemichannels (blue 
resistor) and because the resistance of the synaptic cleft is relatively high (white resistors), 
the synaptic space is slightly negative compared to the extrasynaptic space. When the retina 
receives a full field light stimulus, cones and consequently HCs hyperpolarize. This causes 
an increased inward current through the connexin hemichannels, resulting in an increased 
negativity of the synaptic cleft. The voltage sensitive Ca-channels on the cone (ICa, red circle) 
detect this as a slight depolarization of the membrane potential, effectively shifting the Ca-
current activation potential towards more negative potentials (see Panel E). The influx of 
calcium increases and consequently the glutamate release. The current entering the HCs 
via the connexin hemichannels leaves the HCs via the potassium channel on the HC somata 
(orange resistor). (E) Feedback from HCs to cones modulates the Ca-current of cones. Ca-
current of a cone in control condition (blue) and when HCs are hyperpolarized and feedback 
is active (yellow). (Modified from: Verweij et al., 1996).
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The retina’s first synapse is a good example of a synapse where significant 
ephaptic interactions occur (Figure 1B). Cone photoreceptors project to 
horizontal cells (HCs) and bipolar cells (BCs) via Ca2+-dependent glutamate 
release. Light stimulation hyperpolarizes cones, which leads to a reduction 
of glutamate release. Since HCs receive input from many cones and are 
strongly coupled electrically, they collect and average signals over a larger 
area. This information is fed back to the cones negatively, generating the 
center-surround organization of BCs. This inhibitory pathway from HCs to 
cones is mediated via an ephaptic mechanism.

Two key features of this synapse are crucial for the ephaptic interaction to 
occur. First, a high extracellular resistance is needed, which is generated by 
a highly specialized synaptic structure (Figure 1C). The dendrites of HCs and 
BCs invaginate the cone photoreceptor terminal thus creating a restricted 
synaptic space with a relatively high resistance (Figure 1D, white resistor). 
Secondly, connexin hemichannels are key players in this ephapse (Figure 1D, 
blue resistor; Kamermans et al., 2001; Klaassen et al., 2011). Connexins are 
proteins that can form electrical synapses or gap junctions. However, at the 
tips of the HC dendrites they form hemichannels, which are non-specific 
channels that are open at physiological membrane potentials. A constant 
inward current flows through these connexin hemichannels. This current 
passes through the synaptic space, which has a finite resistance (Figure 1D, 
white resistor), inducing a voltage drop and making the synaptic cleft slightly 
negative. L-type Ca2+-channels located in the presynaptic membrane of the 
cones (Figure 1D, red circle) sense this negativity as a slight depolarization of 
the cone membrane potential. In a voltage clamp experiment, this will become 
visible as a shift of the activation potential of the Ca2+-current towards more 
negative potentials. Note that this is an apparent shift, evoked by the change 
in extracellular potential. Light stimulation hyperpolarizes photoreceptors, 
leading to a decrease in glutamate release, which hyperpolarizes HCs. 
This hyperpolarization causes the inward current through connexin 
hemichannels to increase, making the synaptic cleft even more negative. 
Consequently, the activation potential of the Ca2+-current shifts even further, 
thereby increasing glutamate release (Figure 1E, yellow dots).

The ephaptic feedback mechanism has a number of very specific properties. 
Due to its electrical nature, feedback from HCs to cones is very fast and has no 
synaptic delay (Vroman et al., submitted). Conventional synaptic transmission 
depends on vesicular neurotransmitter release. The signal transmitted is 
noisy because each vesicle release-event causes a discrete postsynaptic 
potential change. Since ephaptic transmission does not depend on vesicles, 

it will hardly add noise to the input signal. These features are very well suited 
for the role of HCs in retinal signal processing. The HC/cone ephapse utilizes 
ephaptic transmission to generate the surround of BCs, which is the first step 
in reducing redundant visual information. This redundancy reduction only 
works if the feedback signal is fast. If this were not the case, the surround 
of BCs would lag the center response for moving stimuli, thus compromising 
the efficiency of redundancy reduction. The low noise characteristics of the 
ephaptic feedback mechanism are especially important at low light levels, 
when the photoreceptor responses barely exceed the noise level (Field et 
al., 2005; Ala-Laurila et al., 2011). Adding synaptic noise to the signal would 
strongly reduce the information content transmitted to BCs.

Are the key features, as we described for the HC/cone ephapse, general 
requirements for ephaptic communication? A high extracellular resistance is 
essential but can be achieved in many ways. For instance, it can be achieved 
by increasing the size of a synapse or by the presence of an invaginating 
synaptic structure (Figure 1A). However, the extracellular resistance can also 
be increased by the expression of extracellular matrix molecules such as 
proteoglycans (Bogdanik et al., 2008; Klaassen et al., 2012). A fundamental 
property of ephaptic transmission is that it depends on current flow, not 
on specific channel types. Current will flow through any open channel into 
the cell, the so-called current sink. While the current sink in the HC/cone 
ephapse is formed by connexin hemichannels, in other ephapses different 
channel types may play this role. In our example, L-type Ca2+-channels 
convert the extracellular potential change into a cellular response, but in 
principle any voltage sensitive channel can play this role. Byzov and co-
workers (Byzov et al., 1977; Byzov and Shura-Bura, 1986) were the first to 
propose an ephaptic interaction between HCs and cones. They suggested 
that postsynaptic glutamate receptors functioned as current sink. We have 
shown that, under certain conditions, glutamate receptors can indeed 
contribute as well (Fahrenfort et al., 2005). In addition, we have shown that 
pannexin 1 channels also contribute to the ephaptic interaction (Prochnow 
et al., 2009; Klaassen et al., 2011; Vroman et al., submitted), showing that 
the ephaptic feedback is mediated by a number of channel types. This large 
diversity of possible molecular compositions of an ephaptic mechanism 
might be one of the reasons why so few other ephaptic mechanisms have 
been described.

Is there evidence for ephaptic interactions in other synapses? For example, 
the mossy fibers in the hippocampus form large synapses with CA3 pyramidal 
cell dendrites. These synapses potentially have a high enough resistance to 
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form an ephapse. This ephaptic interaction would depend on the current 
flowing through glutamate receptors. Activation of presynaptic Ca2+-channels 
leads to glutamate release, which opens glutamate-gated channels in the 
postsynaptic membrane. The current through these channels makes the 
potential in the synaptic cleft slightly negative, leading to a depolarization 
of the presynaptic membrane and a further increase of glutamate release. 
This positive feedback loop enhances the output of the mossy fiber 
(Berretta et al., 2000; Kasyanov et al., 2000; Savtchenko, 2007). Interestingly, 
pannexin 1 channels have also been shown to function postsynaptically 
from pyramidal neurons (Thompson et al., 2008). Based on morphological 
arguments, an ephaptic mechanism has also been proposed for synaptic 
transmission between type I hair cells in the cochlea and the afferent calyx 
fiber (Hamilton, 1968; Gulley and Bagger-Sjoback, 1979; Yamashita and 
Ohmori, 1990; Goldberg, 1996). This synapse is also invaginating and thus 
creates the high resistance necessary for a functional ephapse. Recently, Su 
et al. (2012) presented evidence for an ephaptic interaction between 
insect olfactory receptor neurons, located within a sensillium with a high 
extracellular resistance. They showed that activation of one receptor neuron 
inhibited the neighboring neuron within the same sensillium, while evidence 
for synaptic transmission was missing.

An example of ephaptic communication outside the brain can be found 
in the heart. Action potential propagation between cardiac myocytes, 
necessary for heart muscle contraction, appears to be dependent on both 
gap junctional coupling and an ephaptic interaction (Sperelakis, 2002; Lin 
and Keener, 2013; Rhett et al., 2013). The ephaptic interaction is possible 
in the area surrounding the gap-junctions, because the space between 
membranes is narrow and the gap junctions increase the extracellular 
resistance. Moreover, both connexin hemichannels and sodium channels are 
present in the membrane to function as current sink. Interestingly, in this 
system sodium channels not only form the current sink, but also function as 
the voltage sensitive channels on the opposing cell.

These examples of ephaptic mechanisms are focused on modulation of 
transmission by extracellular potential differences. However, extracellular 
potential gradients could have additional influences on synaptic transmission 
as well. Sylantyev et al. (2008) have shown in hippocampal CA1 cells that 
the cation influx through postsynaptic alpha-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionic acid (AMPA) receptors upon activation by presynaptic 
glutamate release affect the clearance of glutamate from the synaptic cleft. 
An increase in AMPA receptor density causes an increase in cation flux. Since 

glutamate is negatively charged and therefore experiences a force opposite 
to the cation flux, diffusion from the cleft is faster.

At first instance, it would seem that ephaptic communication is a rather energy 
intensive mechanism. A continuously open channel puts a high metabolic load 
on the cell. The cell needs to spend energy to maintain its ionic balance and 
membrane potential. On the other hand, conventional synaptic transmission 
is not cheap either. Neurotransmitters have to be synthesized and vesicles 
have to be generated and filled and require the presence of docking, fusion 
and recovery mechanisms. On the post-synaptic site, receptors have to 
be expressed and processes lowering the neurotransmitter content of the 
synaptic cleft, such as neurotransmitter re-uptake transporters, need to be 
in place. While an ephaptic system puts a high metabolic load on the cell, it 
might very well be that conventional synaptic transmission is more costly.

In this mini-review we discussed ephaptic communication within a synapse. 
We described two main advantages for ephaptic communication: (1) it is 
very fast and has no synaptic delay, and (2) it has very low noise levels. In 
principle, such communication will occur in any synapse, but its influence will 
only become significant if the synapse has certain properties. The elements 
that are crucial for ephaptic neuronal communication are: (1) an ephapse 
with a large resistance to the extrasynaptic space, (2) a current sink and (3) 
voltage sensitive channels on the opposing membrane. Because the identity 
of the channels involved can be very variable, looking for convoluted or tight 
synaptic cleft may be a good starting point when searching for an ephapse 
in other systems.
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Abstract

In the retina, chemical and electrical synapses couple neurons into 
functional networks. New candidates encoding for electrical synapse 
proteins have recently emerged. In the present study, we determined the 
localization of the candidate protein pannexin1 (zfPanx1) in the zebrafish 
retina and studied the functional properties of zfPanx1 exogenously 
expressed in Neuroblastoma 2a (N2a) cells. zfPanx1 was identified on 
the surface of horizontal cell dendrites invaginating deeply into the 
cone pedicle near the glutamate release sites of the cones, providing in 
vivo evidence for hemichannel formation at that location. This strategic 
position of zfPanx1 in the photoreceptor synapse could potentially allow 
modulation of cone output. Using whole cell voltage clamp and excised 
patch recordings of transfected N2a cells, we demonstrated that zfPanx1 
forms voltage-activated hemichannels with a large unitary conductance 
in vitro. These channels can open at physiological membrane potentials. 
Functional channels were not formed following mutation of a single amino 
acid within a conserved protein motif recently shown to be N-glycosylated 
in rodent Panx1. Together, these findings indicate that zfPanx1 displays 
properties similar to its mammalian homologues and can potentially play 
an important role in functions of the outer retina.

Yamashita M, Ohmori H (1990) Synaptic responses to mechanical stimulation 
in calyceal and bouton type vestibular afferents studied in an isolated 
preparation of semicircular canal ampullae of chicken. Exp Brain 
Res 80:475–488. 
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and/or rapid amplification of cDNA ends (RACE) technology to clone zfPanx1 
(Zoidl et al., 2008). Here, we present a polyclonal antibody and show that 
zfPanx1 is expressed in horizontal cells. Most abundant immunoreactivity 
was found on the invaginating dendrites close to the synaptic ribbons (srs). 
Only in very rare occasions did electron microscopic immunocytochemistry 
reveal zfPanx1 immunoreactivity at membrane sites resembling gap 
junction–like structures between horizontal cells. Furthermore, we show that 
zfPanx1 forms voltage-activated hemichannels in transfected neuroblastoma 
2a (N2a) cells that can be opened at physiological membrane potentials, if 
the intracellular Ca-concentration is elevated. We show that such channels 
allow dye uptake under physiological conditions. Our results demonstrate 
that zfPanx1 is located in a strategic position in the photoreceptor synapse, 
where it could potentially be involved in modulation of the cone output.

Experimental procedures

Animals
Zebrafish were kept at 28 °C in aerated tanks filled with tap water circulating 
through a bacterial filter system. The fish were kept on a 12-h light/dark 
cycle (12 h ON/12 h OFF). Animal experiments were carried out according to 
the guidelines of the German Animal Protection Law in its present version 
(1998) and under the responsibility of the ethical committee of the Royal 
Netherlands Academy of Arts and Sciences acting in accordance with the 
European Communities Council Directive of 24 November 1986 (86/609/
EEC). All experiments including animals were kept to the necessary minimum.

Plasmid constructs and antibody preparation
Full-length zfPanx1 was obtained by PCR amplification (Zoidl et al., 2008). 
The PCR reaction was performed with the primer pair S1 (5′-gggatccatgg 
ctatagcgcacgcggccac-3′) and AS1 (5′-tggatcctcgatgaccctctggcggacagcc-3′) 
using Pfu-DNA polymerase (Promega Inc., Madison, WI, USA) and adult 
zebrafish retina cDNA as template. PCR products were ligated into the pJET1 
blunt end cloning vector (Fermentas GmbH, St. Leon-Rot, Germany). Six 
independent clones were sequence confirmed, aligned using the Vector 
NTI program (Invitrogen Corp., Carlsbad, CA, USA), compared to the 
original sequences reported by Strausberg et al. (2002) (GI: 28856207) and 
de Boer and van der Heyden (2005) (GI: BC048058). Finally, the sequence 
was deposited in GenBank (EU332874). The coding region was cloned into 
the expression vectors pECFP-N1, pEYFP-N1 or pIRES2-EGFP (Clontech 
Laboratories Inc., Mountain View, CA, USA). Expression of pECFP-N1- and 

Introduction

The role of gap junctions in neuronal communication and in synchronizing 
the activity within neuronal networks has been emphasized in recent years 
(Fukuda and Kosaka, 2000; Galarreta and Hestrin, 2001; Connors and Long, 
2004; Sohl et al. 2005). This is particularly important in the vertebrate retina. 
Beginning during development, gap junction communication seems to play a 
key role in the sharpening of central visual projections by synchronization of 
spontaneous electrical activity (Penn et al., 1994; Becker et al., 1998). In the 
adult retina, many neurons of the same or of different types are coupled by 
gap junctions (Vaney, 1991). For instance, in the outer retina, photoreceptors 
project to horizontal and bipolar cells. Horizontal cells themselves are 
strongly coupled by gap junctions (Kaneko, 1971), thus integrating their 
input spatially and sending back an inhibitory signal to the photoreceptors. 
This combined signal of the photoreceptors and horizontal cells converges 
upon bipolar cells forming the so-called center/surround organization.

The proteins making gap junctions are connexins, which can also form 
hemichannels. Such hemichannels are proposed to function in the 
photoreceptor synaptic complex, one of the most intricate synaptic 
arrangements found in the entire nervous system (Kamermans et al., 2001; 
Kamermans and Fahrenfort, 2004; Fahrenfort et al., 2005).

Recently a vertebrate protein family, pannexins, with a strong homology with 
innexins has been described (Panchin et al., 2000; Panchin, 2005). Innexins 
are the gap junction forming proteins in insects. Based on the homology, 
it was suggested that pannexins also might form gap junctions. Expression 
studies have shown that murine Panx1 and Panx2 are widely expressed in 
distinct neuronal populations in the nervous system including the retina, 
where they are thought to represent a novel class of electrical synapses (Ray 
et al., 2005; Vogt et al., 2005; Dvoriantchikova et al., 2006). Early observations 
showed that Panx1 was indeed capable of forming gap junction channels in a 
heterologous in vitro expression system (Bruzzone et al., 2003; Bruzzone et 
al., 2005). More recent findings, however, suggest that Panx1 may operate as 
a hemichannel instead of a gap junction channel (Bao et al., 2004a; Locovei 
et al., 2006a; Locovei et al., 2006b; Pelegrin and Surprenant, 2006; Pelegrin 
and Surprenant, 2007; Romanov et al., 2007; Zoidl et al., 2007).

In a first step toward a better understanding of the role of pannexins in the 
retina, we used a combination of cDNA library, genomic DNA library screening 
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Secondary antibodies were IRDye680 (1:15,000) and IRDye800 (1:20,000) 
coupled and Western blot detection was performed according to the standard 
conditions recommended for the Odyssey® Infrared Imaging System (LI-COR 
Biosciences, Lincoln, NE, USA).

Immunohistochemistry, immunoelectron microscopy and confocal 
microscopy
Eyes were isolated from cervically transected adult zebrafish and processed 
for immunohistochemistry and immunoelectron microscopy as described 
(Shields et al., 2007). Confocal image analysis was performed on transiently 
transfected N2a cells grown on glass coverslips. Images were taken 48 h after 
transfection using live cell recording conditions with cells maintained in a 
standard physiological extracellular solution composed of (in mM): 147 NaCl, 
10 Hepes, 13 glucose, 2 CaCl2, 1 MgCl2, and 2 KCl. Confocal image analysis 
was performed using the LSM 510 META system (Carl Zeiss MicroImaging 
GmbH, Cologne, Germany), equipped with argon and HeNe lasers, 40× (NA 
1.4) and 63× (NA 1.4) oil objectives, and the LSM 510 META software as 
described previously (Shields et al., 2007). Image processing was performed 
with ImageJ (Collins, 2007).

Dye uptake assay
Ethidium bromide (EtBr; AppliChem GmbH, Darmstadt, Germany) dye uptake 
was detected using the LSM 510 META confocal laser scanning microscope 
(Carl Zeiss) with a 40× (NA 1.6) oil objective. EtBr fluorescence was measured 
using the 543/595 nm excitation/emission lines. The images were recorded 
at 10 s intervals with 20 μM EtBr applied after 1 min. Maximal dye uptake was 
recorded at the end of each time course after application of 100 μM digitonin 
(Fluka Chemie AG, Buchs, Switzerland). All experiments were carried out at 
37 °C in triplicates. Recordings were started 10 min after replacing cell growth 
medium by standard physiological extracellular solution. A total of n>130 
cells were recorded for each condition. Fluorescence values after 5 min of 
stimulation were used for statistical analysis. The data were processed with 
the LSM 510 META (Carl Zeiss) and MS-Excel (Microsoft Corp., Redmond, 
WA, USA) software. Background values were subtracted and the average 
EtBr uptake signal of the zfPanx1 wild type was set to 100%. The averaged 
results are expressed as the means ± the standard deviation. The data were 
further analyzed using an unpaired Student’s t-test with a confidence limit 
for significance set at 0.05.

pEYFP-N1-zfPanx1 results in C-terminal-tagged fusion proteins. Expression of 
pIRES2-EGFP-zfPanx1 leads to co-expression of Panx1 and EGFP. The mutant 
plasmid pEYFP-zfPanx1 (N246K) lacking a conserved N-glycosylation site was 
generated because of the previous reports by Boassa et al. (2007) and Boassa 
et al. (2008) and Penuela et al. (2007) using site-directed mutagenesis as 
described earlier (Zoidl et al., 2002). The cytoplasmic loop domain (CL) of 
zfPanx1 was PCR cloned into pGEX6P2 and the zfPanx1 domain expressed 
as a GST fusion protein in the E. coli strain BL21 (GE Healthcare, Munich, 
Germany). A polyclonal Panx1 antibody was generated by immunization of 
chinchilla rabbits with recombinant fusion protein. The serum was affinity 
purified and tested as described previously (Shields et al., 2007; Zoidl et al., 
2007). Details about the polyclonal Cx55.5 antibody can be found in Shields 
et al. (2007).

Cell culture and transfection
N2a cells were maintained at 37 °C and 5% CO2 in D-MEM containing 4500 
mg/l d-glucose and l-glutamine (Invitrogen), supplemented with 5% fetal calf 
serum (Perbio Science Deutschland, Bonn, Germany), 1% l-glutamine (PAA, 
Laboratories GmbH, Pasching, Austria), 1% penicillin/streptomycin (PAA), 
1% non-essential amino acids (aa) (PAA) and 1% sodium pyruvate (PAA). 
Transient transfections were carried out using the Effectene®4 Transfection 
Reagent Kit (Qiagen GmbH, Hilden, Germany). For localization studies, 9000 
cells and for dye uptake assays 15,000 cells were seeded on glass bottom 
culture dishes (MatTek Corporation, Ashland, MA, USA). Plasmids (300 ng) 
were transfected and cells studied after 48 h.

Western blot analysis and cell surface biotinylation assay
For Western blot analysis of adult zebrafish tissues total protein extracts were 
isolated from freshly dissected tissue by direct homogenization in denaturing 
Laemmli buffer. Alternatively, whole cell lysates from transfected cells or 
cell surface membrane protein fractions were generated by biotinylation 
and isolation using the Pierce Cell Surface Protein Isolation Kit (Thermo 
Fisher Scientific, Waltham, MA, USA) as described previously (Boassa et al., 
2007) followed by Western blot analysis. Biotinylated bound proteins and 
unbound non-biotinylated proteins serving as controls were separated by 
10% SDS-PAGE, transferred to 0.2 μm nitrocellulose membrane (Protran 
BA83, Schleicher & Schüll BioScience, Dassel, Germany) and processed as 
previously described (Zoidl et al., 2007). Primary antibodies were diluted 
1:500 (Clontech) and 1:15,000 (anti-β-actin; Sigma-Aldrich Chemie GmbH, 
Munich, Germany). The primary anti-zfPanx1 antibody was used at 1 μg/ml. 
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Currents from single N2a cells were recorded in the voltage clamp mode, 
amplified and filtered at 5 kHz by an Axopatch 200 B amplifier (Axon 
Instruments, Molecular Devices, Sunnyvale, CA, USA). Data were digitized 
at 10 kHz sampling rate and displayed, stored and analyzed using WinWCP 
and WinEDR software (Strathclyde; Biologic, Knoxville, TN, USA). A 16 bit 
analog-to-digital converter (BNC 2110 connected to Ni-PCi 6229, National 
Instruments, Munich, Germany) was used to digitize the signals.

All measurements were corrected for junction potentials. Leak currents were 
not subtracted from the records. Physically isolated cells were used in all 
experiments to avoid interference of gap junctional coupling.

Excised patch recordings
For excised patch recordings, pipettes (OD, 1.5 mm; ID, 0.68 mm, code 7056; 
Hugo Sachs Electronik/Harvard Apparatus, March-Hugstetten, Germany) 
were pulled to a mean tip diameter 0.8–1.5 μM with an input resistance of 
10–15 MΩ in the previously described pipette and bath solution. Exclusively 
outside-out patches were used. All excised patch recordings were performed 
using a 10 GΩ head stage. Recorded signals were amplified and filtered at 
0.15 kHz by an Axopatch 200 B amplifier (Axon Instruments, Molecular 
Devices).

Single channel event data were analyzed and processed using WinEDR 
software (Strathclyde; Biologic). For data acquisition and all points 
histograms, current traces at the holding potential of +30 mV with durations 
of at least 140 ms were chosen. Traces were recorded three to five minutes 
after excision of the membrane fragment to avoid a potential mechanical 
stress induced pannexin channel opening. For each condition >five traces 
were recorded.

Statistical analysis of the electrophysiology-related experiments
Results are presented as the means ± the standard error of the means (SEM) of 
the specific number of recorded cells or membrane fragments. Comparisons 
between two populations of data were made using the Student’s paired 
t-test with a confidence limit for significance set at 0.05. When indicated 
an unpaired Mann–Whitney test or a uni-ANOVA analysis (SPSS 16.0) was 
applied.

Electrophysiology
Solutions and pharmacology for whole-cell patch clamp recordings in vitro. 
N2a cells were purchased and maintained in cell culture as recommended by 
the ATCC (LGC Promochem GmbH, Wesel, Germany). For electrophysiology 
3×104 N2a cells were seeded on 12 mm glass coverslips and transiently 
transfected using 400 ng plasmid DNA and the Effectene® transfection 
protocol (Qiagen). Cells were subjected to whole-cell patch clamp recordings 
48–72 h after transfection. Glass coverslips with adherent N2a cells were 
continuously superfused at RT with standard physiological extracellular 
solution. The solution was continuously gassed with carbogen (5% CO2/95% 
O2). The pipette solution was adopted (Pelegrin and Surprenant, 2007) 
and contained in mM: 147 NaCl; 10 Hepes, 3 MgCl2, and 10 EGTA. The pH 
was adjusted to pH 7.3 and the final solution filtered through 0.22 μm 
pores (Millipore Corp., Billerica, MA, USA). Two approaches were used for 
interfering with zfPanx1 channel function. zfPanx1-Associated currents 
were blocked with 4 μM carbenoxolone disodium salt (Cbx, Sigma-Aldrich). 
Alternatively, N2a cells were co-transfected with mutant zfPanx1-N246K.

When protocol 2 was used transfected N2a cells were superfused with Ringer 
buffer containing in mM: 102 NaCl, 2.6 KCl, 1 MgCl2, 28 NaHCO3, 5 glucose 
and 1 CaCl2 (all Sigma-Aldrich, except for glucose, which was obtained from 
Merck, Darmstadt, Germany). zfPanx1 Channels were blocked with 100 μM 
Cbx. The pipette solution contained in mM: 125 K-gluconate, 10 KCl, 0.5 
CaCl2, 0.5 MgCl2, 0.4 EGTA, 10 Na-Hepes, adjusted to pH 7.2 with KOH. These 
concentrations bring the free calcium concentration in the cell to ~100 μM, 
which was calculated with WEBMAXCLITE v1.15maxchelator (http://www.
stanford.edu/~cpatton/webmaxc/ping.htm).

Whole-cell patch clamp recordings in vitro
Whole-cell patch clamp recordings from N2a cells were performed in 
a recording chamber (volume: 1 ml) mounted on a fixed stage upright 
microscope (Zeiss Axioscope I; Carl Zeiss AG, Göttingen, Germany). Cells were 
visualized with a 40× long-distance objective, using differential interference 
microscopy (Dodt and Zieglgansberger, 1998) and fluorescence microscopy. 
EGFP-transfected N2a cells served as controls.

Patch pipettes were pulled from glass capillaries (code 7056; Hugo Sachs 
Electronik/Harvard Apparatus, March-Hugstetten, Germany) with a vertical 
puller (PIP5; HEKA, Lambrecht, Germany). When pipettes were filled, the 
input resistance of the pipettes for whole-cell recordings was 5–8 MΩ. 
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The ORF identified encodes a protein of 417 aa with a calculated molecular 
weight of 47.1 kDa (NP_957210.1). The zfPanx1 protein follows the general 
structure of other Panx1 orthologs previously reported from human (Baranova 
et al., 2004), mouse or rat (Bruzzone et al., 2003), with four highly conserved 
transmembrane domains and two cysteine residues found in each of the 
two predicted extracellular loops (Figure 1C). In addition, we identified a 
conserved sequence motif at aa position 246 (Supplementary Table 1). It has 
been demonstrated that this sequence motif is modified by N-glycosylation 
in rodent Panx1 (Boassa et al., 2007; Boassa et al., 2008; Penuela et al., 2007). 
Analysis for potential phosphorylation motifs and a cross-species comparison 
with mouse and human Panx1 revealed sites for several kinases known to 
be expressed in the retina (CKII, cdc2, PKA, PKC, PKG and p38MAPK; Blom 
et al., 2004) suggesting that this protein might undergo posttranslational 
modification by glycosylation and phosphorylation (Supplementary Table 1). 

Sequence analysis
All sequences obtained by retrieval from the NCBI (https://c30stycq92lcipkec9-
59ss.sec.amc.nl/) or ENSEMBL (http://www.ensembl.org/index.html) 
databases were directly processed using the Vector NTI software (Invitrogen). 
Sequences deriving from the on campus sequencing core facility (Molecular 
Neurochemistry, RUB, Germany) were processed with Sequence Scanner 1.0 
(Applied Biosystems, Foster City, CA, USA) prior to analysis with Vector NTI 
software. The same program was used for all sequence analyses, alignments, 
and phylogenetic tree calculations. BLAST analysis (BLASTN, BLASTP) was 
performed using the NCBI or ENSEMBL gateway. Sequence submission to 
the NCBI GenBank was performed using the BankIt gateway (http://www.
ncbi.nlm.nih.gov/BankIt). Some of the primary sequence analyses were 
performed using the software tools implemented on the ExPASy website 
(http://www.expasy.org/).

Results

Cloning of the zfPanx1 gene
A survey of public genome databases led to the discovery of three annotated 
zfPanx1-like sequences. These sequences were predicted to derive from two 
distinct chromosomal localizations on zebrafish chromosomes (chr) 5 and chr 
15. Initial attempts to clone the two candidate open reading frames (ORF) 
predicted for chr 5 encoding for proteins of 402 aa (ENSDART00000016625) 
and 419 aa (ENSDART00000097738) size using a PCR-based cloning technique 
failed as did RT-PCR based expression analysis using a panel of cDNAs from 
adult zebrafish tissues (data not shown). Next, we focused on another ORF 
predicted for chr 15 (ENSDARG00000025285). The predicted zfPanx1 gene 
locus on chr 15 is localized at the nucleotide position 1,872,909–1,886,051 
of this chr and predicted to encode a transcript of 1254 nt encompassing six 
exons (Figure 1A). In initial experiments, we were able to show the expression 
of this mRNA in a wide variety of adult zebrafish tissues including retina and 
brain using quantitative real time PCR technology (Zoidl et al., 2008). Next, 
we cloned the full-length coding region for further investigations. Using 
conventional RT-PCR technology, we obtained several amplicons including 
one of the predicted size of ~1.2 kbp from retina and brain (Figure 1B). This 
amplification product was subcloned, sequenced and finally deposited in 
GenBank. The sequence analysis showed that this mRNA is almost identical 
(99.9%) to the originally reported zebrafish Panx1 sequences now termed 
zgc:55631 by the ZFIN Organisation (http://ZFIN.org).

Figure 1 Cloning and primary sequence analysis of zfPanx1. (A) The zfPanx1 gene is predicted 
to be localized on chr 15. The mRNA is expressed from six exons (exon size in nt below the 
graphic) spanning a region of ~12 MBp (intron size in nt above the graphic). The position 
of the primer pair used to amplify the entire protein coding region is indicated by arrows. 
(B) Amplicons generated by RT-PCR using cDNAs from retina or brain. The position of the 
full-length zfPanx1 protein coding region isolated, subsequently subcloned and finally 
deposited in GenBank (EU332874) is indicated by an arrow. Note the presence of several 
shorter amplicons indicating potential splice variants. The most prominent amplicon was 
indicated by an arrow. (C) Cartoon of the zfPanx1 protein. The following predicted positions 
are highlighted: conserved transmembrane domains (black boxes) and cysteine pairs in 
the first and second extracellular domain (marked C), the N-glycosylation motif (N-glyc), 
and potential phosphorylation sites (marked P; see Suppl. Table 1). Below the graphic the 
predicted relative positions of class III-PDZ domains are shown as black rectangles. Note 
that the cartoon is not drawn to scale.
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Alignment of zfPanx1 with Panx1 sequences of higher vertebrate species 
indicated a substantial degree of aa conservation in particular within the 
transmembrane domains (Supplementary Figure 1A). The most variable 
regions were found in the CL and the carboxy-terminal (CT) domains, similar 
to divergence among connexins. A phylogenetic tree analysis revealed that 
zfPanx1 was most comparable to fish orthologs with the best score found 
to the Panx1 of the Japanese medaka Oryzias latipes, a small Asian ricefish. 
The evolutionary distance to members of other vertebrate phyla was more 
pronounced with less significant homologies found to zfPanx2 and zfPanx3 
(Supplementary Figure 1B).

zfPanx1 Protein expression in vitro and in vivo
The predicted CL region of zfPanx1 (aa 127–204) was selected to generate 
a polyclonal antibody using a GST-fusion protein expressed in a bacterial 
host. The specificity of the IgG-purified antibody was documented using 
transiently transfected N2a cells overexpressing zfPanx1 fused to the 
enhanced cyan fluorescent protein (ECFP; Figure 2A). The fusion protein 
was detected by Western blot analysis in transfected cells as confirmed by a 
second immunoreaction using a commercial antibody specific for the ECFP 
tag. Bands with molecular weights in the range of 70–90 kDa were observed 
(arrows). The low molecular weight band is the zfPanx1-ECFP protein of 76 
kDa. Two bands of higher molecular weight represent glycosylated forms of 
zfPanx1-ECFP due to a conserved N-glycosylation motif (VNDSSV) (Nilsson 
and von Heijne, 2000) found in zfPanx1 at aa position 245–250. The motif 
and aa 246 correspond to the N-glycosylation motif originally identified in 
rat Panx1 at position 254 (Boassa et al., 2007). No immunoreactivity was 
observed in mock-transfected control cells. Endogenous mouse Panx1 
expression in N2a cells was not detected by the zfPanx1-Ab. antibody, most 
likely due to a lack of cross-reactivity and/or a low endogenous protein 
expression levels (Supplementary Figure 2).

In addition, we searched for sequence motifs indicative for proteins localized 
at or within the postsynaptic density due to our previous report on the 
postsynaptic localization of murine Panx1 (Zoidl et al., 2007). This analysis 
indicated the presence of several class III PDZ domains strictly located in 
protein domains predicted to face the cytoplasmic compartment (Figure 1C). 
A summary of the localization of predicted class III PDZ motifs is given in 
Supplementary Table 1.

Summary of predicted protein modification sites for zfPanx1 using ELM or NetPhospho.

Supplementary table 1

motif localization sequence program 

N-glyc 246 NDSS
class 3 PDZ 8 TEYV ELM

13 ADFV ELM

139 MEEL ELM

300 FEML ELM

316 WDDL ELM

342 EENL ELM

367 TDVV ELM
PKC 22 S NetPhospho

158 thr NetPhospho

179 thr NetPhospho

181 S NetPhospho

194 thr NetPhospho

361 thr NetPhospho
CKII 132 S NetPhospho

352 S NetPhospho

389 thr NetPhospho
PKA 198 S NetPhospho

293 Thr NetPhospho
cdc2 145 S NetPhospho
p38MAPK 164 Thr NetPhospho
PKG 382 S NetPhospho
EGFR 10 S NetPhospho

uuSupplementary figure 1 
Sequence alignment and phylogentic analysis of zfPanx1. (A) Sequence alignment of zfPanx1 
and three higher vertebrate Panx1 proteins. The alignment was performed using the AlignX 
software (Vector NTI), a BLOSUM62 alignment matrix and default settings.  Colors indicate 
regions of amino acid identity (yellow) and conservative exchange (blue). The consensus 
sequence is shown below the alignment. (B) Phylogentic tree of Panx1 protein sequences 
from major classes of the phyla chordate using the AlignX software. The guide tree is calcu-
lated from an alignment of all sequences using the Neighbor Joining (NJ) method (Hollich et 
al., 2005). The human Panx2 and Panx3 protein sequences were included in the analysis in 
order to demonstrate the evolutionary distance to Panx1. Note that higher values indicate 
less homology.
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Supplementary figure 2
Analysis of endogenous Panx1 mRNA and protein 
expression in N2a cells. Expression of endogenous 
Panx1 mRNA and protein war determined by qRT-PCR 
and western blot as described before (Ray et al. 2005, 
Zoidl et al., 2007). Note that Panx1 mRNA expression 
was detectable at levels indistinguishable from adult 
brain (ratio: 1.4 + 0.3). For western blot analysis 
total protein lysates (15µg) of N2a cells without, 
transfected with untagged mouse Panx1 (Bunse et al., 
2009, submitted), or brain tissue were separated by 
10% SDS-PAGE and treated with the chicken Panx1-
Ab previously described and kindly provided by Dr. 
G. Dahl (Miami; USA), and a monoclonal anti-ß-actin 
antibody (1:20.000) as primary antibodies. In contrast 
to the qRT-PCR analysis, the Panx1 protein was 
detectable only after transfection and at substantially 
lower levels in the adult brain.

Supplementary figure 3
zfPanx1 is not significantly N-glycosylated in vivo. N-glycosylation of the zfPanx1 protein was 
determined in N2a cells transfected with the untagged zfPanx1 expression vector pIRES2-
zfPanx1-EGFP and in adult zebrafish brain and retina. N2a cells transfected with the pEYFP-
zfPanx1 expression vector served as positive control. Protein lysates were isolated from cells 
or tissue and 15µg protein treated with 100U recombinant N-glycosidase F as recommended 
by the manufacturer (Roche). Treated samples (+), samples omitting the enzyme (-) and 
samples solubilized directly in denaturing Laemmli buffer were separated by 10% SDS-PAGE 
and subjected to western blot analysis using the  polyclonal zfPanx1-Ab (1µg/ml IgG), and 
monoclonal anti-ß-actin antibody (1:20.000) as primary antibodies. IRDye680 anti rabbit 
IgG (1:15.000; red) and IRDye800CW -anti mouse IgG (1:20.000; green) served as detection 
antibodies using the LICOR Detection System as readout system.    
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To obtain insight into the general distribution of zfPanx1 we applied the 
antibody to Western blot analyses of zebrafish tissues (Figure 2B). Protein 
expression was detectable in retina, brain and spinal cord, whereas the 
levels in spleen and kidney only became visible, when the detection gain 
was increased. In tissues, we never observed the complex protein pattern 
in Western blots as described for in vitro analyses of primary cell cultures 

and cell lines. Deglycosylation assays suggest that the antibody applied 
primarily detects non-glycosylated zfPanx1 in vivo (Supplementary Figure 3). 
With respect to the steady state mRNA expression levels reported previously 
(Zoidl et al., 2008) our results confirmed mRNA and protein expression in 
neuronal tissues.

The cellular localization of zfPanx1 was analyzed in transiently transfected 
N2a cells overexpressing ECFP and/or EYFP tagged variants of zfPanx1. Cells 
expressing the zfPanx1 wild type protein showed a characteristic lining of 
the cell surface (Figure 3A; WT), which was distinct from the focal or patchy 
appearance of connexin proteins expressed under similar conditions (data 
not shown). It was evident that expression of the wild type protein did 
not promote focal gap junction plaque like assemblies, a finding in favor 
of the hypothesis that zfPanx1 might preferentially form hemichannels. 
Despite the forced expression, hardly any wild type protein was retained 
in the cytoplasmic compartments as shown by the line scan analysis of a 
representative region (Figure 3B, WT).

The mutant pannexin protein zfPanx1-N246K carrying an aa substitution 
in the predicted N-glycoslyation site at aa 246 (see Supplementary Table 
1) showed a fluorescence distribution distinct from the wild type protein. 
Although some protein seemed to appear at the cell surface (Figure 3A; inset, 
and Figure 3B, N246K), most of the protein was retained in the cytoplasmic 
compartment suggesting that the protein is not effectively transported or 
inserted into the membrane. This result is consistent with the reports of 
Boassa et al. (2007) and Boassa et al. (2008).

Double transfection of the wild type and mutant protein confirmed 
overlapping fluorescence in the cell membrane demonstrating that under 
these conditions both proteins can reach the cell membrane. Higher 
resolution images (inset) and a representative protein distribution profile 
demonstrated a significant difference to wild type transfection alone. Here, 
wild type protein (in green) in combination with the mutant protein (in 
red) appeared partially retained in the cytoplasm directly below the cell 
surface (Figure 3B, WT+N246K). In contrast, more mutant protein seemed 
to reach the cell surface. This distribution suggested that the wild type 
protein interacted with the mutant protein before both proteins reached the 
cell surface and that this interaction could reduce the density of wild type 
channels in the cell membrane.

Figure 2 Primary characterization of the zfPanx1 specific antibody Panx1-Ab. (A) Western 
blot analysis of transiently transfected N2a cells overexpressing zfPanx1-ECFP fusion 
proteins. Crude protein lysates were obtained 48 h after transfection and 10 μg total protein 
separated by 10% SDS-PAGE. The arrows indicate the positions of the zfPanx1-ECFP fusion 
isoforms. The nomenclature (GLY0-2) defined by Boassa et al. (2007) was used to indicate 
protein isoforms. No signal was obtained when cells were mock transfected. (B) Western 
blot analysis of protein extracts prepared from freshly dissected tissues of adult zebrafish. 
Crude protein lysates (20 μg) were separated by 10% SDS-PAGE Abundant expression 
of the ~47 kDa zfPanx1 protein was restricted to brain, retina and spinal cord, whereas 
protein levels in spleen and kidney were reduced. Immunodetection was performed using 
polyclonal Panx1-Ab. (1 μg/ml IgG), Living Colors Antibody (1 μg/ml) and monoclonal anti-β-
actin antibody (1:20,000) as primary antibodies and IRDye680 antirabbit IgG (1:15,000; red) 
and IRDye800CW-anti mouse IgG (1:20,000; green) as detection antibodies using the Licor 
System as readout system. In this experiment, simultaneous immunodetection with β-actin 
served as control for equal protein loading.
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The results presented so far suggested that at least a fraction of the mutant 
protein was inserted in the membrane (Figure 3A, B). This observation 
was analyzed in more detail by Western blot analysis of protein lysates of 
single transfected cells. The temporal expression pattern was investigated 
to reveal the time point of maximum expression, a condition needed for 
the functional studies described below. As shown above (Figure 3A), the 
characteristic staining pattern of the zfPanx1 wild type protein was found 
with the glycosylated isoforms GLY1 and GLY2 most abundant. The mutant 
protein zfPanx1-N246K displayed the increased protein mobility indicative 
for an unmodified protein backbone (GLY0; Figure 3C). No bands of GLY1 
and GLY2 were found confirming that N-glycosylation did not occur in the 
mutant. The time course of expression of zfPanx1-N246K was comparable 
to the wild type protein demonstrating that both proteins were efficiently 
translated.

We extended the membrane localization studies by applying a biotinylation 
assay and subsequent pull-down (Ding et al., 2005). This procedure 
preferentially labels proteins accessible from the extracellular site. Both 
wild type and zfPanx1-N246K proteins were identified in the biotinylated 
membrane fractions. This is consistent with the localization of the 
fluorescently tagged proteins (Figure 3). In double transfected cells, both 
proteins (wild type and N246K) were pulled down simultaneously. The lack of 
enrichment of cytoplasmic EYFP in the bound protein fraction confirmed that 
membrane proteins were successfully enriched by the procedure (Figure 3D). 
In summary, the protein localization and expression analysis demonstrated 
that wild type and mutant proteins are translated efficiently with a similar 
time course and both proteins are inserted into the cell membrane. However, 
the mutated Panx1 seems to do so with a lower efficiency.

zfPanx1 Localization in the outer retina
The localization of zfPanx1 in the outer retina was examined using 
immunohistochemistry and confocal laser scanning microscopy as previously 
reported for connexins Cx55.5 and Cx52.6 (Shields et al., 2007). zfPanx1 
Immunoreactivity was found in a band-like pattern in the distal part of the 
zebrafish outer plexiform layer (OPL) suggestive for horizontal cell dendrites 
(Figure 4A). Occasionally, this labeling had a horseshoe shape. A faint 
punctate labeling was found more proximal, suggesting additional labeling 
on the horizontal somata (Figure 4B). To prove the cell identity, a series of 
double labeling experiments was performed using antibodies against marker 
proteins indicative for ON bipolar cells (PKCα), interplexiform cells (TH; 
tyrosine hydroxylase) and horizontal cells (GluR2).

Figure 3 Subcellular localization of zfPanx1 and the mutant zfPanx1-N264K in N2a cells. (A) 
Transient transfections of pEYFP-zfPanx1 (WT), pEYFP-zfPanx1 N246K (N264K), or pECFP-
zfPanx1 and pEYFP-zfPanx1 N264K in N2a cells. Protein-derived fluorescence was analyzed 
48 h after transfection using confocal laser scanning microscopy. Insets highlight the 
subcellular distribution of wild type and mutant protein in single- and double-transfected 
cells (ratio: 50:50) Scale bars = 50 μm, 5 μm in A. (B) Histograms of the fluorescence profiles 
of WT or N246K were plotted along the lines drawn in the insets (A) using ImageJ software. 
Arrows indicate the position of cell contacts. In double-transfected N2a cells, wild type and 
N246K are presented in black and gray lines. (C) Western blot analysis of total protein lysates 
obtained from single-transfected cells after 24–72 h. Equal amounts of protein (20 μg) were 
separated by 10% SDS-PAGE and zfPanx1, zfPanx1-N264K and β-actin immunodetected as 
described above (see Fig. 2). The nomenclature (GLY0-2) defined by Boassa et al. (2007) 
was used to indicate isoforms. (D) Fractionated total protein extracts after cell surface 
biotinylation were analyzed by Western blot. Proteins binding to the avidin agarose matrix 
represent the biotinylated bound fraction (B). The unbound protein fraction is indicated as 
(U). Transfected cells expressing the soluble, non-membrane bound EYFP protein served as 
control to monitor accessibility of soluble proteins to the labeling reagent. As shown, both 
wild type and mutant proteins were found in the bound pull down fraction indicating that 
a lack of glycosylation does not fully prevent insertion into the cell membrane. Detection 
antibodies in C and D were the Living Colors Antibody and the monoclonal anti-β-actin 
antibody applied as described above.
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No co-localization with PKCα could be observed (Figure 4B, green), 
demonstrating that zfPanx1 immunoreactivity is not present in ON bipolar 
cells. Similar results were found for TH, which labels somata of interplexiform 
cells and synapses of interplexiform cells on horizontal cell somata. The 
absence of co-localization indicates that the interplexiform cells do not 
express zfPanx1 (Figure 4C). GluR2 is expressed on horizontal cell dendrites 
known to deeply penetrate into the photoreceptor synaptic terminals 
(Klooster et al., 2001) often exhibiting a horseshoe-like appearance. Thus, 
the shape appearance, described above, of the zfPanx1 labeling suggests 
labeling of horizontal cell dendrites. In a tilted section of the zebrafish OPL, 
this was confirmed. GluR2 immunoreactivity was strongly associated but 
not completely overlapping with zfPanx1 immunoreactivity (Figure 4D). 
These results suggest that zfPanx1 is abundantly present on horizontal cell 
dendrites and weakly present on horizontal cell somata.

To determine the subcellular localization of the Panx1 immunoreactivity, an 
ultrastructural analysis was performed. The main characteristic feature of 
the cone synaptic terminal is the so-called triad. A triad is a characteristic 
arrangement of processes around the sr. In fish retina, the two lateral 
elements are dendrites of a horizontal cell, whereas the central element can 
either be a horizontal or a bipolar cell dendrite (Stell et al., 1977). During 
light adaptation, horizontal cell dendrites form spinules (Wagner, 1980), 
which are withdrawn during dark adaptation. In our experiments, zfPanx1 
immunoreactivity was found at the ultrastructural level in large profiles 
(Figure 5A). These profiles are most likely horizontal cell dendrites. The 
zfPanx1 immunoreactivity was rarely found in a lateral element directly 
facing the sr (Figure 5B). Immunoreactivity in spinules (stars) was rarely 
observed. Small profiles, most likely bipolar cell dendrites, did not express 
zfPanx1 immunoreactivity. At sites of zfPanx1 labeling in the cone synaptic 
complex, no signs of gap junctions could be found. Furthermore, no labeling 
was found of processes invaginating the rod synaptic terminals. The confocal 
and ultrastructural analysis showed that zfPanx1 immunoreactivity was 
localized in the horizontal cell dendrites (Figure 5A, B). For comparison, the 
typical localization of zfCx55.5, which forms hemichannels at the tips of the 
horizontal cell dendrites, is given in Figure 5C. zfCx55.5 hemichannels seem 
to be located more distal compared to the Panx1 transmembrane channels.

Figure 4 Localization of zfPanx1 in the OPL. (A) zfPanx1 Immunoreactivity in the outer retina 
of zebrafish. Note the dome-like structures of Panx1-IR in the OPL (arrows). Blue staining 
indicates DAPI-stained cell nuclei. Scale bar=20 μm. (B) Double labeling of zfPanx1 (red) and 
PKCα (green). PKCα labels ON-bipolar cells. No co-localization of zfPanx1-IR and PKCα can 
be found in the OPL. Scale bar=10 μm. (C) Double labeling of zfPanx1 and TH. TH is a marker 
for the interplexiform cells. Note that there is strong TH-IR surrounding the horizontal cells. 
These represent synapses of the interplexiform cells on horizontal cells. Scale bar=10 μm. 
(D) Confocal micrograph of double labeling of zfPanx1 with GluR2. The invaginating tips of 
the horizontal cells in the zebrafish retina express GluR2-IR near the sr. No co-localization 
with zfPanx1 could be observed, suggesting that the Panx1-IR is located on horizontal cells 
dendrites but at a certain distance of the sr. Scale bar=5 μm.
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Very rarely zfPanx1 immunoreactivity in the OPL (Figure 5D, E) was 
observed in structures resembling gap junctions (Figure 5G). In all cases the 
membranes interacted closely over long distances, with a limited amount 
of electron dense material associated, setting these structures apart from 
desmosomes characterized by abundant electron dense deposits or tight 
junctions characterized by spot-like membrane contacts. For comparison an 
electron micrograph of a Cx55.5-labeled gap junction is given in Figure 5F. 
The general appearance of the labeled structures in Figure 5D–F is similar. 
However, the density of the Panx1 labeling is lower than that of the Cx55.5 
labeling, suggesting that Panx1 is only sparsely present in these structures. 
The occurrence of Panx1 in gap junction–like structures is very rare. A total of 
five labeled horizontal cell gap junctions were found in 50 sections analyzed. 
In comparison Cx55.5 immunoreactivity was found in all gap junctions 
between horizontal cells. On average up to 100 structures were found on a 
single section. These results indicate that zfPanx1 is prominently present as a 
hemichannel in the horizontal cell dendrites invaginating the cone pedicles, 
and very rarely forming a gap junction–like structure between horizontal 
cells.

The zfPanx1-N246K mutation impairs dye uptake
zfPanx1 Is likely to form hemichannels in N2a cells. To determine whether 
these hemichannels were open we performed a dye-uptake study under 
standard physiological conditions (Figure 6). Application of 20 μM EtBr in the 
extracellular solution leads to intracellular dye accumulation within minutes 
in cells expressing the wild type protein (Figure 6A). In cells expressing EYFP 
only, the uptake of EtBr was reduced. Uptake could be blocked by PEG1500 
(data not shown), which has previously been recognized as an unspecific 
blocker of connexin- and pannexin-based hemichannels (Wang et al., 2007). 
These results suggest that zfPanx1 forms hemichannels in N2a cells that 
allow for EtBr uptake. Next, we tested whether the mutation of the putative 
N-glycosylation site affected the hemichannel function (see Figure 3A, B, 
D). Figure 6A shows that cells expressing only the mutated Panx1 protein 
(N246K) show an EtBr uptake similar to that of the EYFP expressing cells. 
Dye uptake was reduced, with respect to the WT when wild type and mutant 
proteins were co-expressed using two different ratios. The statistical analysis 
of >130 cells per condition in three independent experiments confirmed this 
observation and demonstrated that zfPanx1 expression led to a significant 
increase in dye uptake when compared to EYFP-transfected controls (P<0.001) 
( Figure 6B). Dye uptake of the zfPanx1 N246K mutant was significantly less 
than WT (P<0.001). Double transfection experiments show that the dye 

Figurer 5 Ultrastructural localization of zfPanx1 in the OPL. (A) Electron micrograph showing 
zfPanx1-IR in the horizontal cell dendrites, which innervate the cone pedicle. Note that not 
all horizontal cell dendrites have zfPanx1-IR. Immunoreactivity in spinules (stars) was rarely 
observed. (B) Higher magnification image of a cone pedicle. At this higher magnification 
it is clear that the zfPanx1-IR is often located at a certain distance from the sr. (C) Typical 
distribution of Cx55.5-IR in horizontal cell dendrites. (D, E) Electron micrograph of three 
structures resembling gap junction–like properties between horizontal cells showing 
zfPanx1-IR. The labeled gap junctions are located in the neuropil of the OPL of the zebrafish 
retina. (F) Cx55.5-IR gap junction between horizontal cells with characteristic abundant 
labeling. (G) Unlabeled gap junction demonstrating the typical appearance of gap junctions 
between horizontal cells. Scale bars=500 nm (A–D). Scale bars=200 nm (E–G).
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uptake reduces with decreasing amounts of wild type zfPanx1 expression 
(correlation coefficient: 0.99), a result not in favor of a dominant negative 
activity of zfPanx1-N246K, but suggestive for a reduced conductance of the 
mutated Panx1 hemichannels.

Figure 6 zfPanx1-N246K expression 
suppresses dye uptake through 
zfPanx1. (A) Dye uptake was monitored 
after application of 20 μM EtBr in 10 s 
intervals. Impairment of dye uptake was 
apparent when wild type and zfPanx1-
N246K mutant were transfected at 
equimolar ratios (50:50) or increased 
to a ratio of 30% wild type and 70% 
N246K. The graphs represent the 
mean fluorescence of n>130 cells for 
each condition in three independent 
experiments. (B) Statistical analysis of 
A revealing a non-linear relationship 
between dye uptake capacity and 
wild type to mutant expression ratios 
(R2=0.98).

zfPanx1 Acts as a voltage gated non-selective ion channel
zfPanx1 hemichannel properties were further analyzed in transiently 
transfected N2a cells overexpressing an ECFP or EYFP tagged variant of 
zfPanx1. We compared three groups of N2a cells: Group I was N2a cells after 
transient transfection with the zfPanx1 expression vector (n=34). Group II 
was N2a cells expressing mutant N246K (n=26). Group III represented the 
control group, which had been transfected with EYFP only (n=28). N2a cells 
of all three groups were subjected to the identical voltage clamp protocol 
in whole-cell patch clamp recordings with 500 ms voltage ramps starting at 
−100 mV and ending at +80 mV ( Figure 7A, inset).

Figure 7 Voltage dependent current response of zfPanx1. (A–C) The current response 
properties of differentially transfected N2a cells in whole-cell voltage clamp recordings in 
vitro. Cells were repeatedly presented with depolarizing voltage ramps as indicated in the 
inset in A: starting and ending at −30 mV holding potential, depolarization from −100 mV to 
+80 mV (duration: 500 ms, repetition rate 2/min). (A) WT overexpressing N2a cells exhibit a 
large voltage dependent current response with an onset threshold of 10.01±9.13 mV in the 
given external solution (−Cbx). As the grey trace in A indicates, this current could be blocked 
by 4 μM of the unspecific gap junction blocker Cbx (+Cbx). This is in contrast to the membrane 
currents being evoked in the glycosylation deficient mutant correlate zfPanx1-N246K (B) or 
EYFP transfected controls (C). (B, C) Cbx application induced only minor changes   ww
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zfPanx1-associated currents were reduced when more zfPanx1-N246K 
mutant was expressed ( Figure 7E). Starting from a WT to mutant expression 
ratio of 30:70, a highly significant reduction (P<0.001; n=6) in the transfectant 
mean current amplitudes at +80 mV depolarization was found compared to 
Group I. Similar observations were made for N246K-transfected N2a cells 
and EYFP controls (N246K: P<0.005; n=26; EYFP: P<0.005; n=30). In contrast, 
the mean currents of 30:70 expressing cells did not differ significantly when 
compared to N246K only or EYFP expressing cells (P>0.05).

The zfPanx1 channel is characterized by a large single channel 
conductance
To determine whether the zfPanx1 hemichannel had similar characteristics 
compared to the mouse- or human-derived isoforms, we performed excised 
outside-out patch recordings. Recording pipettes with input resistances 
between 10 and 15 MΩ were used to receive small membrane fragments 
to obtain as few channels as possible. Outside-out recordings from zfPanx1 
overexpressing N2a cell membrane fragments (Figure 8A) revealed strong 
similarities in single channel events and conductance when compared to the 
recent descriptions of the human Panx1 isoform (Bao et al., 2004a). Frequent 
channel openings could be observed at a holding potential of +30 mV. In the 
fully open state, the single channel conductance was 370±28 pS (n=5).

The mean unitary conductance of zfPanx1-N246K-transfected cells was 
430±52 pS (n=8) and 424±71 pS (n=7) in EYFP-transfected controls. These 
values are consistent with the higher unitary conductance of the endogenous 
mouse Panx1 channels. The single channel opening properties of zfPanx1-
N246K ( Figure 8B) or EYFP-transfected control cells ( Figure 8C) differ from 
the WT the mean open time at +30 mV holding potential of zfPanx1-N246K 
(topen=30±4 ms (n=8)) and EYFP controls (topen=33±5 ms (n=7) (P>>0.05)) were 
significantly shorter than the zfPanx1 WT (topen=70±18 ms (n=5) (P<0.005)). 
The less frequent opening in the zfPanx1-N24K and EYFP controls reflects the 
low abundance of endogenous mouse Panx1 in N2a cells.

The zfPanx1-N246K mutant to WT ratio of 50:50 was introduced (Figure 8D) 
in order to clarify putative effects of heteromeric channel formation. No 
significant differences were detected in terms of the unitary conductance 
(P>0.05) when patches from zfPanx1 WT-transfected cells were compared 
to those of cells double transfected with WT and the N246K mutant (ratio 
50:50). The mean open times of the 50:50 condition were lower but did not 
differ significantly from the WT (topen=54±8 (n=7); P>0.05). Furthermore, the 

vv in the overall small and more linear-shaped current responses. This is also reflected by 
Cbx-induced block of the total current amplitudes at +80 mV holding potential in D. While 
Cbx reduced WT total current amplitudes in a strongly significant manner (P<0.005), those 
of the zfPanx1-N246K mutant and the EYFP-only controls remained unaffected. (E) The 
mean membrane current of N2a cells following cotransfections with different WT to mutant 
ratios. The data are presented as the percentage of WT only expressing cells. At a 30:70 ratio 
of WT to zfPanx1-N246K expression, mean membrane current amplitudes being evoked in 
N2a cells at +80 mV were initially decreased in a highly significant manner (P<0.0005). The 
N246K only and EYFP expressing groups were both subject to strongly significant current 
amplitude reductions (N246K and EYFP; P<0.005). No difference was found, comparing the 
group of a 30:70 expression ratio to those of N246K only or EYFP only controls (P>0.05).

In Group I, the voltage ramps applied evoked large exponentially increasing 
currents at positive potentials in zfPanx1 overexpressing N2a cells (Figure 
7A). The threshold for the onset of voltage-gated zfPanx1 associated currents 
was >0 mV (n=34). The reversal potential of the Cbx-blocked current was 
−1.14±6.77 mV (n=12), consistent with the notion that Panx1 hemichannels 
are non-specific channels with a reversal potential close to 0 mV. Currents 
observed in transfected cells could be blocked with 4 μM Cbx, a general 
pannexin blocker (Bruzzone et al., 2005).

In contrast to the cells in Group I, cells in Groups II and III exhibited a more 
linear voltage–current relation (Figure 7B, C), suggesting that the voltage-
gated activity seen in the Group I cells was due to the expression of zfPanx1. 
The small Cbx sensitive current response in vector only transfected cells 
(black trace in Figure 7C) is assumed to be mediated by low amounts of 
endogenous mouse Panx1 expressed in N2a cells. Cells of Group I showed 
significantly larger total current amplitudes (0.48±0.03 nA; n=34) at +80 
mV holding potential compared to Group II (0.20±0.04 nA; n=26) (P<0.005) 
and Group III (0.26±0.02 nA; n=28) (P<0.005). Cells in Group II and Group 
III did not differ from each other in their total current amplitudes (P>0.05) 
(also compare to Figure 7E). Additional evidence for the absence of zfPanx1-
mediated currents in the Group II and III cells came from the finding that 
Cbx did not block a current in these groups in a statistically significant way as 
indicated in Figure 7B–D. The depolarization-evoked total current amplitudes 
at +80 mV holding potential (Figure 7D) could be successfully blocked in 
Group I cells by application of 4 μM Cbx from 0.39±0.04 to 0.15±0.01 nA in 
a highly significant manner (P<0.005; n=26). Cells of Group II (0.25±0.04 nA 
before; 0.22±0.04 nA after pharmacology; n=10) and Group III (0.23±0.03 nA 
before; 0.22±0.04 nA after pharmacology; n=15) did not show any significant 
amplitude reductions (P>0.05). Co-expression of wild type and zfPanx1-
N264K mutant led to a similar conclusion as for the dye uptake experiments. 
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50:50 expressing N2a cells open significantly longer than EYFP or zfPanx1-
N246K-transfected correlates (P<0.005). In summary, this result strongly 
suggests that no heteromeric channels are formed with the N246K mutant 
and that only the WT contributes to channel formation. The channel opening 
probabilities of the samples shown in Figure 8A–D were further analyzed 
in all points histograms of the full 140 s recording traces as presented in 
Figure 8E. In EYFP controls and the zfPanx1-N246K mutant, the closed and 
full open channel states are visible. Upon transfection of the zfPanx1 WT 
alone or in combination with the mutant, the zfPanx1 full open state and 
an additional characteristic intermediate conductance state (arrowheads) 
become detectable aside of the high conductance state at ~11.5 pA of the 
endogenous mouse Panx1 channel.

zfPanx1 hemichannels open at physiological membrane potentials
Protocol 1 (shown above) was instrumental in evoking large exponentially 
increasing currents at positive potentials in zfPanx1 overexpressing N2a 
cells, but failed to provide conclusive information in the physiological range. 
Therefore, we extended our analysis and applied protocol 2 (see Experimental 
Procedures) to study the properties of Panx1 hemichannels in conditions 
with more physiological ion-gradients for the major ions and with high 
intracellular Ca levels since it has been shown that Panx1 hemichannels open 
under such conditions (Locovei et al., 2006b). Figure 9A shows the whole 

tt Figure 8 Single channel properties of zfPanx1. Excised outside-out patch recordings 
of membrane fragments of (A) zfPanx1 wild type, (B) the zfPanx1-N246K mutant and (C) 
EYFP-only transfected N2a cells reveal striking differences between single channel current 
responses to depolarizing voltage steps. (A) At depolarization levels of +30 mV holding 
potential, sustained frequent single channel openings (o) and closures (c) with an average 
unitary conductance of ~370 pS could be captured. Depolarization shift dependent single 
channel responses of large conductance properties ~430 pS could be observed in excised 
membrane fragments of zfPanx1-N246K mutants (B) and EYFP-transfected controls (C). Note 
the long-lasting intermittent phases of channel inactivation. The differences in A–C point out 
the transfection-related effect on the membrane gating properties of WT overexpressing 
N2a cells in vitro and furthermore refer to the presence of endogenous mouse Panx1. 
(D) The unitary conductance of this transfection condition (WT: zfPanx1-N246K; 50:50) 
resembles that of the zfPanx1 WT. (E) All points histograms of the full 140 s recordings of the 
samples shown above. They demonstrate that the zfPanx1 channels display a characteristic 
subconductance state aside from the closed and the full open condition. The intermediate 
and full open conductance state of zfPanx1 is indicated by arrowheads. The full open 
condition of endogenous mouse Panx1 which is part of the background activity recorded in 
EYFP controls and zfPanx1-N246K mutants is pointed out by the asterisk. It can be observed 
in the WT and 50:50 conductance state distribution as well (see asterisks).
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Discussion

The data presented here build on the previously reported cloning and 
expression studies demonstrating Panx1 mRNA expression in the retina of 
mouse, rat and fish (Ray et al., 2005; Dvoriantchikova et al., 2006; Zoidl et al., 
2008). Due to the well-established importance of electrical coupling in the 
retina, the focus of the present study was the putative role of Panx1 in the 
zebrafish retina. In this paper, we describe the cloning of zfPanx1, generated 
a polyclonal antibody against zfPanx1, determined the localization of zfPanx1 
in vivo and described properties of zfPanx1 channels expressed in N2a cells 
in vitro. We found that the zfPanx1 protein is expressed on horizontal cell 
dendrites invaginating into the cone pedicle near the glutamate release 
sites of the cones. Most likely they form hemichannels at that location. 
Furthermore, we showed that Panx1 hemichannels have a large single 
unitary conductance, can be open at physiological membrane potentials 
and that mutation of a conserved N-glycosylation motif interferes with the 
formation of functional channels.

Molecular properties of zebrafish Panx1
Pannexin encoding genes, containing several exons and introns, have been 
previously described for higher vertebrate genomes including mouse, rat 
and human (Baranova et al., 2004). With more fully assembled genomes 
available, it was possible to identify and clone the full-length coding sequence 
of the zfPanx1 gene localized on chr 15. This gene is built similar to other 
pannexins in various vertebrate species with respect to a complex intron 
and exon organization leaving plenty of possibilities for yet-uncharacterized 
differential splicing events as indicated by the shorter amplicons generated 
by RT-PCR from brain tissue (Figure 1A, B). Earlier qRT-PCR studies on zfPanx1 
mRNA expression and the Western blot data shown here using a novel 
antibody directed against the zfPanx1 protein were consistent with respect 
to an expression in a variety of neuronal and non-neuronal adult tissues 
including the retina and brain (Figures 1B and 2B; Zoidl et al., 2008).

At the protein level, Panx1 is highly conserved between various species. 
zfPanx1 is most closely related to other fish relatives (Supplementary Figure 
1A, B). The zfPanx1 protein is predicted to encode putative glycosylation 
and phosphorylation sites. Because of previous reports by Boassa et al. 
(2007) and Boassa et al. (2008) and Penuela et al. (2007), we identified a 
conserved N-glycosylation site at aa position N264 in the second extracellular 
loop. When this site was mutated by site-directed mutagenesis (Figure 1C), 

cell IV relations of N2a cells transfected with zfPanx1 without an EGFP tag in 
control conditions (filled symbols) and in 100 μM Cbx (open symbols). Uni-
ANOVA analysis shows that Cbx significantly inhibits the whole cell current 
at potentials above −20 mV (P=0.025; F=5.303; n=6) and potentials below 
−20 mV (P=0.044; F=4305; n=6). Figure 9B shows the difference between 
these two IV-relations. This is the IV relation of the Cbx-blocked current, 
which was identified for the current mediated by zfPanx1 hemichannels (see 
Figure 7). Interestingly, an obvious nonlinearity occurs around the activation 
range of the Ca-current (arrow) suggesting the modulation of zfPanx1 by 
Ca-influx through voltage-gated Ca-channels. These experiments show that 
zfPanx1 hemichannels can be open at physiological membrane potentials 
if the intracellular Ca-concentration is elevated and with physiological ion 
gradients.

Figure 9 zfPanx1 hemichannel currents 
under physiological ion gradients. 
(A) Whole cell currents of N2a cells 
transfected with zfPanx1 in control 
conditions (filled symbols) and in 100 
μM Cbx (open symbols). (B) The IV 
relation of the Cbx-blocked current. 
This current reverses between 0 and 
−20 mV, and has a strong non-linearity 
around the activation range of the Ca-
current (see arrow). Cbx significantly 
inhibits the whole cell current at 
potentials above −20 mV (P=0.025; 
F=5.303; n=6) and potentials below 
−20 mV (P=0.044; F=4305; n=6).
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mediated activity was established by excised patch recordings revealing a 
channel with a large unitary conductance of 370±28 pS (Figure 8). Although 
the average conductance of zfPanx1 is smaller than the values described for 
Panx1 proteins from other species in the oocyte system (475 pS) (Bao et 
al., 2004a), properties of the activation range are comparable (Bao et al., 
2004a; Bao et al., 2004b; Bruzzone et al., 2005; Barbe et al., 2006; Locovei 
et al., 2006a; Locovei et al., 2006b). The EYFP-tag could be a putative reason 
for influences on the channel conductance as shown previously for Cx43 
hemichannels (Contreras et al., 2003). However, we cannot exclude that 
zfPanx has a slightly smaller unitary conductance compared to mouse and 
human Panx1 due to differences of the primary structure.

The electrophysiological experiments based on protocol I show that at 
physiological membrane potentials zfPanx1 channels remained in a closed 
state. This result on its own is conflicting since EtBr uptake experiments 
show that hemichannels were open using the identical extracellular bathing 
solution. Since intracellular calcium was kept very low (no Ca added in the 
presence of 10 mM EGTA) in protocol I to isolate the strong effect of channel 
activation at positive potentials comparable to those data previously reported 
for human Panx1 (Pelegrin and Surprenant, 2006), we had to apply a second 
protocol using more physiological conditions. The gradients of the major 
ions were more physiological and the [Ca]i was set high (100 μM) to ensure 
a possible opening of the zfPanx1 hemichannels as described (Locovei et al., 
2006b). This approach demonstrates that zfPanx1 is capable of forming open 
hemichannels at physiological membrane potentials when the intracellular 
Ca-concentration is elevated (Figure 9). Although this is consistent with 
published work (Locovei et al., 2006b; Vanden Abeele et al., 2006; Huang et 
al., 2007), Ma et al. (2009) argued that Panx1 hemichannels are independent 
of both intracellular and extracellular Ca-concentrations. They show that 
high intracellular Ca-concentrations did affect the “mean” and the “peak” 
Panx1 current. Although the conclusion seems opposite to what we report, 
scrutinizing the data of Ma et al. reveals a support of our findings. The IV-
relation at high intracellular Ca-concentration displays a similar dip around 
−40 mV as shown here (Figure 9). Such a dip is not present in any other IV-
relations presented in the paper of Ma et al. or our IV-relation recorded with 
low intracellular Ca-concentration (Figure 8). Our data combined with the 
observations of Ma et al. suggest that Panx1 hemichannels open at positive 
potentials independent of intracellular or extracellular Ca and at negative 
potentials when the intracellular Ca-concentration is elevated.

the localization of the mutated zfPanx1 in vitro differed distinctly from that of 
the wild type zfPanx1 (Figure 3). In contrast to the wild type zfPanx1, which 
is strictly membrane bound, the mutated Panx1 is preferentially localized in 
the cytoplasm. This difference is consistent with the idea that the presence 
of complex carbohydrate chains on the extracellular-loop regions of Panx1 is 
necessary for effective formation of multimeric hemichannels and membrane 
targeting (Boassa et al., 2007; Penuela et al., 2007).

Physiological properties of Panx1 hemichannels in vitro
The physiological properties of unpaired zfPanx1-based channels have been 
studied extensively using dye uptake assays and electrophysiology in N2a 
cells in vitro. zfPanx1 Overexpressing N2a cells differ from the vector-only 
transfected correlates by significantly enhanced uptake of the membrane-
impermeant tracer EtBr, similar to human Panx1 (Figure 6) (Pelegrin and 
Surprenant, 2006). This uptake was reduced when N2a cells expressed the 
zfPanx1-N246K mutation alone or in combination with the wild type protein. 
Furthermore, uptake can be reduced by various blockers including PEG1500 
(data not shown). These findings are consistent with the existence of a large 
unspecific hemichannel pore open under physiological conditions at 37 °C. 
Dye uptake in the zfPanx1-N246K mutant is severely reduced, most likely 
because only a fraction of mutant protein can reach the cell surface and 
gets accessible to labeling with biotin. Therefore, the correlation between 
the amount of mutated zfPanx1-N246K expression and the reduction of dye 
uptake in double-transfected cells is most likely explained by a reduction of 
functional wild type channels present at the cell surface.

Electrophysiological analysis using protocol I demonstrated that zfPanx1 
evokes a large voltage dependent current response starting at holding 
potentials positive to 0 mV (Figure 7). These currents were highly reduced 
in the zfPanx1-N264K mutant or vector-only transfected controls. In these 
cells the activity of endogenous mouse Panx1 channels was detectable but 
low when compared to the overexpressed zfPanx1. Since mouse Panx1 
expression in N2a cells is low as quantified by Western blot and real time 
RT-PCR (data not shown), it is reasonable to speculate that the amount of 
available channels in the cell membrane was not sufficient to identify large 
voltage dependent current responses in control cells.

Consistent with the findings of Bruzzone et al. (2005) on rat Panx1-injected 
oocytes, zfPanx1-mediated currents could be blocked by low concentrations 
of the unspecific gap junction blocker Cbx. Further evidence for zfPanx1-
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via its degradation to adenosine and activation of A1 receptors. There is 
evidence that adenosine is involved in changes in coupling seen during light/
dark adaptation (Johnson et al., 2007). Although the components of such 
mechanisms seem to be present in the outer retina, no thorough study of 
the functional roles of such pathways has yet been conducted.

Hemichannels could also be involved by an ephaptic mechanism. Kamermans 
et al. (2001) proposed that connexin hemichannels mediate the negative 
feedback signal from horizontal cells to cones. The hemichannel current 
flowing into the horizontal cells through the hemichannels modulates the 
activity of presynaptic calcium channels of the cones. The present study 
demonstrates that zfPanx1 is localized in the appropriate place to contribute 
to this pathway as well. To perform this function, these channels need to be 
open at physiological membrane potentials in vivo. Our electrophysiology 
studies indicate that under our high intracellular Ca-concentration recording 
conditions, zfPanx1 channels are open and that they might be gated by Ca-
influx via Ca-channels as is suggested by the nonlinearity of the zfPanx1 
current (Figure 9B). Horizontal cells express L-type Ca-channels (Pfeiffer-
Linn and Lasater, 1993) and the Ca-concentration within the dendrites of 
horizontal cells might be relatively high and undergoes plasticity dependent 
changes (Weiler et al., 1995; Okada et al., 1999). Therefore, one can 
hypothesize that Ca-influx via L-type Ca-channels could modulate the Panx1 
hemichannels in the horizontal cell dendrites and in that way modulating the 
efficiency of feedback from horizontal cells to cones.

Panx1 in gap junctions? Apart from the expression at the dendrites of 
horizontal cells, we occasionally found zfPanx1 localized within gap junction–
like structures characterized by membranes interacting closely over some 
distance. This finding adds to the unexpected complexity of gap junctions 
between horizontal cells. Previous evidence indicated that zebrafish 
horizontal cell gap junctions consist of a combination of Cx55.5 and Cx52.6 
(Shields et al., 2007). Now, we have to consider that zfPanx1 could contribute 
to the formation of gap junctions as well. Having three molecular components 
with different electrophysiological and molecular biological properties offers 
an enormous potential for modulation of feedback from horizontal cells to 
cones and the coupling between horizontal cells, which are known to be 
strongly modulated during light/dark adaptation (Kurz-Isler et al., 1992). 
Resolving these different roles of pannexin and connexins in the outer retina 
will be another challenge for the future.

Localization of zfPanx1 in the outer retina
Previously, we have reported that Panx1 is forming hemichannels in 
postsynaptic membranes of cortical and hippocampal neurons. In that 
paper, we could not exclude the possibility that very small gap junctions 
were not recognized (Zoidl et al., 2007). In the present study, we show at 
light microscopic level that zfPanx1 was expressed in a band like pattern in 
the distal part of the zebrafish OPL suggestive for horizontal cell dendrites. 
Double labeling experiments confirmed the localization in horizontal cells. 
Occasionally, we found faint punctuated labeling suggesting additional 
immunoreactivity on the horizontal cell somata (Figure 4). The ultrastructural 
localization confirmed the localization of zfPanx1 in horizontal cell dendrites 
(Figure 5A, B) and in very rare cases in gap junction–like structures between 
horizontal cells. The zfPanx1 immunoreactivity in the horizontal cell dendrites 
invaginating the cone synaptic terminal was only present in the horizontal 
cell membrane and no ultrastructural markers for gap junctions could be 
found. This localization pattern resembles the localization of Cx55.5 which 
forms hemichannels at the tips of the horizontal cell dendrites (Shields et al., 
2007). In addition, we provide initial evidence that Panx1 might be involved in 
gap junction formation in vivo (Figure 5D, E). Note that Panx1 labeling in the 
gap junction–like structures is very weak compared to the Cx55.5 labeling. 
This might suggest that Panx1 plays only a minor role in these junctions. 
This finding of Panx1 in gap junctions is rare but of interest since Penuela 
and co-workers (2007) suggested that the glycosylation step itself could be 
a key molecular control sorting glycosylated Panx1 into hemichannels and 
unmodified Panx1 into gap junctions (Boassa et al., 2007; Boassa et al., 
2008). In light of our result, this hypothesis gained credibility and needs to 
be investigated in detail when more specific sets of Panx1 antibodies are 
available.

Functional role(s) of zfPanx1
zfPanx1 on horizontal cell dendrites in the synaptic terminal. What could be 
the functional role of zfPanx1 in the outer retina? zfPanx1 Is localized on a 
strategic position to the cone synaptic terminal where it could modify either 
the output of the cones or the input to the bipolar cells. We propose two 
mechanisms by which zfPanx1 hemichannels could subserve such a role: an 
ATP dependent mechanism and an ephaptic mechanism. First of all, there 
is evidence that Panx1 hemichannels are involved in the release of ATP 
(Locovei et al 2006b, Pelegrin and Surprenant 2006 and Qiu and Dahl 2008). 
Therefore, ATP could affect outer retinal function via activation of purinergic 
receptors (Puthussery et al., 2006). ATP could also affect outer retinal function 
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Extracellular ATP hydrolysis inhibits synaptic 
transmission by increasing pH buffering in the 
synaptic cleft 
R. Vroman, L. J. Klaassen, M. H. C. Howlett, V. Cenedese, J. Klooster, 
T. Sjoerdsma and M. Kamermans

PLOS Biology (2014), 12(5): e1001864

Abstract
Neuronal computations strongly depend on inhibitory interactions. One 
such example occurs at the first retinal synapse, where horizontal cells 
inhibit photoreceptors. This interaction generates the center/surround 
organization of bipolar cell receptive fields and is crucial for contrast 
enhancement. Despite its essential role in vision, the underlying synaptic 
mechanism has puzzled the neuroscience community for decades. Two 
competing hypotheses are currently considered: an ephaptic and a proton-
mediated mechanism. Here we show that horizontal cells feed back to 
photoreceptors via an unexpected synthesis of the two. The first one is a 
very fast ephaptic mechanism that has no synaptic delay, making it one of 
the fastest inhibitory synapses known. The second one is a relatively slow 
(τ≈200 ms), highly intriguing mechanism. It depends on ATP release via 
Pannexin 1 channels located on horizontal cell dendrites invaginating the 
cone synaptic terminal. The ecto-ATPase NTPDase1 hydrolyses extracellular 
ATP to AMP, phosphate groups, and protons. The phosphate groups and 
protons form a pH buffer with a pKa of 7.2, which keeps the pH in the 
synaptic cleft relatively acidic. This inhibits the cone Ca2+ channels and 
consequently reduces the glutamate release by the cones. When horizontal 
cells hyperpolarize, the pannexin 1 channels decrease their conductance, 
the ATP release decreases, and the formation of the pH buffer reduces. 
The resulting alkalization in the synaptic cleft consequently increases cone 
glutamate release. Surprisingly, the hydrolysis of ATP instead of ATP itself 
mediates the synaptic modulation. Our results not only solve longstanding 
issues regarding horizontal cell to photoreceptor feedback, they also 
demonstrate a new form of synaptic modulation. Because pannexin 1 
channels and ecto-ATPases are strongly expressed in the nervous system and 
pannexin 1 function is implicated in synaptic plasticity, we anticipate that 
this novel form of synaptic modulation may be a widespread phenomenon.
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Introduction

Natural scenes contain a large amount of redundant information both 
in space and time. For optimal coding of the visual scene, most of these 
redundancies need to be removed. The inhibitory interaction between 
horizontal cells (HCs) and cones is the first step in this process. HCs estimate 
the global properties of the stimulus. This information is subtracted from the 
local information sampled by the cones. The result is a strong reduction of 
redundant information in the cone output signal. In order to reduce spatial 
redundancies, this feedback mechanism needs to be very fast. If this were 
not the case, the surround of the bipolar cell receptive field would lag the 
center for moving stimuli. In contrast, to reduce temporal redundancies, the 
inhibition needs to be very slow; otherwise, long-lasting activity would not 
be removed selectively. In this article we show that these two seemingly 
incompatible requirements are merged into a feedback mechanism that 
consists of a very fast ephaptic component and a very slow component 
that modulates the synaptic efficiency by changing the pH buffering in the 
synaptic cleft of cones.

Cones project to HCs that are strongly coupled to each other electrically and 
provide negative feedback to the cones. Hyperpolarization of HCs by light 
shifts the activation potential of the presynaptic Ca2+ current (ICa) in cones to 
more negative potentials (Verweij et al., 1996; Pottek et al., 2003; Verweij 
et al., 2003; Hirasawa and Kaneko, 2003; Thoreson et al., 2008) leading to a 
larger ICa. This increases the Ca2+ concentration in the cone synaptic terminal 
so more glutamate is released. This modulation is not mediated by GABA 
(Verweij et al., 1996; Verweij et al., 2003). Two hypotheses have been 
put forward to account for the modulation of ICa: an ephaptic mechanism 
(Kamermans et al., 2001a; Klaassen et al., 2011; Byzov and Shura-Bura, 1986) 
and a proton-mediated mechanism (Hirasawa and Kaneko, 2003; Vessey et 
al., 2005; Davenport et al., 2008). 

The ephaptic feedback mechanism depends on connexin (Cx) hemichannels 
and possibly pannexin 1 (Panx1) channels expressed at the tips of HC dendrites 
(Klaassen et al., 2011; Prochnow et al., 2009; Kamermans et al., 2001a; 
Kranz et al., 2012). These channels form large pores in the cell membrane, 
leading to an inward current. Given the finite resistance of the synaptic 
cleft, this inward current creates a slight negativity in the synaptic cleft. This 
negativity is sensed by the voltage-gated Ca channels of the cones as a slight 
depolarization of the cone membrane potential. HC hyperpolarization will 

Author summary

At the first retinal synapse, specific cells—horizontal cells (HCs)—inhibit 
photoreceptors and help to organize the receptive fields of another 
retinal cell type, bipolar cells. This synaptic interaction is crucial for visual 
contrast enhancement. Here we show that horizontal cells feed back to 
photoreceptors via a very fast ephaptic mechanism and a relatively slow 
mechanism. The slow mechanism requires ATP release via Pannexin 1 
(Panx1) channels that are located on HC dendrites near the site where 
photoreceptors release the neurotransmitter glutamate to HCs and bipolar 
cells. The released ATP is hydrolyzed to produce AMP, phosphate groups, 
and protons; these phosphates and protons form a pH buffer, which 
acidifies the synaptic cleft. This slow acidification inhibits presynaptic 
calcium channels and consequently reduces the neurotransmitter release 
of photoreceptors. This demonstrates a new way in which ATP release can 
be involved in synaptic modulation. Surprisingly, the action of ATP is not 
purinergic but is mediated via changes in the pH buffer capacity in the 
synaptic cleft. Given the broad expression of Panx1 channels in the nervous 
system and the suggestion that Panx1 function underlies stabilization 
of synaptic plasticity and is needed for learning, we anticipate that this 
mechanism will be more widespread than just occurring at the first retinal 
synapse.
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increase the inward current through the Cx hemichannels, thus increasing 
the negativity in the synaptic cleft. This will be visible as an inward current in 
voltage clamped cones, reflecting a shift of ICa to more negative potentials. 
A major unresolved issue with the ephaptic feedback hypothesis is that it 
predicts a very fast feedback signal whereas other studies indicate a relatively 
slow process (Kamermans et al., 2001b; Wang et al., 2014).

The proton-mediated feedback hypothesis is based on the pH sensitivity 
of ICa (Barnes and Bui, 1991). The activation potential of ICa shifts to more 
positive potentials in an acidic condition and to more negative potentials 
in an alkaline condition. To test the proton-mediated feedback hypothesis 
Hirasawa and Kaneko (2003) added 10 mM HEPES to the medium to reduce 
pH changes in the synaptic cleft and were able to show that the feedback-
induced shift of ICa was reduced and sometimes even absent. They suggested 
that hyperpolarized HCs take up protons, which leads to an alkalization 
of the synaptic cleft. However, these experiments were not conclusive as 
more recent research found that 20 mM HEPES also induced a number of 
nonspecific effects, such as intracellular acidification and a direct inhibition 
of Cx hemichannels (Fahrenfort et al., 2009). Moreover, the mechanism 
responsible for the proposed changes in proton concentration in the synaptic 
cleft has not yet been identified. 

The aim of this article is to determine the synaptic mechanisms underlying 
lateral inhibition in the vertebrate outer retina. We show that the negative 
feedback pathway from HCs to cones is a synthesis of an ephaptic feedback 
mechanism and a proton-mediated mechanism. The ephaptic mechanism 
is one of the fastest inhibitory systems known and is especially suitable for 
spatial redundancy reduction in a dynamic scene. The proton-mediated 
mechanism depends on extracellular hydrolysis of ATP. HCs release ATP via 
Panx1 channels located on their dendritic tips that invaginate the synaptic 
terminals of cones. Ecto-ATPases hydrolyze ATP, which generates protons 
and a phosphate pH buffer, leading to an acidification of the synaptic cleft 
that inhibits ICa. This pathway is very slow (time constant of about 200 ms) 
and does not involve purinergic or adenosine receptors. It is especially 
suitable for reducing temporal redundancies. Our findings not only resolve 
the longstanding controversy about the mechanism of negative feedback 
from HCs to cones, they also demonstrate a novel mechanism of synaptic 
modulation involving ATP released from Panx1 channels. 

Results

Negative feedback from HCs to cones was measured by voltage clamping 
cones in the isolated goldfish retina. The direct light response of the cone 
was saturated by a bright small spot and the retina was stimulated for 500 
ms with a full field light flash to hyperpolarize HCs. Hyperpolarization of 
HCs leads to a shift of the activation potential of ICa of the cones to more 
negative potentials, which is visible as an inward current (Figures 1A and S1). 
On average this current was 11.0 ± 1.1 pA (n = 23). Such feedback responses 
are not mediated by GABA (Verweij et al., 1996; Verweij et al., 2003) but 
they can be modulated by a GABAA pathway (Endeman et al., 2012; Liu et 
al., 2013). In addition, as the small inward current induced by feedback 
represents the influx of Ca2+, a large Ca-dependent Cl current (ICl(Ca)) is elicited 
by the cone feedback response (Kraaij et al., 2000; Endeman et al., 2012). To 
exclude the interference of these confounds, we performed all our feedback 
experiments in the presence of 100 μM picrotoxin, a GABAA receptor blocker, 
and clamped the cones at ECl. Figure S1 shows that pure feedback responses 
can be recorded under these conditions. 

The sum of two exponential functions fitted the light-induced feedback 
response significantly better than a single exponential function in 19 out 
of 23 cells (p < 0.001) (Figure 1A; blue lines, the individual exponential 
functions; red line, sum of the two exponential functions). One exponential, 
the fast feedback component, rapidly decayed with a time constant of 29 ± 3 
ms (n = 23) and accounted for 64 ± 6% of the feedback response. The second 
exponential, the slow feedback component, had a much slower time constant 
of 189 ± 25 ms (n = 19) and accounted for the remaining 36 ± 6% (Figure 1B). 
As shown in the supplemental material (Figure S2), the fast component of 
feedback was as fast as the HC responses, indicating HCs fed back to cones 
via a synapse that did not impose additional temporal filtering and had no 
synaptic delay (0.073 ± 0.842 ms), making this synapse one of the fastest 
inhibitory processes in the nervous system. These features are consistent 
with an ephaptic feedback mechanism mediated by Cx hemichannels 
(Klaassen et al., 2011; Kamermans et al., 2001a; Fahrenfort et al., 2009). 
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Supplementary figure 1 
Feedback responses in cones. (A) The feedback-induced modulation of ICa in cones current 
leads to the activation of a Ca2+-dependent Cl--current (ICl(Ca)) (Verweij et al., 1996; Kraaij 
et al., 2000). To prevent interference of ICl(Ca) with the measurements of the kinetics of the 
feedback responses, we clamped cones at ECl (n = 23) (Aii). To validate this method cells were 
also clamped at ECl + 5 mV (n = 7), and at ECl-5 mV (n = 13) (Ai, and Aiii) and ICl(Ca) was blocked 
with niflumic acid (n = 7), a relative specific blocker of ICl(Ca) (Aiv). Mean feedback responses 
measured under these conditions all consisted of two processes, one dominating process 
with a time constant around 25 ms (τf) and one with a large time constant (τs) (Bi and Bii). 
The large time constant depended on ECl. Feedback leads to the influx of Ca2+, activating 
ICl(Ca). The activation of this current did not interfere significantly with the amplitude of the 
feedback response (p > 0.05), but it did interfere with the estimation of the time constant of 
the slow component. Bii shows that as soon as the clamp potential deviates from ECl the time 
constant becomes either too large or too small. With the clamp potential and ECl equal, ICl(Ca) 
does not contribute any more. These experiments show that we could adequately remove 
the contribution of ICl(Ca) from our measurements. 

Figure 1 Feedback consists of a fast and a slow component. (A) Feedback response measured 
in a cone in goldfish retina. Cones were clamped at ECl (-50 mV) and saturated with a small 
spot of light. HCs were then hyperpolarized by a 500 ms full field white light stimulus (4500 
µm). This induced a feedback inward current. Mean amplitude was 11.0 ± 1.1 pA (n = 23). 
The onset of the feedback response could be fitted best by the sum of two exponentials (red 
line: sum of the exponential fits; blue lines: individual exponential fits). (B) The amplitude 
and time constants of the two exponential functions. The fast feedback component (τf = 
29 ± 3 ms; n = 23) had an amplitude (Af) that constituted 64 ± 6 % of the total feedback 
response. The remaining 36 ± 6 % of the feedback response (As) was mediated by a process 
with a time constant (τs) of 189 ± 25 ms (n = 19). (C) Feedback responses in cones from 
wild-type (WT, black) and Cx55.5-/- mutant zebrafish (red) were also best fitted by a double 
exponential function. (D) Compared to goldfish, WT zebrafish had a similar fast component 
to slow component amplitude ratio (gray: Af: 68 ± 4 %; As: 32 ± 4 %; n = 13), whereas it 
shifted in Cx55.5-/- mutants in favor of the slow feedback component (red: Af: 52 ± 7 %; 
As: 48 ± 7 %; n = 9). The amplitude of the slow component of feedback in Cx55.5-/-mutants 
(1.62 ± 0.39 pA; n = 9) did not significantly differ from WT (1.87 ± 0.39 pA; n = 13; p = 0.67) 
showing that the slow component is independent of Cx55.5-hemichannels. Note that the 
amplitude axes for the WT and mutants are scaled such that it reflects the total reduction 
of feedback in the mutant relative to WT. The time constant of the fast component (τf) did 
not differ significantly between WT and Cx55.5-/- mutants (WT: 29.3 ± 3.3 ms; n = 13; Cx55.5-

/-: 40.6 ± 9.6 ms; n = 9; p = 0.21) and was similar to goldfish. The time constant of the slow 
component (τs) in WT and Cx55.5-/- mutants did not differ significantly (WT: 300.2 ± 52.3 ms; 
n = 13; Cx55.5-/-: 408.5 ± 169.7; n = 9; p = 0.49) and was larger than in goldfish. 
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tt Supplementary figure 2 
The fast feedback component is mediated via an ephaptic mechanism. What are the 
properties of the fast feedback component? Since feedback is driven by HCs, we have 
to compare the kinetics of the feedback response to those of the HC response. (A) A HC 
response to a full field light flash (black, left) and a feedback response in a cone (red, middle) 
are superimposed (right). Note that the responses are scaled arbitrarily to each other. The 
light onset responses of both HCs and feedback fully overlap, suggesting no strong filtering 
by the feedback synapse and the absence of a synaptic delay in the feedback pathway. 
Interestingly, the feedback response does not show the slow rollback characteristics (arrow) 
present in the HC response. This is because the slow component of feedback adds to the 
total feedback response while it will be inhibitory in the HC response. To obtain a better 
estimate of the temporal properties of the feedback synapse we derived the frequency 
transfer function of the feedback synapse. 

To measure the possible delay between the HC response and the feedback response a linear 
systems analysis approach was followed. A mixed sinusoid stimulus was used to stimulate 
the retina (see the methods below) (B). This stimulus contains 17 sinusoids with frequencies 
ranging from 0.5 to 31.75 Hz. By combining all sinusoids the mean intensity as well as the 
mean temporal contrast remains equal. The stimulus was presented about 11 times and the 
mean responses were determined. The transfer function between the mixed sine stimulus 
(B) and either the HC responses (n = 7) (C, black line) or the feedback responses (n = 6) (D, 
red line) were determined. Convolving the transfer functions with the stimulus predicted 97 
± 1 % of the light dependent structure (Rieke, 2001) for both HC (n = 7) and feedback (n = 6) 
responses (C and D, green lines). The green traces show that the linear prediction for these 
responses almost completely overlaps with the original HC and feedback responses (black 
trace). This indicates that both systems were well described by their transfer functions 
under these stimulus conditions. The HC and feedback responses were used to derive the 
gain/frequency and phase/frequency relations (E and F). The gain/frequency curves overlap 
completely in the high frequency range indicating that feedback to cones occurs without 
addition temporal filtering (-3dB cutoff frequencies; feedback: 9.3 ± 1.6 Hz; HC: 7.6 ± 1.2 Hz; 
p > 0.15). At low frequencies the two frequency-response curves are significantly different, 
showing the involvement of the slow feedback component. Phase differences can be 
interpreted as delays. The phase/frequency curves overlap completely, indicating that there 
is no synaptic delay between the HC response and the feedback response. This was further 
quantified in G. We determined that the delay between the HC and the feedback responses 
for frequencies above 9 Hz was 0.073 ± 0.842 ms. (Figure 2G, gray area), which does not 
differ significantly from zero (p > 0.5). 

Finally, we compared the mean impulse functions of the HC signal (black) and the feedback 
signal (red) (H). The gray area around the curves indicates the sem. As expected the impulse 
functions overlapped almost completely except at the later time points. The HC impulse 
function and the feedback impulse function did not differ significantly in onset time or 
time to peak. These experiments indicate that HC to cone feedback is very fast and has no 
delay. These features are consistent with an ephaptic feedback mechanism mediated by 
Cx-hemichannels (Klaassen et al., 2011; Kamermans et al., 2001a; Fahrenfort et al., 2009), 
making this synapse one of the fastest inhibitory processes in the nervous system. 
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The fast and slow components of feedback are mediated by different 
mechanisms 
In zebrafish, the Cx hemichannels at the tips of the HC dendrites are formed 
by Cx55.5. Zebrafish lacking this Cx (Cx55.5-/- mutant) have reduced feedback 
from HCs to cones (Klaassen et al., 2011). Figure 1C shows feedback 
responses measured in cones of wild type (WT, black) and Cx55.5-/- mutant 
(red) zebrafish. The feedback-induced current was reduced by 48 ± 11 % in 
the Cx55.5-/- mutant zebrafish (n = 22) compared to WT (n = 25). To quantify 
the contribution of both feedback components double exponential functions 
were fitted through the feedback responses. Although the time constants 
of both components were independent of the genotype (Figure 1D), the 
amplitude of the fast feedback component was reduced in Cx55.5-/- mutants 
such that the fast and slow feedback components now equally contributed 
to the feedback response. The amplitude of the slow feedback component in 
Cx55.5-/- mutants (1.62 ± 0.39 pA; n = 9) did not differ significantly from WT 
(1.87 ± 0.39 pA; n = 13; p = 0.67), illustrating that the reduction of feedback 
in the Cx55.5-/- mutant can be fully accounted for by the reduction of the 
fast feedback component. These experiments show that the fast component 
depends on Cx55.5, whereas the slow component does not. 

Previously we have shown that carbenoxolone, a Cx antagonist, blocks light-
induced feedback responses in cones completely (Kamermans et al., 2001a). 
Interestingly, carbenoxolone is also a potent blocker of Panx1 channels 
(Prochnow et al., 2009). Could Panx1 channels mediate the slow component 
of feedback? Panx1 channels are open at the resting membrane potential of 
HCs (-35 mV), reduce their conductance with hyperpolarization (Prochnow 
et al., 2009;Kurtenbach et al., 2013;Bruzzone et al., 2003) and are modulated 
by intracellular Ca2+ (Locovei et al., 2006; Prochnow et al., 2009). Figure 2A 
shows that Panx1-IR (green) was present as punctated labeling in the outer 
plexiform layer (OPL) suggesting Panx1 channels were localized at the tips 
of HC dendrites, which invaginate the cone’s synaptic terminals (Prochnow 
et al., 2009). Immuno-electron microscopy confirms this location. Panx1 
labeling (black dots) was found in lateral elements flanking the synaptic 
ribbons (R) (Figure 2B and C).

Figure 2 An ATP release mechanism and the enzymes needed to hydrolyze ATP and degrade 
adenosine are present in the synaptic complex of cones. (A) Fluorescent images of zebrafish 
retina showing Panx1-IR (green) and a nuclear stain (red) (From: Prochnow et al., 2009). 
Panx1-IR is present in characteristic horseshoe shaped structures indicative for processes 
invaginating the cone synaptic terminal. (B) Electronmicrograph of a cone synaptic terminal 
in zebrafish retina. Immunolabeling is restricted to HC dendrites flanking the synaptic 
ribbons (R). (C) Higher magnification of a HC dendrite lateral of the synaptic ribbon (R). Note 
that one HC dendrite is devoid of Panx1 labeling. (D) NTPDase1-IR (green) and a nuclear 
stain (red). NTPDase1-IR is also present in horseshoe shaped structures characteristic for 
localization in HC dendrites. (E) Double labeling of NTPDase1 antibody with an antibody 
against GluR2 (green), a marker for HC dendrites (Yazulla and Studholme, 2001; Klooster 
et al., 2009) indicated that NTPDase-1 (red) was specifically expressed on HC dendrites. (F)
ADA-IR (green) was present in horseshoe shaped structures. (G) ADA-IR co-localized with 
the GluR2-IR (green), indicating that ADA (red) is expressed on HC dendrites. Expression 
of ecto-ATPases in the photoreceptor synaptic terminal has been observed previously in 
rat (Puthussery et al., 2006), mouse and zebrafish (Ricatti et al., 2009). Scale bars in panels 
A, D, E, F and G indicate 5 μm. Scale bar in panel B and C indicate 500 nm and 250 nm, 
respectively.



104 105

Chapter 4

104 105

Fast and slow horizontal cell to cone feedback

Supplementary figure 3 
To rule out possible other effects of probenecid than inhibiting Panx1, we investigated the 
presence of organic anion transporters (OAT) in the retina. The only other proteins known to 
be inhibited by probenecid are OAT (Nakakariya et al., 2009). OAT1 is expressed in the brain 
(Sekine et al., 1997), but retinal expression in fish has not been assessed. To test whether 
this transporter is also expressed in the retina we performed an in situ hybridization 
experiment. Here we show with in situ hybridization of a probe directed to OAT1 that the 
OAT1 was expressed in various places in the brain (A). Horizontal slice through the zebrafish 
brain at the level of the telencephalon and mesencephalon. The blue reaction product is 
widely present. Note for instance the restricted presence of reaction product in a layer 
in the tectum opticum. Scale bar = 500 μm. Images were acquired with a 20x objective 
and an Evolution MP Color camera (Media Cybernetics, Rockville, USA) connected to an 
Axioskop light microscope (Zeiss, Göttingen, Germany) and stitched together with Image 
Pro 6.3 by. The insert in panel (A) shows that the label is exclusively present in the cellular 
compartments. Scale bar for the insert is: 25 μm. No reaction product was found in the inner, 
outer nuclear and ganglion cell layers of the zebrafish retina (B). Scale bar = 50 μm. Thus 
probenecid can be considered a specific Panx1-inhibitor in the retina as its actions are not 
mediated via an OAT1 pathway. (C) The mean whole cell IV-relations of 4 dissociated HCs in 
control conditions (black) and when the Panx1 current was blocked with 20 μM BB FCF (red). 
During the whole experiment potassium currents were inhibited by Cs. The green trace is 
the IV-relation of the BB FCF blocked current. This current has the similar characteristics 
as the Panx1 current described by Prochnow et al. (2009). Both Figure Band Figure S3C 
demonstrate current flows via Panx1 channels within the physiological membrane potential 
range.

Panx1 channels have been shown to mediate ATP release in many cell types 
(MacVicar and Thompson, 2010; Bao et al., 2004). Can HCs release ATP upon 
depolarization? A luciferin-luciferase ATP detection assay was used to measure 
changes in the ATP release from the dissociated HCs. Bioluminescence was 
measured using a luminometer. After obtaining a baseline value, HCs were 
depolarized with 50 µM AMPA and the ATP concentration in the medium 
increased by 11.5 ± 2.5 %. The subsequent addition of 100 µM probenecid 
decreased the ATP concentration to 6.8± 2.8 % below the baseline value (n 
= 74; p < 0.001). These data show that upon depolarization HCs release ATP 
via Panx1 channels (Figure 3C). 

Figure 3 HCs release ATP. (A) Dissociated goldfish HC. This preparation consisted of about 
90% of HCs. The remaining material was mostly debris. Scale bar = 20 μm. (B) The mean 
± sem whole cell IV-relations of 6 dissociated HCs in conditions where potassium currents 
were inhibited by Cs. 500 μM probenecid (red trace) reduces the conductance of the HCs. 
The green trace is the IV-relation of the probenecid blocked current. This current has the 
similar characteristics as the Panx1 current described by Prochnow et al. (Prochnow et al., 
2009). (C) Change in ATP release as measured with the luminescence assay. Depolarization of 
dissociated HCs by AMPA led to an increase in ATP release whereas inhibition with probenecid 
decreased the release significantly. In probenecid the ATP release was significantly lower 
than baseline indicating that HCs in control conditions release ATP.

Next we determined whether Panx1 channels were active in HCs. Goldfish HCs 
were dissociated according to a modified protocol of Dowling et al. (Dowling 
et al., 1985; Ayoub and Lam, 1984) (Figure 3A). Such a preparation consists of 
about 90% of HCs, and it has been used previously to quantify GABA release 
by HCs (Ayoub and Lam, 1984). Probenecid is a specific inhibitor of Panx1 
channels that does not block Cx hemichannels (Silverman et al., 2008) (See 
also Figure S3A). Whole-cell voltage clamp experiments on these dissociated 
HCs show that 500 μM probenecid blocks a current in the physiological 
membrane potential range with similar properties as previously described 
for Panx1 channels (Prochnow et al., 2009; Kurtenbach et al., 2013; Bruzzone 
et al., 2003) (Figure 3B: black, control; red, probenecid; green, probenecid 
blocked current). On average probenecid reduced the whole-cell current 
statistically significant amounts at positive and negative potentials and in 
the physiological range (n = 6; asterisk means p <0.05). In three of the six 
cells, where stable recordings could be maintained, partial recovery was 
obtained. Similar results were obtained by application of another specific 
Panx1 blocker, 20 μM BB FCF (Wang et al., 2013) (Figure S3B). The Panx1 
mediated current was small, most likely because most of the Panx1 channels 
will have been lost during the dissociation process, as Panx1 is preferentially 
expressed at the tips of the HC dendrites.  
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Panx1 channels were inhibited with 500 μM probenecid, and feedback 
responses in cones were measured. Figure 4A shows mean responses 
(control: black; probenecid: red). Examples of the responses of individual 
cells are given in Figure S4A (wash: green). In the presence of probenecid, 
the amplitude of feedback responses reduced by 26 ± 8% (n = 9; p = 0.0009) 
and the shape of the response became more square (Figures 4A and I). 
The slow component of feedback often reduced to such an extent that a 
two exponential fit could not be performed reliably. After application of 
probenecid, a single exponential function fitted the response significantly 
better than a double exponential function in seven of the nine cells tested, 
whereas this was the case for only one cell in the control condition. 
Therefore, to quantify the reduction of the slow component we determined 
the difference in amplitude measured at 160 ms and 460 ms after stimulus 
onset (see Materials and methods). Application of probenecid resulted in a 
51 ± 10 % reduction of the slow component (n = 9; p = 0.003) (Figures 4A and 
J). Figures 4E and S4A show that these effects were reversible. 

To test whether the slow component of feedback was dependent on ATP, 
we applied 100 μM ATP, a concentration that does not block Panx1 channels 
(Kurtenbach et al., 2013), and measured feedback responses. The amplitude 
of the feedback response reduced by 21 ± 5% (n = 6; p = 0.009) (Figures 4B, 
I and S4B) and became squarer in shape. The size of the slow component 
reduced by 67 ± 15% (n = 6; p = 0.036) (Figures 4B and J) and recovered after 
washing out the drug (Figures 4F and S4B). These experiments indicate that 
ATP is able to modulate the slow component of feedback.

ATP hydrolysis by ecto-ATPases should lead to acidification. First we tested 
whether ecto-nucleoside triphosphate diphosphohydrolase (NTPDase1) 
was present in the cone synaptic cleft. Figure 2D shows NTDPase1-IR 
(green) in horseshoe-shaped structures in the OPL, at a similar localization 
as the Panx1-IR shown in Figure 2A. Double labeling of anti-NTPDase1 
with an antibody against GluR2, the glutamate receptor expressed at the 
HC dendrites, resulted in complete overlap (Figure 2E). This shows that 
NTPDase1 is expressed at the tips of HC dendrites. Because NTPDase1 is 
a protein with two membrane spanning domains with its catalytic domain 
located extracellularly, these experiments show that enzymes that hydrolyze 
extracellular ATP are present within the synaptic complex of cones, allowing 
for the synthesis of protons and a phosphate buffer and thus acidification 
of the synaptic cleft. ATP hydrolysis eventually leads to the formation of 
adenosine. Adenosine deaminase (ADA) is the enzyme that extracellularly 

Finally, we determined whether Panx1 channels are active under physiological 
conditions. Panx1 channels mediate a current with a reversal potential 
more positive than the dark resting membrane potential of HCs (Bao et al., 
2004), suggesting that these channels keep the HCs slightly depolarized and 
that their closure should cause HCs to hyperpolarize. We found that this 
was indeed the case. Inhibiting Panx1 channels with 500 μM probenecid 
hyperpolarized HCs on average -8.2 ± 1.8 mV (n = 9). HCs are part of a closed 
feedback loop with cones. Hyperpolarization of HCs will lead to an increase 
in feedback leading to more glutamate release by the cones, which limits 
the extent to which HCs will hyperpolarize. To isolate the effect of Panx1 
on the HC membrane potential we opened this closed loop by applying 
28 mM HEPES, which is known to inhibit feedback substantially (Hirasawa 
and Kaneko, 2003; Fahrenfort et al., 2009; Davenport et al., 2008). When 
feedback was inhibited in this way, HCs hyperpolarized significantly more 
when 500 μM probenecid was applied, compared to its application while 
feedback was intact (-19.2 ± 2.7 mV; n = 9; p = 0.0047). These experiments 
confirm that HCs express Panx1 channels that are functional at physiological 
membrane potentials. 

Could ATP release by HCs mediate the slow component of feedback? 
It has been suggested that HCs take up protons upon hyperpolarization 
and that the resulting increase in pH modulates ICa of cones (Hirasawa and 
Kaneko, 2003). Extensive evidence indicates that feedback is inhibited by 
HEPES (Hirasawa and Kaneko, 2003; Fahrenfort et al., 2009; Davenport et 
al., 2008). Could ATP be involved in modulating the pH in the synaptic cleft? 
ATP can be hydrolyzed to ADP and AMP by ecto-ATPases. These reactions 
generate protons and phosphate groups, which constitute a phosphate pH 
buffer with a pKa of 7.2. Therefore, ATP released by HCs might lead to an 
acidification of the synaptic cleft relative to the extrasynaptic medium (7.6-
7.8) and an increase in the pH buffer capacity of the synaptic cleft. This leads 
to an inhibition of ICa of the cones. Upon hyperpolarization of HCs, Panx1 
channels will reduce their conductance and the release of ATP will decrease, 
resulting in a drop of the pH buffer capacity and an alkalization of the synaptic 
cleft. The inhibition of ICa will be relieved. This hypothesis depends on three 
critical aspects: (1) release of ATP, (2) hydrolysis of ATP and (3) changes in 
pH and pH buffer capacity in the synaptic cleft. The dependence of the slow 
component of feedback on these three aspects was tested next.
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feedback response did not decrease but may even have increased (113 ± 
10%; n = 7; p = 0.23) (Figure 4I). This experiment shows that the hydrolysis of 
ATP is involved in the generation of the slow component of feedback. 

Finally, we tested whether the slow component of feedback depends on the 
pH gradient between the synaptic (pH 7.2) and the extrasynaptic (pH 7.6) 
compartments. We decreased the pH of the Ringer’s solution by changing the 
ratio of CO2 and O2, with which the Ringer’s solution was gassed. This might 
cause two changes: the pH gradient is reduced and the pH in the synaptic 
cleft might reduce. Figures 4D, J and S4D show that the slow component 
was reduced by acidifying the extrasynaptic compartment (35 ± 6%; n = 6; 
p = 0.010). This effect was reversible (Figures 4H and S4D). The feedback 
amplitude was reduced by 29 ± 8% (n = 6; p = 0.017) (Figures 4D, and I).

degrades adenosine to inosine. Figure 2F shows ADA-IR in similar horseshoe 
shaped structures in the OPL, as was found for NTDPase1-IR. Double labeling 
with an antibody against the glutamate receptor GluR2 shows strong co-
localization (Figure 2G), suggesting that ADA is also expressed on the HC 
dendrites invaginating the cone synaptic terminal. These two enzymes allow 
for effective hydrolyzation of ATP in the synaptic cleft.

Is the hydrolysis of ATP an essential step in the feedback pathway? Blocking 
NTPDase1 with 50 μM ARL67156, a specific blocker of NTPDases (Levesque 
et al., 2007), made the feedback response more square and reduced the 
amplitude of the slow component of feedback (49 ± 20%; n = 7; p = 0.045) 
(Figures 4C, J and S4C). This effect was reversible (Figures 4G and S4C). 
Contrary to the effect seen when ATP was applied, the amplitude of the total 

tt Figure 4 Pharmacological profile of the slow component of feedback. (A) Normalized 
mean feedback responses of 9 cones in control (black) and in 500 µM probenecid (red). The 
slow component present in control conditions was reduced by probenecid. (B) Normalized 
mean feedback responses in 9 cones in control (black) and in 100 µM ATP (red). ATP blocked 
the slow component of feedback, indicating the slow component depends on ATP. Note 
this concentration of ATP does not block Panx1 channels (Kurtenbach et al., 2013). (C) 
Normalized mean feedback responses in 7 cones in control (black) and in 50 µM ARL67156, 
a blocker of NTPDase (red). The slow component is reduced by application of ARL67156, 
indicating that it is mediated by ATP hydrolysis. Feedback response amplitudes were 
reduced by ATP application (B), but not by ARL67156 application (C), consistent with the 
notion that a pH buffer generated by ATP hydrolysis inhibits ICa of the cone by keeping the 
synaptic cleft slightly acidic. (D) Normalized mean feedback responses in 6 cones in control 
(pH 7.6; black) and when the superfusate pH was 7.2 (red). The slow component is strongly 
reduced when the pH gradient between the synaptic and the extrasynaptic compartments 
is removed. (E-H) The slow component amplitude for individual cells (black) used in A-D 
during control, drug application and wash. The red line indicates the mean ± sem. In each 
case the changes of the slow component amplitude were reversible. The figures also 
suggest that the slow feedback component may have increased slightly over time. I. The 
mean ± sem change in the total feedback amplitude relative to control levels for the results 
shown in A-D. Probenecid (p = 0.003), ATP (p = 0.0093) and pH (p = 0.0175) all reduced the 
feedback amplitude significantly. Only ARL67156 did not change the amplitude significantly 
(p = 0.2295). J. The mean ± sem amplitude reduction for the slow component of feedback 
relative to control values for the results shown in A-D. In each case the amplitude reduction 
of the slow component was significant (probenecid: p = 0.0009; ATP: p = 0.036; ARL67156: 
p = 0.045; pH: p = 0.010). (K) The change in half activation potentials of ICa when 500 μM 
probenecid, 100 μM ATP or 50 μM ARL67156 were present in the bath solution or when 
the extracellular pH was shifted to 7.2. Probenecid did not induce a significant shift of the 
activation potential of ICa (n = 9; p = 0.3375). ATP shifted the half activation potential to more 
positive potentials (n = 8; p = 0.0277) while ARL67156 shifted it to more negative potentials 
(n = 8; p = 0.0131). Lowering the extracellular pH led to a significant shift of ICa to positive 
potentials (n = 5; p = 0.0022). 
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The pharmacological manipulations we applied are expected to change the 
pH and the pH buffer capacity in the synaptic cleft. Barnes and Bui (Barnes 
and Bui, 1991) showed that pH modulates the activation potential of ICa of 
cones. Therefore, it is expected that the half activation potential of ICa will 
have shifted in the various pharmacological conditions used in this study. 
According to the proposed hypothesis, ATP should acidify the synaptic cleft, 
whereas ARL67156 alkalizes it, predicting that ICa will shift to more positive 
potentials in ATP and to more negative potentials in the ARL67156. Indeed 
this was found. Application of ATP shifted the activation of ICa 0.8 ± 0.3 mV 
(n = 8; p = 0.027) to more positive potentials, whereas ARL67156 shifted the 
activation of ICa -1.4 ± 0.4 mV (n = 8; p = 0.013) to more negative potentials 
(Figure 4K). Consistent with these results is that acidifying the extracellular 
medium also leads to acidification of the synaptic cleft and thus to a shift of 
the activation potential of ICa to positive potentials (2.0 ± 0.3 mV; n = 5; p = 
0.002). Interestingly, application of probenecid did not lead to a significant 
shift of ICa (-0.7 ± 0.7 mV; n = 9; p = 0.34). 

It has been suggested the vacuolar H+-ATPase (V-ATPase) in the HC plasma 
membrane is involved in mediating negative feedback from HCS to cones 
(Jouhou et al., 2007). However, no direct effects of blocking V-ATPase on the 
feedback induced modulation of ICa in cones have been published. To see 
whether negative feedback indeed depends on the activity of V-ATPase, we 
applied the specific V-ATPase blocker bafilomycin A1 (BFA1). BFA1 did not 
significantly affect either the total feedback amplitude (113 ± 11%; n = 8; p 
= 0.27) or the slow component (138 ± 22%; n = 8; p = 0.14) of the feedback 
response, making it unlikely that V-ATPase is involved in feedback induced 
modulation of the cone ICa within the physiological range.

How does the Panx1/ATP feedback mechanism affect HCs?
It is expected that negative feedback from HCs to cones will affect the kinetic 
properties of HCs. HC responses consist of a fast hyperpolarization followed by 
a slow rollback response (Figure 5A, left trace, arrow). It has been suggested 
that the HC rollback response correlates, at least partly, with negative 
feedback from HCs to cones (Wu, 1994; Witkovsky et al., 1995; Kamermans 
et al., 2001b). However, some caution is warranted, as the rollback response 
is also influenced by many other processes, such as the transient nature 
of the cone response (Soo et al., 2008; Endeman and Kamermans, 2010), 
and voltage gated currents (Perlman et al., 1993; Tachibana, 1983) in HCs. 
Because the rollback response is relatively slow, the slow component of 
feedback might be influenced most by the slow component. First, we tested 

Supplementary figure 4 
Individual cone feedback responses in various pharmacological conditions. (A) 500 μM 
probenecid blocks the slow component of feedback and decreases the feedback amplitude 
(black: control; red: probenecid; green: wash). (B) 100 μM ATP blocks the slow component 
of feedback and decreases the feedback amplitude (black: control; red: ATP; green: 
wash). (C) 50 μM ARL67158 blocks the slow component of feedback and increases the 
feedback amplitude (black: control; red: ARL67158; green: wash). (D) Shifting the pH of the 
extracellular medium to pH7.2 blocks the slow component of feedback and reduces the 
feedback amplitude (black: pH 7.6; red: pH 7.2; green: wash). 



112 113

Chapter 4

112 113

Fast and slow horizontal cell to cone feedback

Figure 6 Purinergic receptor activation does not underlie feedback from HCs to cones. (A) 
A whole cell IV-relation for cones in control condition (black) and with 100 μM ATP (red; n 
= 5). ATP does not activate a non-specific cation conductance. (B) A whole cell IV-relation 
for cones in control condition (black) and 50 μM ARL67156 (red; n = 5). ARL67156 did not 
lead to the activation of a nonspecific cation conductance. C. Mean feedback responses 
in control (black) and in 1 µM ZM 241385 (red; n = 4), a blocker of the A2 receptor. The 
response amplitude and kinetics of the feedback response were not significantly affected 
indicating that feedback is not mediated by A2 receptors. 

of probenecid in conditions when a major part of feedback was blocked by 
28 mM HEPES. HEPES most likely has two effects on the feedback system. It 
inhibits the proton-mediated feedback by buffering the pH in the synaptic 
cleft, and it leads to the closure of Cx hemichannels (Fahrenfort et al., 
2009). When 28 mM HEPES was present in the medium applying probenecid 
hyperpolarized HCs significantly more (Figure 5D) and no sign of rollback 
could be seen (Figure 5C; black, HEPES; red, HEPES+probenecid; green, 
HEPES). This result indicates that feedback is blocked (almost) completely 
in this condition. These experiments indicate that the rollback response 
depends, at least partly, on the slow feedback component.

Purinergic signaling is not involved in negative feedback from HCs to cones
In many systems ATP released from Panx1 channels activates purinergic 
receptors (Burnstock, 2006). Some evidence exists for expression of 
P2X (Puthussery et al., 2006) and P2Y (Zhang et al., 2012) receptors on 
photoreceptors. Activation of P2X receptors by ATP should induce a 
nonspecific cation current (North, 2002). Whole-cell IV relations were 
constructed for cones in control conditions and when 100 μM ATP (n 
= 5) (Figure 6A) or 50 μM ARL67156 (n = 5) (Figure 6B) was added to the 
bath solution. Neither ATP nor ARL67156 appeared to modulate a cation 
conductance, making it unlikely that ATP acted directly on a P2X receptor. 

whether the rollback response depended on the pH gradient in the synaptic 
cleft. Figure 5D shows that changing the pH of the extrasynaptic medium 
from 7.6 to 7.2 hyperpolarized HCs (-9.1 ± 1.1 mV; n = 4). In all four cells 
tested, the rollback response reduced but did not disappear completely and 
recovered after returning to pH 7.6 (Figure 5A; black, control; red, pH 7.2; 
green, wash). This shows that the HC rollback response depends on the pH 
gradient in the synaptic cleft just as the slow component of feedback does 
(Figures 4D, H J and S4E). 

Figure 5 HC responses in various pharmacological conditions. (A) Acidification of the 
extrasynaptic medium reduces the rollback response in goldfish HCs (arrow) (n = 4) and 
hyperpolarizes the HC membrane potential (see D) (black: control; red: pH 7.2; green wash). 
This indicates that the slow component of feedback contributes to the rollback response in 
HCs. (B) Application of probenecid also led to a slight reduction of the rollback response (n 
= 18) and hyperpolarization of the HC membrane potential (see D). The rollback response 
never disappeared completely (black: control; red: probenecid; green wash). (C) Application 
of probenecid in a Ringer’s solution containing 28 mM HEPES. In this condition the HC light 
responses were almost completely blocked and HC hyperpolarized strongly (see D; black: 
HEPES; red: HEPES + probenecid; green HEPES (wash)). (D) Mean ± sem HC membrane 
hyperpolarization induced by the various pharmacological manipulations.

Next we tested if application of 500 μM probenecid would also reduce 
the rollback response. Application of probenecid hyperpolarized the HC 
membrane potential (Figure 5D) and even though there was a high degree of 
variability in the rollback responses it was reduced in 10 out of 18 HCs ; Figure 
5B; black, control; red, probenecid; green, wash). However, the rollback 
response never completely disappeared. Note that this result resembles the 
effect of probenecid on the slow component of feedback, which only reduced 
by about 45% but never disappeared completely (Figure 4J). This is to be 
expected as probenecid is only a partial blocker of Panx1 channels (Ma et al., 
2009). Furthermore, because probenecid does not affect Cx hemichannels, 
feedback via Cx hemichannels is still present. This might account for the 
remaining rollback response in HCs. To test this, we determined the effect 
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Figure 7 Schematic drawing of the proposed feedback mechanism. (A) The ephaptic 
mechanism. Cones continuously release glutamate in the dark via a ribbon (R) synapse 
optimized for sustained glutamate release. This release depends on the activity of presynaptic 
Ca2+-channels (red). HC dendrites end laterally to the cone synaptic ribbon. Cx-hemichannels 
(green) and Panx1 channels (blue) are expressed on the dendrites of HCs. Since they are 
both non-specific channels and are open at the physiological membrane potentials of HCs 
a current will flow into the HCs. HC dendrites invaginate the cone synaptic terminal, which 
leads to a large extracellular resistance (white resistor). The current that flows into HCs 
via the Cx-hemichannels and Panx1 channels has to pass this resistor, which will induce a 
slight negativity deep in the synaptic cleft. The result will be that the voltage gated Ca2+-
channels sense a slightly depolarized membrane potential. When HCs hyperpolarize, the 
current through the Cx-hemichannels will increase and so will the negativity in the synaptic 
cleft leading to a further decrease of the potential sensed by the cone Ca2+-channels. This is 
the fast component of feedback. (B) The Panx1/ATP-mediated mechanism. Expanded view 
of the pre- and postsynaptic membranes of cones and HCs. ATP is released by HCs via Panx1 
channels. Through a number of steps ATP is converted into inosine, protons and a phosphate 
buffer with a pKa of 7.2. This makes the synaptic cleft acidic relative to the extrasynaptic 
medium (pH 7.6-7.8) which inhibits Ca2+-channels and shifts their activation potential to 
positive potentials. Closing the Panx1 channels prevents HCs from releasing ATP thereby 
stopping the production of phosphate buffer leading to an alkalization of the synaptic cleft. 
This alkalization disinhibits the Ca2+-channels and shifts their activation potential to negative 
potentials. This mechanism underlies the slow component of feedback. (C) Schematic 
representation of ICa of cones with and without feedback. The black trace shows ICa of cones 
in the dark. The red trace shows ICa when only the ephaptic feedback is active while the blue 
trace shows ICa when both the ephaptic and Panx1/ATP-mediated feedback are active.

is extremely fast, and proton-mediated feedback is very slow. Second, as 
outlined below, the pH-modulating mechanism has been identified: Panx1 
channels release ATP, which is hydrolyzed by NTPDase1 and leads to changes 
in pH and pH buffer capacity in the synaptic cleft. Finally, we will argue that 
changing the pH buffer capacity is a much more reliable form of proton-
mediated signaling than changing the proton concentration in an unbuffered 
synaptic cleft.

The data presented in Figure 4 also show that purinergic receptors are 
unlikely to be involved in mediating negative feedback from HCs to cones. 
Either applying ATP or blocking NTPDase1 with ARL67156 will increase the 
ATP concentration. If ATP affected feedback by modulating photoreceptor 
purinergic receptors, ATP and ARL67156 would have had similar effects. 
Although both ATP and ARL67156 reduced the slow component of feedback, 
the shift of ICa and the size of the total feedback response moved in opposite 
directions (Figures 4I, J and K). This implies that ATP hydrolysis and not ATP 
itself exerts an effect on the slow component of feedback. In addition, A2 
receptors have been suggested to modulate photoreceptor function (Stella, 
Jr. et al., 2009; Stella, Jr. et al., 2007; Stella, Jr. et al., 2003). We excluded a 
possible role for adenosine by measuring feedback in the presence of the 
specific A2 receptor blocker, ZM 241385, at a similar concentration as used 
by Stella and co-workers (Stella, Jr. et al., 2009; Stella, Jr. et al., 2007; Stella, 
Jr. et al., 2003) (Figure 6C). In this condition, neither the feedback amplitude 
nor its kinetics were affected (p > 0.2; n = 4), indicating that A2 receptors do 
not mediate feedback. 

Discussion

This study demonstrates two extraordinary forms of synaptic inhibition. 
HCs feed back negatively to cones via two mechanisms: a very fast Cx-
hemichannel-mediated ephaptic mechanism with no synaptic delay and a 
relatively slow mechanism that modulates the pH and pH buffer capacity in 
the synaptic cleft of the cones. This slow mechanism involves ATP release 
via Panx1 channels, ATP hydrolysis by ecto-ATPases, and is not purinergic. 
Inhibiting ATP release, adding ATP, and blocking the hydrolysis of ATP all 
inhibit the slow feedback component. Furthermore, changing the pH 
gradient between the synaptic compartment and the extracellular medium 
also inhibited the slow feedback component. These results are all consistent 
with a mechanism in which the pH and pH buffer capacity in the synaptic 
cleft of the cone is modulated by ATP released from HCs via Panx1 channels. 

The mechanism of negative feedback has puzzled the retinal community 
for decades and various hypotheses have been put forward. None of these 
hypotheses could account for all experimental data. There were three major 
issues with the competing hypotheses: the kinetics of the feedback response 
were not accounted for, the pH-modulating mechanism was unknown, and 
the proposed proton mechanism was intrinsically unreliable. First, the kinetic 
features of the feedback responses have been resolved. Ephaptic feedback 
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The fidelity of the Panx1/ATP feedback mechanism
The form of synaptic modulation we propose here is novel as it exerts its 
actions by regulating the local pH buffer capacity. Changing the pH buffer 
capacity consequentially changes the pH in the synaptic cleft. The feedback-
induced pH change in the synaptic cleft is therefore indirect. This has an 
enormous advantage over direct modulation of the proton concentration in 
the synaptic cleft in an unbuffered system. To illustrate this, we calculated the 
number of protons involved in a feedback response. The maximal feedback-
induced shift of ICa is about 9 mV (Fahrenfort et al., 2009), and a pH change of 
0.1 units shifts ICa by 1 mV (Barnes and Bui, 1991). Here we show that about 
35% of the total feedback current in cones is pH-mediated. This implies that 
the slow component of feedback is responsible for about 3 mV of the shift of 
ICa, which translates to a pH change in the synaptic cleft of about 0.3 pH units. 
Vandenbranden (Vandenbranden et al., 1996) estimated that the volume of 
the extracellular space within the synaptic terminal of goldfish cones is 0.88 
μm3. Given these numbers, a 0.3 pH unit change in the pH in the synaptic 
cleft would involve the movement of about 19 protons from the total pool 
of around 38 free protons. In an unbuffered system, this would produce an 
unreliable noisy signal. However, the phosphate buffer is most likely present 
in the range of hundreds of μM, making the number of free protons a well-
controlled statistical parameter. On the other hand, if the synaptic pH was 
strongly buffered by static pH buffers, proton-mediated feedback would be 
largely inefficient. Any pH change induced by HC hyperpolarization would 
be counteracted by the activity of the static pH buffers. This suggests that 
changing the pH buffer capacity is possibly the only way proton-mediated 
synaptic transmission can work. In this way, a pH-signaling mechanism can 
be highly reliable and noise free. 

In the dark, cones continuously release glutamate. Because glutamate and 
protons are co-released by the cones, this would lead to an acidification of the 
synaptic cleft in the dark and an alkalization in the light. Negative feedback 
leads to an increase in glutamate release and hence an increase in proton 
release as well—that is, an acidification. The opposite is found, suggesting 
that the pH near the Ca channels in the synaptic cleft depends more on 
HC activity than on cone activity. This is highly unexpected as glutamate is 
released continuously very close to the Ca channels of the cones. The reason 
why the pH in the synaptic cleft depends more on HC activity than on cone 
activity might be that the pH in the synaptic cleft is set by the pH buffer 
capacity, which is modulated by HCs, and not directly by proton release or 
uptake. 

How do the fast and the slow feedback mechanisms interact?
Figure 7 summarizes the proposed mechanism of negative feedback from 
HCs to cones. Glutamate receptors, Cx hemichannels, and Panx1 channels 
are expressed in the postsynaptic HC membrane. Voltage-gated Ca channels 
are expressed on the presynaptic cone membrane. In the dark, HCs and cones 
rest at about -35 mV. As ICa in cones is activated at that potential, cones release 
glutamate and HC glutamate receptors are activated, depolarizing HCs. 
Glutamate-gated channels, Cx hemichannels, and Panx1 channels are open in 
this condition and current flows into the HC. Because the extracellular space 
has a finite resistance, this current makes the potential deep in the synaptic 
cleft slightly negative. This is sensed by the voltage-gated Ca channels in the 
presynaptic membrane of the cones as a slight depolarization. The effect will 
be that the activation potential of ICa has shifted to more negative potentials 
relative to the cone’s overall membrane potential (Kamermans et al., 2001a; 
Klaassen et al., 2011; Vroman et al., 2013). 

At the same time, ATP is released via Panx1 channels. ATP is hydrolyzed to 
ADP, AMP and eventually to adenosine by ecto-ATPases. This hydrolysis leads 
to an acidification of the synaptic cleft and the formation of a phosphate 
pH buffer (pKa of phosphate buffer is 7.2). Acidification of the synaptic cleft 
inhibits the cone ICa (Barnes and Bui, 1991) and shifts its activation potential 
to more positive potentials. Interestingly, the ephaptic mechanism shifts 
the activation potential of ICa to more negative potentials, while the Panx1/
ATP-mediated mechanism shifts it to more positive potentials. These two 
opposing mechanisms together set the activation potential of ICa in the dark 
(Figure 7C, black line). Hyperpolarization of HCs due to surround stimulation 
will have two effects on the system. First, the current flowing through the Cx 
hemichannels, the Panx1 channels, and the glutamate-gated channels will 
increase. This increases the negativity of the synaptic cleft, shifting ICa to more 
negative potentials (Figure 7C, red line). This process is as fast as the change 
in HC membrane potential and does not have a synaptic delay. In due time, 
the Panx1 channels will reduce their conductance and the release of ATP will 
diminish. Gradually the proton concentration and the pH buffer capacity in 
the synaptic cleft reduce, and the resulting alkalization disinhibits ICa. As a 
consequence, ICa increases and its activation potential shifts to even more 
negative potentials (Figure 7C, blue line). This process is the slow feedback 
component and has a time constant of about 200 ms. 
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might even have become positive during the depolarization, which is a very 
unphysiological condition. We show that under physiological conditions 
BFA1 does not significantly affect feedback, making it unlikely that V-ATPase 
has a role in negative feedback from HCs to cones.

The advantage of two feedback pathways 
The question arises as to why two feedback mechanisms are present in 
the outer retina instead of one. To reduce spatial redundancies in the 
visual scene, the mean activity of all cones within the large receptive field 
of HCs is subtracted from the output of individual cones. If this process 
was not extremely fast, the surround of BC receptive fields would lag the 
center when responding to moving stimuli. Conversely, reducing temporal 
redundancies requires a slow mechanism so that lasting activity can be 
subtracted from the cone output. The feedback system we present here 
fulfills these requirements. The ephaptic feedback mechanism is extremely 
fast and will be prominently involved in reducing spatial redundancies. The 
Panx1/ATP-mediated mechanism is especially suitable for reducing temporal 
redundancies. As the slow component of feedback can only contribute 
when relatively static stimuli are used, it will not compromise the fast spatial 
redundancy reduction via the ephaptic feedback mechanism. 

Inhibiting the slow component of feedback
In a first order approximation it is expected that inhibiting the slow component 
of feedback will always reduce the amplitude of feedback. However, this is 
not necessarily the case. For example, enhancing the amount of pH buffer 
experimentally by application of ATP will keep the pH in the synaptic cleft low 
and so ICa remains inhibited. Because the pH in the cleft no longer depends 
on HC hyperpolarization, the slow component of feedback is lost and the 
total feedback response becomes smaller. In contrast, when the formation of 
the pH buffer is prevented by ARL67156, the pH in the synaptic cleft is again 
no longer dependent on HC hyperpolarization, but now the pH is high and 
ICa disinhibited. Because of this larger ICa, the total feedback responses will 
increase, even though the slow component is lost. Indeed this is what was 
found experimentally (Figure 4B and C). 

One would also expect that probenecid and ARL67156 would affect 
the feedback amplitude similarly, as both drugs decrease the pH buffer 
concentration in the synaptic cleft. However, this was not the case as 
probenecid decreased the total feedback response amplitude whereas 
ARL67156 did not (Figure 4A, C and J). The difference between probenecid 

Noise reduction is of great importance for an optimally performing visual 
system. The feedback pathway from HCs to cones modulates the output of 
the photoreceptors. Any noise added at this level of the visual system will 
considerably decrease the visual performance of the whole visual system. 
In later processing stages, noise can be lowered by convergence and by 
distributing the signals over various parallel channels. Such options are not 
available for the photoreceptors. Both feedback mechanisms we describe 
here have low noise properties; for instance, neither of them depends on 
vesicular release of neurotransmitters or activation of postsynaptic receptors. 
This unusual feedback synapse thus seems to be optimally adapted for its 
function in the outer retina.

Other evidence for pH changes in the synaptic cleft
Wang et al. (Wang et al., 2014) studied feedback-induced pH changes in the 
synaptic cleft of zebrafish cones using a fluorescent method. They found that 
HC depolarization leads to acidification of the synaptic cleft. The time course 
(τ ≈ 200 ms) of this pH change is remarkably similar to the time course of the 
second feedback component (τs= 189 ± 25 ms) we find. Also, the size of the 
pH change they describe is very similar to the pH change we predict. In other 
words, the results of Wang et al (Wang et al., 2014) are fully consistent with 
our experimental data. Wang et al (Wang et al., 2014) did not find the fast 
component of feedback we have described here. However, they solely used 
fluorescent measurements to study pH changes in the synaptic cleft. As such, 
these types of experiments would be unable to detect the fast feedback 
component we describe, as it is mediated by an ephaptic mechanism and 
not by a pH-dependent mechanism. 

Wang et al. (Wang et al., 2014) suggested that the pH changes are mainly 
due to V-ATPase activity because they could inhibit the feedback-induced 
pH changes in the synaptic cleft with BFA1. We tested the effect of BFA1 
on light-induced feedback responses measured in the cones and found that 
neither the fast nor slow feedback component was affected by BFA1. These 
results indicate that light-induced feedback does not depend on V-ATPase 
activity. This discrepancy may relate to the transgenic approach Wang et al 
(Wang et al., 2014) used. They studied pH changes in the synaptic cleft in 
a transgenic zebrafish line that expressed Na channels (FaNaChannels) in 
HCs. To depolarize the HCs, FMRFamide, an agonist for the FaNaChannels, 
was applied. Because the reversal potential for sodium is very positive, it 
is highly likely that HCs in their experiments were depolarized to potentials 
far outside their physiological operating range. The HC membrane potentials 
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glutamate and HCs hyperpolarize strongly and lose their light responses. On 
the other hand, applying probenecid in the absence of HEPES has only a 
relatively minor effect on the HC membrane potential, as in this condition 
the Cx-hemichannel-mediated feedback pathway will not be affected and 
can keep the cone output in its working range and HC light responses remain 
present. 

The role of adenosine
Stella and co-workers (2003; 2007; 2009) report that adenosine decreased 
ICa in cones via an A2 receptor interaction. In this article we showed that the 
slow component of feedback did not depend on this pathway. In fact, we 
found no effect at all on the feedback responses of cones when adenosine 
receptors were blocked. This disparity may have occurred as a result of the 
different experimental conditions used. We used relatively light-adapted 
goldfish or zebrafish retinas, whereas Stella and co-workers (2003; 2007; 
2009) worked with salamander retinas that were dark-adapted, a condition 
where adenosine signaling might be most prominent (Blazynski and Perez, 
1991). Furthermore, at present there is no direct evidence for the expression 
of adenosine receptors in the cone synaptic terminal, whereas expression is 
found in the inner retina (Blazynski and Perez, 1991; Blazynski et al., 1989; 
Kvanta et al., 1997; Rey and Burnside, 1999). It is possible that the effects 
seen by Stella and co-workers (2003; 2007; 2009) are mediated by activation 
of A2 receptors in the inner retina affecting the outer retina via, for instance, 
interplexiform cells. 

How general are these inhibitory mechanisms?
Are the feedback mechanisms we describe here also present in other 
vertebrates or are they specific for fish? There is general agreement that 
in all vertebrates, ranging from salamander and fish to mice and primates, 
negative feedback from HCs modulates the ICa of cones (Verweij et al., 1996; 
Pottek et al., 2003; Verweij et al., 2003; Hirasawa and Kaneko, 2003; Thoreson 
et al., 2008). In zebrafish, knocking out the hemichannel forming Cxs (Cx55.5) 
leads to a severe reduction of feedback from HCs to cones (Klaassen et al., 
2011). Interestingly, the rollback response remained intact (Klaassen et al., 
2011). Similarly, the HC rollback response is unaffected in mice when the 
HC-specific connexin (Cx57) is knocked out (Shelley et al., 2006). This led the 
authors to conclude that there was no Cx-hemichannel-mediated ephaptic 
feedback in mice. However, because the ephaptic feedback component is 
very fast and most likely does not contribute strongly to the rollback response 

and ARL67156 application is that probenecid also modulates the conductance 
of the Panx1 channels, whereas ARL67156 does not. This suggests that Panx1 
channels also participate in the ephaptic component of negative feedback 
together with Cx hemichannels (Klaassen et al., 2011; Kranz et al., 2012; 
Prochnow et al., 2009) and glutamate-gated channels (Fahrenfort et al., 
2005). Reducing the Panx1 conductance will affect both the fast and the slow 
feedback component, whereas application of ARL67156 only affects the slow 
component. Blocking the ephaptic part of feedback will lead to a shift of the 
activation potential of ICa to more positive potentials, whereas inhibiting the 
ATP release leads to alkalization and thus a shift to more negative potentials. 
The overall effect of inhibiting Panx1 channels will therefore depend on the 
relative strength of both effects. Our data show that application of probenecid 
indeed does not significantly shift ICa, indicating that both Panx1-mediated 
feedback signals affect ICa equally but in opposite directions (Figure 4K). 

Feedforward and feedback keep each other balanced
Why does probenecid have a greater effect on the HC membrane potential 
when the feedback is blocked with 28 mM HEPES? The cone-HC system is a 
closed loop. Glutamate release by cones sets the membrane potential of HCs 
(feedforward signal), whereas feedback from HC to cones determines the 
amount of glutamate released by the cones. In other words, the feedforward 
signal from cones to HCs is kept in its working range by the feedback signal 
from HCs to cones. They keep each other balanced. Therefore, it is expected 
that when feedback is blocked completely, ICa is no longer kept in its working 
range and cones stop releasing glutamate. Indeed this happens when feedback 
is blocked by carbenoxolone (Kamermans et al., 2001a). Carbenoxolone 
completely blocks feedback by closing both the Cx hemichannels and Panx1 
channels. This causes a large shift of the activation potential of ICa to more 
positive potentials, which induces a strong reduction of the glutamate release 
by cones and hyperpolarization of HCs. Because cones no longer release 
glutamate, HC light responses are lost. The fact that a high concentration of 
HEPES does not strongly hyperpolarize HCs or completely block their light 
responses suggests that HEPES does not block feedback completely. This was 
confirmed by Fahrenfort et al. (2009), who showed that 10 mM HEPES or 
more reduces feedback to about 40% of its maximum. The consequence is 
that in the presence of 28 mM HEPES, the remaining part of feedback can 
keep the cone-HC system in its working range and HC light responses remain 
(Figure 5C). When the ephaptic Panx1/ATP-mediated feedback component is 
inhibited as well by adding probenecid in the presence of HEPES, the cone-HC 
system can no longer remain in its working range. The cones stop releasing 
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properties (Perea et al., 2009). This modulation depends on the intracellular 
Ca2+ concentration in the astrocytes. Because Panx1 channels are gated 
by intracellular Ca2+, and because any voltage-gated channel, such as the 
presynaptic voltage-gated Ca channels, is pH sensitive due to pH-induced 
changes in surface charge, astrocytes might modulate the synaptic efficiency 
by changing the pH buffering in the synaptic cleft utilizing the Panx1/ATP 
system described in this article. Furthermore, because both Panx1 and 
NTPDase1 are also coexpressed in other organs like the kidneys and heart 
(Bruzzone et al., 2003; Penuela et al., 2013; Wang and Guidotti, 1998), similar 
extracellular pH modulation systems might also modulate cellular activity in 
nonneuronal tissues. 

Materials and Methods

Experimental animals and isolated retina preparation 
All animal experiments were carried out under the responsibility of the 
ethical committee of the Royal Netherlands Academy of Arts and Sciences 
acting in accordance with the European Communities Council Directive of 
November 24, 1986 (86/609/EEC). Goldfish, Carassius auratus, or zebrafish, 
Danio rerio, were euthanized and the eyes enucleated. Wild-type and Cx55.5 
mutant zebrafish (C54X, hu1795, ZFIN ID: ZDB-ALT-110920-1), all in a TL 
background, were used. 

Electrodes and recording set-up
Isolated retina preparation
Electrophysiological recordings of cones and HCs in the isolated retina were 
made following published methods (Kraaij et al., 2000). 

Patch-pipettes (resistance 8-12MΩ) were pulled from borosilicate glass 
capillaries (GC-150T-10, Harvard Apparatus Ltd, UK) with a Brown Flaming 
Puller (Model P-87; Sutter Instruments Company). Pipettes were connected 
to an Axopatch 200A patch clamp amplifier (Molecular Devices, Sunnyvale, 
CA; four-pole low-pass Bessel filter setting, 2KHz), or a Dagan 3900 integrating 
patch clamp amplifier (Dagan Corporation, Minneapolis, MN). All data shown 
are corrected for the junction potential.

For the intracellular recordings of HCs, a WPI S7000A (WPI, Sarasota, FL) 
microelectrode amplifier system was used. Microelectrodes were pulled 
on a horizontal puller (Sutter P-80-PC; San Rafael, CA) using aluminosilicate 

in HCs, the conclusion that ephaptic feedback does not occur in mice might 
be premature. In the present study, we show that the rollback response in 
HCs, at least partly, depends on the slow Panx1/ATP-mediated component of 
feedback. Similar to zebrafish and goldfish, mice also express Panx1 channels 
at the HC dendrites (Kranz et al., 2012). It is therefore likely that in mice the 
slow component of feedback is also mediated by Panx1 and ATP. 

It is tempting to speculate that both mechanisms are present in all vertebrates 
but in different ratios and that this ratio reflects a species’ visual capability 
and needs. In some animals, the ephaptic component might be the largest, 
whereas in others the Panx1/ATP component might dominate. For example, 
as the spatiotemporal correlation function of natural scenes is inseparable 
(Dong, 2001), faster temporal signals received by the retina of species like 
mice with low visual acuity will be limited under normal conditions. In animals 
such as these, the slow Panx1/ATP component of feedback may dominate 
as their retina has less need to manage the faster temporal aspects of the 
scene. On the other hand, in animals strongly depending on vision, such as 
zebrafish and goldfish, the fast component might be dominating. Whether 
the ratios of the two feedback mechanisms indeed correlate with the visual 
performance of the various animals is an intriguing question that awaits 
further study. 

Could the Panx1/ATP mechanism presented here also function outside 
the retina? In the central nervous system, Panx1 and NTPDase1 are both 
abundantly present and their localization is concentrated in synapses (Vogt 
et al., 2005; Wang and Guidotti, 1998; Ray et al., 2005). This suggests that 
the Panx1/ATP system described in this article might also occur in other 
brain regions. The hippocampus is one region where Panx1 expression 
levels are high, and recently it was suggested that Panx1 channels are 
involved in synaptic plasticity stabilization in that brain area, although the 
underlying mechanism has not been clarified (Prochnow et al., 2012). As 
NMDA receptors are very sensitive to changes in pH (Gottfried and Chesler, 
1994), the proposed Panx1/ATP system may also be acting as a modulator of 
synaptic strength in the hippocampus and other brain regions. 

Panx1 is also expressed in astrocytes and astrocytes are known to release 
ATP (MacVicar and Thompson, 2010). Processes of astrocytes and pre- and 
postsynaptic structures of neurons form a tripartite synapse. Astrocytes play 
an active role in such a complex; they modulate the signal flow between 
pre- and postsynaptic cells and in that way influence the neuronal network 
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pH 7.8. Intracellular recording solution contained (in mM) 10 NaCl, 120 CsCl, 
5 CaCl2 (free 100 µM), 5 EGTA, 10 HEPES, 2 ATP-Mg, pH 7.4. Concentrations 
of the drugs used are indicated in the legends. 

Luminescence measurements
HCs of goldfish were isolated using an optimized version of the procedure 
originally described by Dowling et al. (1985) and optimized by Ayoub and 
Lam (1984). Retinas were dissected as described above. The isolated retinas 
were placed in a solution of L-15 containing 5 mg/ml papain (Worthington, 
no. 3126). They were incubated at room temperature for 35 min while 
being shaken at a low frequency. Subsequently, the retinas were washed in 
DMEM + Glutamax (GIBCO, no. 61965) containing 10% fetal bovine serum 
(GIBCO, no. 10270) to inactivate the papain. Then the retinas were washed 
in L-15 and finally placed in a tube containing 3 ml L-15. The retinas were 
mechanically dissociated by trituration using a wide plastic Pasteur pipette 
first and a narrower fire polished glass pipette for later fractions. For each 
new fraction, the cells were allowed to settle for a minute before the lower 
heavier section was transferred to a new tube. The fractions containing an HC 
concentration of 85% or higher were used for luminescence measurements. 
ATP bioluminescence was measured using the ATP Bioluminescence Assay 
Kit CLS II purchased from Roche. Luciferase luminescence was measured 
with a Varioscan Flash (Thermo Scientific) using luminometry. After obtaining 
a baseline measure, 50 µM AMPA was added and subsequently 100 µM 
probenecid.

Light stimuli
A 20 µm white light spot (0 log) was focused via a 60× water immersion 
objective on the cone outer segment and a 4,500 µm “full field” white spot 
(-1.5 log) projected through the microscope condenser. The light stimulator 
consisted of two homemade LED stimulators based on a three-wavelength 
high-intensity LED (Atlas, Lamina Ceramics Inc., Westhampton, NJ). The 
peak wavelengths of the LEDs were 624, 525, and 465 nm, respectively, with 
bandwidths smaller than 25 nm. An optical feedback loop ensured linearity. 
The output of the LEDs was coupled to the microscope via light guides. White 
light consisted of an equal quantal output of the three LEDs. 0 log intensity 
was 8.5 × 1015 quanta m-2s-1.

glass (OD = 1.0 mm, ID = 0.5 mm; Clark, UK) and had impedances ranging 
from 70–200 MΩ when filled with 3 M KCl. Data were digitized and stored 
with a PC using a CED 1401 AD/DA converter at 4 KHz using Signal software 
[v. 3.07; Cambridge Electronic Design (CED), Cambridge, UK] to acquire 
data, generate voltage command outputs, and drive light stimuli. AxographX 
(v1.3.5, AxoGraph Scientific), Origin Pro (v8, Origin Lab Corporation), 
and Matlab (v2012b, MathWorks) were used for the analysis. All data are 
corrected for the liquid junction potential.

Dissociated HCs
After the dissociation procedure described below, cell suspension was 
placed on the recording chamber and cells were allowed to settle for 15 
min. The gravity perfusion system allowed a changed of the bath solution 
for drug application. HCs were visualized using an upright microscope under 
normal white light. Pipette resistance was 8-12 MΩ. All data were acquired 
with a Dagan 3900 integrating patch clamp amplifier (Dagan Corporation, 
Minneapolis, MN). Igor.pro software (WaveMetrics Inc., Oregon) was used 
for the analysis. All data are corrected for the liquid junction potential.

Cells were held at -60 mV and currents were triggered by a change in the 
clamp potential from -100 mV to +100 mV, with 10 mV steps, for 200 ms. 
Data were acquired at a rate of 10 kHz and low-pass filtered at 2 kHz. 

Solutions 
For the isolated retina preparation control Ringer solution contained (in mM) 
102.0 NaCl, 2.6 KCl, 1.0 MgCl2, 1.0 CaCl2, 28.0 NaHCO3, 5.0 glucose, and 0.1 
picrotoxin and was continuously gassed with 2.5% CO2 and 97.5% O2 to yield 
a pH of 7.6. HEPES Ringer solution contained (in mM) 102.0 NaCl, 2.6 KCl, 1.0 
MgCl2, 1.0 CaCl2, 28.0 HEPES, 5.0 glucose, and 0.1 picrotoxin, and the pH was 
set to 7.6 with NaOH. The pipette solution contained (in mM) 85 K-gluconate, 
21 KCl, 1 MgCl2, 0.1 CaCl2, 1 EGTA, 10 HEPES, 10 ATP-K2, 1 GTP-Na3, 20 
phosphocreatine-Na2, 50 units ml−1 creatine phosphokinase, adjusted with 
NaOH to pH 7.3, and resulting in a ECl of -50 mV when used in conjunction 
with the Ringer solution. All chemicals were supplied by Sigma-Aldrich 
(Zwijndrecht, the Netherlands), except for Papain (Worthington Biochemical 
Company, Lakewood, NJ) and ARL67156 and ZM241385 (Tocris Biosciences, 
Bristol, UK). For the electrophysiological experiments with dissociated HC, 
the following solutions were used. The control ringer solution contained 
(in mM) 110 NaCl, 5 KCl, 10 CsCl, 2.5 CaCl2, 2 MgCl2, 10 HEPES, 10 Glucose, 
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Immunohistochemistry
Immunohistochemical procedures were similar to published methods 
(Klaassen et al., 2011; Fahrenfort et al., 2009). The Panx1 antibody was 
raised against the zebrafish sequence and characterized by Prochnow et 
al. (2009). The primary antibody against NTPDase1 was raised in rabbit 
to the corresponding amino acid sequence 102-130 of human NTPDase1 
(GIYLTDCMERAREVIPRSQHQETPVYLGA). It was obtained from CHUQ (www.
ectonucleotidases-ab.com) and characterized by Ricattie et al. (2009). The ADA 
(AB176) and GluR2 antibodies were purchased from Chemicon International 
(Temecula, CA). The ADA rabbit polyclonal antibody was raised against calf 
spleen ADA. The GluR2 (MAB397) mouse monoclonal (clone 6C4) antibody 
was raised against a recombinant fusion protein TrpE-GluR2 (N-terminal 
portion, amino acids 175–430 of rat GluR2). Secondary antibodies, goat anti-
mouse Alexa 488 and goat anti-rabbit Cy3 were purchased from the Jackson 
Immuno Research Lab (West Grove, PA). 

For light microscopical (LM) purposes, 10-µm-thick sections were made 
and stored at -20 °C.  Sections were first preincubated in 2% Normal Goat 
Serum (NGS) for 30 min, then incubated with primary antibodies for 24-48 
h, followed by 35 min of incubation with secondary antibodies at 37oC.  The 
0.25 µm optically sectioning was performed with Zeiss CLSM meta confocal 
microscope (Zeiss, Germany).

For electron microscopical (EM) purposes 40-µm-thick sections were 
incubated with the primary antibody in PB for 48 h, then rinsed before 
being incubated with rabbit peroxidase antiperoxidase (PAP) for 2 h, rinsed, 
and then developed in a 2,2’-diaminobenzidine (DAB) solution containing 
0,03% H2O2 for 4 min. Afterwards the gold substitute silver peroxidase 
method (Van den Pol and Gorcs, 1986) was performed; sections were fixed 
in sodium cacodylate buffer (pH 7.4) containing 1% Osmium tetra oxide and 
1.5% potassium ferricyanide. Sections were then dehydrated and embedded 
in Epoxy resin, ultrathin sections made and examined with a FEI Tecnai 12 
electron microscope.

Statistics
All data are presented as mean ± sem unless otherwise stated. Significance 
was tested using a two-tailed t test on paired or independent group means 
as appropriate. 

Method for measuring the time constants of feedback
The full-field light onset responses of the negative feedback measurements 
were fitted with a single exponential:

*(1 )
t

f
fy A e τ

−

= −  (1)

and if possible with a double exponential function:

*(1 ) *(1 )
t t

f s
f sy A e A eτ τ

− −

= − + −  (2)

To test which of the two models described the raw data best, an F test 
comparing the sum of squares of residuals of each fit was performed. 

Method for measuring pharmacological effects on the slow component of 
feedback
Often the slow component of feedback present in control conditions was 
reduced by our pharmacological manipulation to such a level that the onset 
of the feedback current could no longer be fitted accurately by a double 
exponential function. In order to quantify the effect of the various compounds 
used on the slow component of feedback, the average amplitudes were 
determined for 40 ms stretches of the feedback current centered at 160 ms 
and 460 ms after response onset, and the difference was calculated. This 
difference was taken as the amplitude of the slow component of feedback. 
The amplitude of the slow component in the pharmacological condition (B) 
was divided by the amplitude of the slow component in the control condition 
(A), yielding the reduction ratio. 

Method for determining the shift in ICa half activation potential
The activation curve of ICa was derived by leak subtracting the IV relation 
using the linear part of the IV relation between -80 and -60 mV (Fahrenfort 
et al., 2009). The half activation potential was then determined by fitting a 
Boltzmann relation (Eq. 3) through the leak subtracted IV relations.
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1
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A
e

−−
=

+
 (3)

where V is the membrane voltage, K is the midpoint and m is the slope factor. 
This was done for each cell in both control (C) and experimental (E) conditions 
and the shift in the half activation potential calculated as K(E) minus K(C). 
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angular frequencies (rad/s), for computational simplicity.

2 fω π=  (2)

The delay for each frequency was calculated as:

( )( )p
θ ωτ ω
ω

= −  (3)

Where: 

τp (ω) is the delay in seconds at frequency ω 

θ (ω) is the phase response in radians of the stimulus/ response transfer 
function at frequency ω

ω is the angular frequency in radian per second

The group delay (in seconds) is the negative first derivative of the transfer 
function phase response. We generated the average derivative for both 
the HC and feedback data sets by a linear regression through the origin fit 
through all their respective transfer function phase responses (Piersol, 1981). 
We limited the frequency range in these regressions to include only the 
higher frequencies (58.11 and 199.49 rad/s corresponding to the temporal 
frequencies: 9.25 to 31.75 Hz) where the phase response for both feedback 
and HCs was very linear. Using these criteria the regression analyses for 
feedback contained 48 data points and for HCs it was 56 (i.e. 8 data points 
each from the 6 feedback and 7 HCs responses). The resulting regression 
coefficients correspond to the first derivative (feedback: -0.072332 ± 
0.000544, r2=0.997, HCs: -0.072405 ± 0.000615, r2=0.996) equating to an 
average group delay over the frequency range assessed for feedback of 72.3 
± 0.54 ms and for HCs of 72.4 ± 0.62 ms. 

To calculate the mean group delay difference between feedback and HCs 
responses and assess if this difference was statistically significant we 
compared the equality of the two regression coefficients in the following 
way. 

Methods for supplementary figures
The time delay estimation (Figure S2)
The stimulus used was the sum of sine waves with a frequency of 0.5, 0.75, 
1.25, 2.75, 3.25, 4.25, 4.75, 5.75, 7.25, 9.25, 10.75, 14.75, 17.75, 20.75, 
24.25, 27.25, 31.75 Hz with equal amplitude (Michelson contrast 100%) and 
randomized phase. The resulting stimulus had a mean intensity of -1.5 log and 
temporal contrast of 0.33 . Frequency values were chosen such that higher 
frequencies were not harmonics of lower frequencies, and spectral leakage 
between measured frequencies and contamination by equipment-noise 
(typically whole number frequencies) were minimized. The 4 sec stimulus (S) 
and responses (R) data were first mean subtracted and Fourier transformed. 
The length of the Fourier transform was set such that each frequency used in 
generating the mixed sine stimulus was resolved. The transfer function (Fsr(f)) 
(Eq 4) was calculated as the quotient of the cross power spectral density of 
S(f) and R(f) and the power spectral density of S(f).

*( ) ( )( )
( ) ( )sr

S f R fF f
S f S f

≡  (1)

Where * is the complex conjugate and | | denotes averaging over multiple 
stimulus presentation repeats (mean number of stimulus repeats, feedback: 
12 ± 1.2, HC: 11 ± 1.8).

HC responses and feedback responses to the mixed sine stimulus were well 
described by their transfer functions. The average correlations between a 
cell’s mean response and its individual responses were 0.93 ± 0.01 (n = 6) for 
feedback and 0.97 ± 0.02 (n = 7) for HCs. The average correlations between 
a cell’s individual responses and the response predicted by convolving the 
stimulus with its transfer function were 0.91 ± 0.01 for feedback and 0.94 
± 0.01 for HCs. These linear filters therefore described 96.9 ± 0.5 % and 
96.6 ± 0.5% of the light dependent structure of feedback and HC responses, 
respectively (Rieke, 2001). 

To assess if there was a synaptic delay between the HC responses and 
feedback responses, we used their transfer function phase responses to 
calculate and compare their delay and group delay characteristics. The delay 
gives the time delay of each sinusoidal component of the stimulus in either 
the HC responses or feedback responses whereas the group delay gives 
the average time delay experienced over a range of frequencies. For these 
calculations we first converted the temporal frequencies (Hz) of interest to 
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For in situ hybridization (ISH) sections were stored at -80 °C. Hybridization 
was performed using OAT1 specific, 5’-fluorescein-labeled 25mer antisense 
oligonucleotides containing locked nucleic acid (LNA) (base uppercase) 
and 2’-O-methyl (2OME)-RNA moieties (base lowercase); OAT1-1 (5’-Fam/
TagTagGcaAagCtgGtgCtgGagA-3’). Probes were synthesized by Exiqon 
(Odense, Denmark). Hybridization signals were detected by incubating the 
sections in blocking buffer containing anti-fluorescein-alkaline phosphatase 
(AP) Fab fragments (1:1000; Roche, Lewes, UK) for 1 hour at room 
temperature. AP signal was detected by using a substrate kit (Vector Blue AP 
Substrate Kit III; Vector, Burlingame, CA).
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The difference in the regression slopes, which equates to a difference in 
group delay, is 

1 2diff b b= −  (4) 

Where:

b1 and b2 refer to the regression coefficients. The standard error of the 
difference between the regression coefficients is 
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The test statistic used is:

diff

difft
S

=  (7)

The degrees of freedom (<) were calculated as follows.

1 2 4v n n= + −  (8)

 In situ hybridization (Figure S3)
Zebrafish brain and eyes were isolated and fixed in 4% formalin solution for 
2 hours, treated with a sucrose solution to prevent ice crystal formation in 
storage and fixed for another 24 hours in 25% paraformaldehyde (PFA). The 
tissue was embedded in Tissue-Tek and frozen. Cryostat sections of 10 µm 
were collected with a Leica CM 3050 S cryostat (Leica Biosystems, USA) and 
stored at -80oC. 
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Abstract

In the first retinal synapse, horizontal cells feed back to cones via an inhibitory 
pathway. In cones this inhibitory interaction is visible as a modulation of 
the Ca2+-current. The effects of negative feedback can be measured in 
horizontal cells as well. In general, horizontal cells hyperpolarise to light. 
However, biphasic and triphasic horizontal cells depolarise to long and 
middle wavelength light stimuli. These depolarising responses are mediated 
by negative feedback. Hyperpolarising responses of horizontal cells to light 
show a secondary depolarisation, which is called the rollback response. 
This rollback response is thought to be caused by negative feedback from 
horizontal cells to cones. Both the depolarising responses and the rollback 
response are often used as a measure for feedback. However, some data 
found in previously published literature cast doubt on the reliability of 
these measures of negative feedback. In this paper we evaluated the 
correlation between the feedback-induced modulation of the Ca2+-current 
in cones and the effects of negative feedback measured in horizontal cells. 
We show that two known blockers of the rollback response, ethambutol 
and amiloride, have respectively a minor and no effect on the feedback 
induced modulation of the Ca2+-current in cones. The rollback response 
may be initiated by feedback, but a separate mechanism determines the 
amplitude of the rollback response. We propose that the rollback response 
is generated by the inward rectifying K+-current in horizontal cells. The 
feedback-induced increase in glutamate release slightly depolarises the 
horizontal cell, leading to the inactivation of this K+ current, resulting in the 
rollback response. We conclude that the rollback response is an unreliable 
measure for negative feedback from horizontal cells to cones.
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Introduction

Cone photoreceptors in the retina project to bipolar cells (BCs) and horizontal 
cells (HCs). HCs contact multiple cones and are electrically coupled, 
integrating signals over a large area. This signal is fed back to the cones via an 
inhibitory synapse, modulating the output of cones that is finally sent to the 
BCs. This negative feedback pathway is responsible for early stage contrast 
enhancement (Klaassen et al., 2011) and contributes to colour constancy 
(Kamermans et al., 1998; VanLeeuwen et al., 2007). HCs feed back to cones 
by shifting the activation range of the Ca2+-current (ICa) in cones towards 
more negative potentials (Verweij et al., 1996), leading to a small inward 
current in cones. Two aspects of the HC response are thought to reflect this 
negative feedback signal from HCs to cones: the depolarising responses of 
BHCs (arrow, Figure 1A) and THCs, and the so-called rollback response of HCs 
(arrow, Figure 1B). 

HCs can be classified according to their spectral sensitivity as monophasic 
(MHC), biphasic (BHC) and triphasic HCs (THC). MHCs hyperpolarise when 
stimulated with light of long, middle and short wavelength light. BHCs 
hyperpolarise to middle and short wavelength light, but depolarise to 
long wavelength light. Since BHCs only receive M- and S-cone input, the 
depolarising response to long wavelength light is assumed to be generated 
via negative feedback from MHCs to M-cones (Figure 1A) (Stell et al., 1975; 
Kamermans et al., 1991; Connaughton and Nelson, 2010). THCs hyperpolarise 
to long and short wavelength light and depolarise to middle wavelength 
light. Since the THCs only make contact with the S-cones, it has been 
suggested that the depolarising response to middle wavelength light and 
the hyperpolarising response to long wavelength light are due to negative 
feedback from the BHC to the S-cones. It was argued that since the spectral 
coding of HCs strongly depends on negative feedback from HCs to cones, it 
can thus be used as a measure of feedback (Stell et al., 1975; Kamermans et 
al., 1991; Connaughton and Nelson, 2010).

Another suggested measure for negative feedback is the rollback response 
in HCs. This response is characterized by a slow decrease in the HC 
hyperpolarisation after an initial fast hyperpolarising response to light 
(Figure 1B). The rollback response increases with light stimuli of increasing 
diameters (Kamermans et al., 1998; Piccolino, 1995). Furthermore, the 
rollback response can be reduced by known blockers of negative feedback 
such as low concentrations of Co2+ (Fahrenfort et al., 2009), the Cx-blocker 

carbenoxolone (Kamermans et al., 2001) and high concentrations of 
HEPES and acetate (Vessey et al., 2005; Davenport et al., 2008; Fahrenfort 
et al., 2009; Trenholm and Baldridge, 2010). In contrast to the feedback 
responses measured in cones, the rollback response in HCs is highly variable 
(Connaughton and Nelson, 2010; Klaassen et al., 2011). Although the rollback 
response is a widely used measure for feedback, the correlation between 
the two is founded on indirect evidence.

An indication that there is no strict relationship between the rollback response 
and negative feedback can already be found in the work of Spekreijse et 
al. (1991), who studied the effect of ethambutol on the visual system. 
Ethambutol has been shown to entirely block the rollback response, while 
leaving the depolarising response to long wavelength light in BHCs almost 
completely intact (Spekreijse et al., 1991). Another drug that fully blocked 
the rollback response is amiloride (Vessey et al., 2005). Whether both of 
these drugs can block the feedback induced modulation of ICa in cones has, 
up until now, not been tested. 

The aim of this paper is to determine whether there is a strict relationship 
between the rollback response in HCs and the feedback induced modulation 
of ICa in cones. We tested the effect of two established blockers of the 

Figure 1 Two measures of negative feedback from horizontal cells to cones. (A) The de-
polarising response to long wavelengths of the biphasic HC (arrow) is caused by negative 
feedback from the monophasic HCs to M-cones. (B) The rollback response (arrow) to full 
field white light stimulation.
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HC rollback response, ethambutol and amiloride, on negative feedback 
measured in the cone photoreceptor; i.e. the feedback induced modulation 
of ICa in cones. We show that the rollback response does not correlate well 
with the modulation of ICa. These results indicate that other processes, such 
as the inward rectifying potassium current (IKir) in HCs, may contribute to 
the HC rollback response. This finding has major consequences for studies 
on negative feedback from HCs to cones that base their conclusions entirely 
on HC measurements. Direct measures, such as the modulation of the ICa in 
cones or the depolarising responses in BHCs and THCs, provide more reliable 
results. 

Results

Negative feedback responses in the isolated retina of goldfish were recorded 
from cones that were saturated by a constant bright spot of white light. 
Surround-induced feedback was induced using a full field light stimulus of 
500 ms. Such stimuli hyperpolarise surrounding cones and as a consequence 
the HCs. HCs, in turn, send a negative feedback signal to all of the cones 
in their receptive field. This feedback signal results in a shift of ICa in cones 
to more negative potentials. This causes an increase of the Ca2+-influx into 
the cone and consequently an increase in glutamate release. In a voltage 
clamped cone this can be seen as an inward current (Figure 2B, D). 

Ethambutol, a bacteriostatic antimycobacterial drug used in the treatment 
of tuberculosis, is known to induce colour vision defects in humans and in 
animal models (Trusiewicz, 1975; Zrenner and Krüger, 1981; Van Dijk and 
Spekreijse, 1983; Spekreijse et al., 1991). Van Dijk and Spekreijse (1983) 
showed that the site of action of ethambutol is retinal. They found that 
application of 100 µM ethambutol blocks the rollback response in the HCs of 
goldfish (Spekreijse et al., 1991) (Figure 2A), while leaving the depolarising 
response of BHCs to long wavelength light almost intact. Although they did 
not describe the mechanism of action of ethambutol, their experiments 
show that there was no strict relationship between the depolarising response 
of HCs and the size of the rollback response in HCs. Whether ethambutol 
affected the feedback-induced modulation of ICa in cones was never tested.  

Figure 2Bi shows that 100 µM ethambutol led to a minor reduction in 
the amplitude of the feedback response (black trace: control; blue trace: 
ethambutol).  Figure 2Bii shows the mean feedback response in the control 
conditions (black trace) and after adding 100 µM ethambutol (blue trace) 

Figure 2 The effects of ethambutol and amiloride on negative feedback are not the same 
as their effects on the horizontal cell rollback response. (A) The effect of ethambutol on 
the monophasic and biphasic horizontal cells as measured by Spekreijse et al. (1991). (B) 
Addition of 100 µM ethambutol to the perfusion medium resulted in a 20 ± 6% decrease 
in amplitude of negative feedback measured in cones (n=8). Bi shows a single measure-
ment and Bii shows the average response for control (black) condition and after adding 
ethambutol (blue). (C) The effect of amiloride on the horizontal cell rollback response as 
measured by Vessey et al. (2005). (D) Addition of 200 µM amiloride did not affect the am-
plitude of feedback significantly (n=6). Di shows a single measurement and Dii shows the 
average response for control (black) and amiloride (blue).
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(n=8). The mean amplitude of the negative feedback response was reduced 
by 20 ± 6% after application of ethambutol (p=0.034; n=8). Vroman et al. 
(2014) showed that feedback consists of a fast ephaptic component and a 
slow pannexin 1 (Panx1)/ATP mediated component. The ethambutol induced 
reduction in the feedback amplitude was primarily a result of the reduction 
of the slow component, which was reduced by 49.0 ± 13.3 % (n=8; p=0.014). 
Thus, ethambutol only partially reduced feedback, whereas the rollback 
response in HCs was totally blocked.

Another drug that has been shown to block the rollback response is 
amiloride. Vessey et al. (2005) showed that 200 µM of amiloride completely 
blocks the rollback response (Figure 2C), but again the effect of this drug 
on the modulation of ICa in cones was never tested. Figure 2Di shows that 
application of 200 µM amiloride did not block the feedback response (black 
trace: control; blue trace: amiloride; black trace: wash). Figure 2Dii shows 
the average feedback response in control conditions (black) and after adding 
amiloride (blue). While the amplitude of the feedback response in cones was 
not significantly affected (n=6; p=0.168), the rollback response in HCs was, 
suggesting that there is no strict correlation between the two processes. 

Discussion

We have shown that two blockers of the rollback response in HCs, ethambutol 
and amiloride, did not block the feedback induced modulation of ICa in cones. 
Ethambutol did cause a 20 ± 6%, reduction in feedback amplitude, while the 
rollback response in HCs was completely blocked (Figure 2A,B). Amiloride 
had no effect on the feedback induced modulation of ICa in cones, while it 
completely blocked the rollback response (Figure 2C,D). This suggests that 
the relationship between the feedback induced modulation of ICa in cones 
and the rollback response is not as strong as was previously assumed. The 
rollback response can, therefore, not be used as a reliable measure of 
negative feedback.

The horizontal cell rollback response
Many known pharmacological agents that have been shown to block negative 
feedback, such as carbenoxolone, Co2+ and high concentrations of HEPES and 
acetate, have also been shown to inhibit the rollback response (Kamermans 
et al., 2001; Fahrenfort et al., 2009). Here we show that blockers of the HC 
rollback response do not necessarily inhibit feedback, suggesting that there 
is no strict relationship between the rollback response and the modulation 

of ICa. Other mechanisms seem to be involved in the generation of the 
rollback response. This calls into question the previously assumed nature of 
the rollback response. 

Since ethambutol changes the modulation of ICa in cones only slightly and 
amiloride did not affect the cones at all, it is likely that the mechanism 
generating at least part of the rollback is located in HCs. A channel that 
could potentially be involved in generating the rollback response is the 
hyperpolarisation activated, inwardly rectifying potassium channel (Kir) that 
is expressed by HCs (Dong and Werblin, 1995). Unfortunately, the molecular 
identity of this channel has not yet been resolved. We speculate that IKir 
modulates the HC rollback response in the following way. HCs hyperpolarise 
during light stimulation, activating this channel and increasing IKir, which 
then leads to an acceleration and enhancement of the HC light response; IKir 
amplifies the HC response (Dong and Werblin, 1995; Smith and Kamermans, 
2012). It seems like that the opposite will happens when the HC slightly 
depolarises due to feedback. IKir will inactivate and the HC membrane potential 
will depolarise further, amplifying the effect of feedback. Model simulations 
confirm that IKir affect the HC rollback response in the proposed manner (Van 
Rijssel, personal communication). As a consequence, the magnitude of the 
rollback response would be largely determined by IKir. 

Could the pharmacological agents that have previously been shown 
to modulate negative feedback also affect IKir? As IKir is a voltage gated 
channel, it is highly dependent on the surface charge of the membrane. 
Manipulation of the pH will affect the surface charge and thus the activation 
of IKir. Furthermore, it has been demonstrated that Kir channels have both 
intracellular and extracellular H+-sensitive sites (Sabirov et al., 1997; Zhu 
et al., 1999). Consequently, changes in intracellular pH by, for instance, 
application of HEPES or acetate will affect the activation of IKir (Jonz and 
Barnes, 2007), leading to modulation of the size of the HC rollback response. 
Furthermore, glutamate seems to inhibit IKir via a metabotropic signalling 
cascade (Dixon and Copenhagen, 1997), which will enhance the effect of 
IKir even further. Both hyperpolarisation and the reduction of the glutamate 
release will lead to the activation of IKir and a further hyperpolarisation of 
HCs. Feedback induces an increase in glutamate, leading to an inactivation 
of IKir and a depolarisation of the HC: the rollback response. It is clear that 
this role of IKir needs further testing, but are the effects of ethambutol and 
amiloride consistent with the proposed role of IKir in generating the rollback 
response?
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The effect of ethambutol on feedback and the rollback response
Ethambutol is a Zn2+ chelator (Meyer et al., 2014). Zn2+ is co-released with 
glutamate by the cones and therefore is constantly present in the cone 
synaptic cleft (Wu et al., 1993) and may be involved in the modulation of 
synaptic transmission (Wu et al., 1993; Dong and Werblin, 1996). Could 
the reduction of Zn2+ lead to modulation of the slow feedback component? 
Chelating Zn2+ with the chelator TPEN has been shown to inhibit Panx1 in 
macrophages (Brough et al., 2009). Since the slow component is dependent 
on Panx1 channels, one could speculate that ethambutol has inhibited Panx1 
channels just as TPEN did, resulting in a decrease of the slow component of 
feedback. However, this sequence of events cannot account for the complete 
loss of rollback response in HCs, since ethambutol only reduced the slow 
component of feedback by 49 %. As shown in chapter 4, application of the 
Panx1 blocker probenecid blocked the slow component by 51 ± 10 % (n=9; 
p=0.003) (Vroman et al., 2014; Chapter 4), while only slightly reducing the 
rollback response. This suggests that ethambutol has an additional effect 
on the HC rollback response compared to probenecid. Interestingly, Zn2+ 
has been shown to affect the inactivation of IKir in HCs (Zhang et al., 2006). 
Reducing the external Zn2+ concentration shifts the half-activation potential 
of the inactivation curve to more negative potentials. This would lead to a 
smaller inactivation of IKir with depolarisation and consequently a smaller 
amplification of the rollback response.

The effect of amiloride on the rollback response
Amiloride also blocked the HC rollback response (Vessey et al., 2005), but had 
no effect on negative feedback. Vessey et al. (2005) suggested that amiloride 
affected amiloride-sensitive epithelial sodium channels (ENaCs) located on 
HCs. The evidence for the presence of these channels on HCs is, however, 
not conclusive. Brockway et al. (2002) showed that labelling of HC with anti-
β-ENaC was sometimes observed, but not consistently. Vessey et al. (2005) 
tested the effect of amiloride on voltage clamped isolated HCs and did not 
find any effect. However, when they added glutamate in both the control 
and amiloride conditions, the glutamate-gated conductance was reduced. 
Although Vessey et al. (2005) did not see a significant reduction in the light-
induced hyperpolarisation of the HC after adding amiloride, the resting 
membrane potential of HCs might have been substantially hyperpolarised 
by the amiloride-induced change in the glutamate-gated conductance. 
This may have already led to a strong activation of IKir in the dark, shifting 
the HC membrane potential much closer to the equilibrium potential of 
IKir. Therefore, the feedback-induced depolarisation may not result in a 

significant inactivation of the IKir, which would lead to a reduced or blocked 
rollback response. Unfortunately, Vessey et al. (2005) did not measure the 
drug-induced sustained membrane potential changes (Baldridge, personal 
communication). 

The effect of amiloride on the rollback response could also be indirect. 
Dopamine released by interplexiform cells (IPCs) modulates glutamate 
receptors, resulting in the depolarisation of the HCs (Knapp and Dowling, 
1987). Furthermore, dopamine also affects the gap-junctions of HCs 
(McMahon and Mattson, 1996). In addition, IPCs are under GABAergic 
inhibition of amacrine cells (ACs) in the inner retina (O’Connor et al., 1987). 
The acid-sensing ion channels (ASICs) and ENaCs, which are both amiloride-
sensitive, are expressed on ACs in the inner retina (Brockway et al., 2002). 
Furthermore, ASIC-1 has been shown to affect the activity of dopaminergic 
synapses by enhancing their vesicle release (Voglis and Tavernarakis, 2008).
Taken together, these findings suggest that amiloride may have an indirect 
effect on HCs through the modulation of the retinal dopamine concentration.

In summary: There is no strict relationship between the feedback-induced 
modulation of ICa and the amplitude of the rollback response in HCs. Negative 
feedback might initiate the rollback response, but IKir most likely amplifies this 
response and in that way primarily determines its amplitude. Since many of 
the pharmacological approaches used to block feedback also affect IKir, the 
rollback response is a highly unreliable measure for feedback.

Methods

Light-induced feedback responses were measured in the cones of the goldfish 
retina as described in Vroman et al. (2014). In short, goldfish (Carassius 
auratus) were euthanized and the retinae were isolated and placed into 
a recording chamber and superfused with a bicarbonate-based Ringer’s 
solution. Whole cell voltage clamp recordings were made of cones and their 
light responses determined. The light stimulation protocol consisted of a 
constant bright spot with a diameter of 17 µm and a brief 500 ms ‘full field’ 
stimulation with a white spot of 4,500 µm in diameter. All chemicals were 
obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). All data are 
presented as mean ± sem. Significance was tested using a two-tailed t-test 
on paired group means. 
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Feedback-induced glutamate spillover enhances 
negative feedback from horizontal cells to cones

R. Vroman and M. Kamermans

(submitted)

Abstract

Inhibition in the outer retina uses a highly unusual mechanism. When horizontal 
cells hyperpolarise the activation potential of the Ca2+-current of cones shifts to 
more negative potentials. The underlying mechanism consists of an ephaptic 
component and a Panx1/ATP-mediated component. In this paper we identified 
a third feedback component, which is active outside the operating range of the 
Ca2+-current. We show that the glutamate transporters of cones can be activated 
by glutamate released from their neighbours. This pathway can be triggered 
by negative feedback from HCs to cones, thus providing an additional feedback 
pathway. This additional pathway is mediated by a Cl--current. It can be blocked 
by either removing the gradient of K+ or by adding the glutamate transporter 
blocker, TBOA, or low concentrations of the divalent ions Zn2+ or Ni2+. These 
features point to a glutamate transporter associated Cl--current. The pathway is 
much slower than the ephaptic feedback pathway (Vroman et al., 2014) and has 
a slight delay of 4.7 ± 1.7 ms. The effectiveness of this pathway in modulating the 
cone output depends on the equilibrium potential of Cl- (ECl) and the membrane 
potential of the cone. With ECl around the dark resting membrane potential of 
cones, negative feedback will especially be enhanced when cones are strongly 
hyperpolarised. Furthermore, spatially this pathway does not reach further than 
the direct neighbouring cones, allowing for feedback between spectral pathways 
that do not share synaptic contacts.
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This leads to a depolarisation of the cone, enhancing negative feedback from 
HCs to cones. If cones are hyperpolarised to such an extent that modulating 
ICa does not lead to an increase in Ca2+-influx, this pathway can bring the 
cone membrane potential back into the operating range of ICa. This process 
operates over a very short distances as only directly neighbouring cones are 
affected. 

Results

Feedback from HCs to cones was recorded using whole cell voltage clamp 
techniques (Verweij et al., 1996). The direct light response of the cone recorded 
from was saturated with a 17 μm spot of white light for the full duration 
of the protocol. A 500 ms full field stimulus was used to hyperpolarise the 
cones in the rest of the retina leading to hyperpolarisation of HCs. HCs feed 
back to cones by shifting the activation range of ICa of cones towards more 
negative potentials (Verweij et al., 1996). The resulting Ca2+-influx leads to 
an increase in glutamate release, making this pathway a negative feedback 
pathway. The feedback-induced modulation of ICa can be seen as an inward 
current when the cone is clamped at a potential within the activation range 
of ICa (Figure 1Bi). We and others have shown that outside the activation 
range of ICa, the full field stimulus does not induce a current, suggesting that 
only ICa is modulated by feedback.

Recently, we slightly modified the procedure to isolate the retinas. Instead 
of removing a large number of rods from the retina to visualize the cone 
more easily (Figure 1Ai) (Verweij et al., 1996), we left the tissue more 
intact (Figure 1Aii). In such a preparation, the cones could be detected as 
slightly lighter areas beneath the rods (Figure 1Aii, right). Negative feedback 
measured in this preparation differed to some extent from that measured in 
a preparation where rods were removed (Figure 1Bii). In both preparations, 
the modulation of ICa was visible and the maximum amplitude of feedback 
occurred around -46 mV (Figure 1B, red arrowheads). We will call this 
current the primary surround-induced current (PC). However, in the more 
intact preparation a secondary surround-induced inward current (SC) was 
also present (Fig. 1Bii, blue arrowhead). This current was most prominent at 
potentials more negative than the activation range of ICa and its amplitude 
increased towards more negative potentials. Both PC and SC were observed 
in all cones studied in this preparation, whereas PC was present and SC was 
absent in the preparation used by Verweij et al. (1996). The nature of PC has 
been the subject of many studies and is due to an ephaptic and Panx1/ATP 

Introduction

Cones hyperpolarise when stimulated with a spot of light. This 
hyperpolarisation reduces when the spot size is increased (Baylor et al., 
1971), suggesting that cones are inhibited by surround stimulation. This is 
most prominent when cones are strongly hyperpolarised by a small spot 
of light and subsequently stimulated by an additional annulus or full field 
stimulus (O’Bryan, 1973; Piccolino et al., 1981; Lasansky, 1981). In such 
conditions cones will depolarise. These depolarising responses are mediated 
by feedback from horizontal cells (HC) to cones and depend on a Cl--current 
(Lasansky, 1981; Wu, 1991; Barnes and Deschênes, 1992; Thoreson and 
Burkhardt, 1991). It has been suggested that the underlying current was a 
GABA-gated Cl--current (ICl(GABA)) (Wu, 1991) or a Ca-dependent Cl-current 
(ICl(Ca)) (Barnes and Deschênes, 1992). Later experiments however, indicated 
that HCs feed back to cones by modulating the Ca2+-current (ICa) in cones 
(Verweij et al., 1996) leading to the activation of ICl(Ca) (Kraaij et al., 2000). 
The synaptic mechanism involves an ephaptic and a Panx1/ATP-mediated 
component (Kamermans et al., 2001; Klaassen et al., 2011; Vroman et al., 
2014).

The ephaptic/Panx1/ATP mechanism can account for the surround-induced 
depolarising responses and their dependency on Cl-. Negative feedback from 
HCs to cones shifts the activation potential of ICa in cones to more negative 
potentials (Verweij et al., 1996). This induces an increase in Ca2+-influx into 
the cone synaptic terminal, leading to activation of ICl(Ca). Depending on the 
Cl--equilibrium potential (ECl) in cones, this may lead to a depolarisation of 
the cone. However, this mechanism does not account for the finding that 
surround induced depolarising responses are most prominent when cones 
are strongly hyperpolarised (O’Bryan, 1973; Piccolino et al., 1981; Lasansky, 
1981). When cones are strongly hyperpolarized, their membrane potential 
is almost outside the activation range of the Ca2+-channels (Verweij et al., 
1996), making that the feedback induced shift in the activation potential of 
ICa will hardly lead to a modulation of the Ca2+-influx. ICl(Ca) will therefore not 
be activated.

In this paper we studied negative feedback from HCs to cones in strongly 
hyperpolarised cones and found a novel feedback pathway specifically active 
at hyperpolarised cone membrane potentials. The glutamate released by 
cones, either dark-induced or feedback-induced, spills over to neighbouring 
cones and activates the glutamate transporter associated Cl--current (ICl(GluT)). 
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Figure 2 The SC can be reduced by known blockers of negative feedback and is light intensity 
dependent. (Ai) DNQX (50 µM), a glutamate receptor antagonist, reduced PC (holding 
potential: -46 mV) by 78.8 ± 8.3 % (n = 5; p<0.001) and SC (holding potential: -96) by 72.1 ± 
11.5 % (n = 6; p<0.001). The negative feedback blockers HEPES (20 mM) and Acetate (25 mM) 
reduced PC by respectively 86.7 ± 6.6 % (n = 6; p<0.001) and 88.6 ± 5.1 % (n = 5; p<0.001) 
and SC by respectively 73.9 ± 7.6 % (n = 6; p<0.001) and 75.3 ±4.3 % (n = 5; p<0.001) Traces 
represent averages, each measurements is normalised to the minimum value in control 
conditions. (Aii) Histogram of the results from figure Ai. The reduction of the amplitude 
of the surround responses is shown for the different pharmacological agents used. (B) 
SC responses to different intensities of the full field stimulus. Intensities are expressed in 
relative log units. Similar results were observed in 6 cells.

The SC is mediated by HCs
First we determined whether SC resulted from activation of second order 
neurons or was an intrinsic property of the cones themselves. Application 
of DNQX (50 µM), a glutamate receptor antagonist, led to a near complete 
block of this current (Figure 2A). On average DNQX reduced PC and SC about 
equally (PC: 78.8 ± 8.3 %; n = 6; p<0.001; SC: 72.1 ± 11.5 %; n = 5; p<0.001). 
This shows that both PC and SC were generated via a glutamatergic pathway, 
most likely via modulation of HCs. If this were the case then blocking the 
output of HCs should also block both PC and SC. HEPES (20 mM) and acetate 
(25 mM) block the feedback from HCs to cones (Hirasawa and Kaneko, 2003; 

mediated modulation of ICa (Kamermans et al., 2001; Hirasawa and Kaneko, 
2003; Klaassen et al., 2011; Wang et al., 2014; Vroman et al., 2014). But what 
is the nature of SC?

Figure 1 Negative feedback induced currents in cones. (Ai) Microscopy image of the 
preparation as described by Verweij et al. (1996). (Aii) The preparation as used in this study. 
In the left image, the focus is on the rod outer segments. For the right image, the focus is 
on the cone inner segments. Since the rods are not removed the cones are barely visible, 
making it harder to target cones for patch clamp experiments. The scale bars represents 
10 µm. (Bi) Responses of a voltage clamped cone using a step protocol from -110 to -10 
mV. A spot with a diameter of 17 µm was focussed on the recorded cell during the whole 
protocol. 1 second after the start of a membrane potential step, a full field stimulus was 
applied for 500 ms. (Bii) Responses using the same stepping protocol as for Bi but now with 
the a retina prepared according the new procedure. Apart from negative feedback, another 
surround induced current is visible that has a transient character and increases towards 
more hyperpolarised potentials.
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Figure 3 PC and SC are mediated by different 
mechanisms. (A) Average PC (dark blue trace, 
n = 7) and SC (light blue trace, n = 13). ECl = -55 
mV. (Bii) PC (dark blue, filled symbols) shows run-
down, while SC (light blue, open symbols) does 
not. (Bii) The normalized average amplitude of 
PC and SC at 15 minutes after gaining access to 
the cell (n = 5). PC and SC were normalized to the 
amplitude of PC and SC at the time PC reached 
its maximum. PC run-down (p = 0.004) while SC 
run-up (p = 0.067). (C) SC is delayed in relation 
to PC. (Δt = 4.7 ± 1.7 ms; n = 22; p = 0.011). The 
difference in response time was measured by 
determining the time at which 5% of the peak 
response was reached.

which is close to ECl. When ECl was set at 
-28 mV, the reversal potential shifted to 
-34 ± 3 mV (n = 8), suggesting that SC is 
an inward rectifying Cl--current. 

We next addressed the transient 
character of SC. Is this an intrinsic feature 
of SC or does it indicate that SC is the 
sum of two processes? To obtain insight 
into this, we plotted the IV-relations of 
the sustained part of SC (Figure 4Aii) 
and fitted an exponential function in the 
same way as before. Both the peak and 
the sustained IV-relation showed similar 
inwardly rectifying characters and had 
similar reversal potentials that shifted 
with ECl. For the sustained IV-relation 
these values were -73.9 ± 10.2 mV (n = 6) 
for ECl = -55 mV and -36.1 ± 7.4 mV (n = 8) 

for ECl = -28 mV which did not differ significantly from the values obtained for 
the peak IV-relation, -63 ± 6 mV (n = 6) and -34 ± 3 mV (n = 8) for ECl = -28 mV 
(p = 0.192 and p = 0.771 respectively). These results suggest that SC consists 
of a single inwardly rectifying Cl-current.

The inwardly rectifying character of SC resembled that of the ICl(GluT) (Picaud 
et al., 1995). To test whether SC is the modulation of ICl(GluT), we applied the 

Fahrenfort et al., 2009) most likely via intracellular acidification and by 
buffering the pH in the synaptic cleft. Indeed both PC and SC were reduced 
when feedback was blocked by these substances (Figure 2A). On average 
HEPES reduced PC and SC by 86.7 ± 6.6 % (n = 6; p<0.001) and 73.9 ± 7.6 % 
(n = 6; p<0.001) respectively and acetate by 88.6 ± 5.1 % (n = 5; p<0.001) 
and 75.3 ± 4.3 % (n = 5; p<0.001) respectively. Finally, we tested the intensity 
range over which SC could be modulated (Figure 2B) and found that the 
dynamic range of SC spanned about 2.5 log units, which is similar to the 
dynamic range of HCs (Kraaij et al., 2000). These results show that both PC 
and SC are generated by HC activity.

PC and SC are mediated by different mechanisms
Next we determined whether SC is mediated by the same mechanism as PC. 
PC is the result of a feedback-induced shift in the activation potential of ICa 
to more negative potentials. SC, on the other hand, was active well outside 
the activation range ICa (Figure 1Bii) making it unlikely that SC is mediated by 
modulation of ICa. Also, the kinetics of the PC and SC differed significantly 
(Figure 3A). SC responses were transient, peaking at 120.2 ± 27.4 ms after 
stimulus onset whereas PC responses were sustained. This suggests that 
these two inward currents (PC and SC) have different origins. Apart from the 
difference in kinetics, PC and SC differ in their rundown behaviour during a 
whole cell recording. After an initial increase, ICa tends to run-down over time 
(Barnes and Hille, 1989), leading to a reduction of the amplitude of PC (Figure 
3Bi and Bii). SC, on the other hand, did not show a decrease in amplitude 
over time. In fact, it often slowly increased until it finally stabilized. If the 
underlying mechanism of PC and SC were the same, similar rates of run-
down or run-up would be expected. Next, we determined whether PC and 
SC had a similar delay relative to the light flash by comparing the times at 
which PC and SC reaches 5% of their peak amplitudes and found that SC was 
delayed relative to PC by 4.7 ± 1.7 ms (n = 22; p = 0.011) (Figure 3C). These 
results show that PC and SC are mediated by separate mechanisms.

SC shares characteristics with the glutamate transporter-associated 
chloride current
We next set out to identify what type of current SC is. Figure 4Ai shows the 
whole cell IV-relation of the peak SC current (red symbols) when ECl was set 
at -55 mV. An exponential function was fitted through the data points. To 
prevent interference from PC, the potential range where ICa is most active 
was excluded (-70 mV to -10 mV). The fit shows that SC is an inwardly 
rectifying current. The estimated reversal potential was -63 ± 6 mV (n = 6), 
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specific glutamate transporter blocker TBOA (DL-threo-β-Benzyloxyaspartic 
acid). The ECl was set at -28 mV to increase the amplitude of the SC. Figure 
4B shows that prolonged (>5 min) application of TBOA blocks both PC and SC 
whereas a shorter application of TBOA (2-3 min) hardly affected PC while SC 
was reduced by 46.6 ± 8.5% (p = 0.014, n = 7). TBOA is known to increase the 
glutamate concentration in the synaptic cleft such that synaptic transmission 
becomes saturated (Vandenbranden et al., 1996; Jabaudon et al., 1999; 
Izumi et al., 2002). This will cause PC and SC to disappear, which is what we 
found. Short-term application will not saturate synaptic transmission but will 
block GluTs and their associated ICl(GluT). Indeed we found that after short-term 
application of TBOA, PC was hardly affected while SC was reduced strongly, 
suggesting that SC depends on GluT activity.

Divalent ions are known to affect neuronal systems in a number of ways. One 
of them is that Zn2+ has been shown to block ICl(GluT) of the cones (Spiridon et 
al., 1998). We found that 10 µM Zn2+ blocked both PC and SC (91.2 ± 4.9 %; 
n = 3 and 93.0 ± 1.0 %; n = 3 respectively) (Figure 4C). Zn2+ induced block 
of ICl(GluT) was about equal to that induced by TBOA making it difficult to use 

uu Figure 4 SC has the characteristics of the ICl(GluT). (Ai) IV-relations of the amplitude of the 
surround-induced currents; the amplitude was determined by subtracting the current just 
before the full field light stimulus from the peak of surround induced current (red open 
symbols: ECl = -55 mV; yellow filled symbols: ECl = -28 mV. Exponential functions were fitted 
through the data points outside the range of the cone ICa and the reversal potentials were 
estimated. The average reversal potential for ECl = -55 mV was 63 ± 6 mV (n = 6) and for ECl 
= -28 mV, 34 ± 3 mV (n = 8). (Aii) IV-relations from the same cells, only now measured in 
the sustained part of the surround induced current. The reversal potentials for ECl = -55 
mV is -73.9 ± 10.2 mV and for ECl = -28 mV is -36.1 ± 7.4 mV. (B) The glutamate transporter 
blocker TBOA caused a reduction in the SC amplitude (Black traces: control; Blue traces: 
TBOA). The two columns show measurements at different times after onset of wash-in of 
the pharmacological agent (Left column: 2-3 minutes; right column: 5 minutes or more). 
PC is normalized to the highlighted area in control (light blue). SC is normalized to the peak 
response in control. 2-3 minutes after wash-in of TBOA, there was no significant reduction 
in PC (p = 0.128; n = 7). For SC however, a significant reduction in amplitude was observed 
of 46.6 ± 8.5% (p = 0.014; n = 7). At 5 minutes or more both PC and SC were blocked. ECl 
was set at -28 mV. (C) Application of 10 µM Zn2+ (light blue traces) caused a complete block 
of both PC and SC (n = 3). The traces represent the average. Measurements are normalised 
as described in B. (Di) PC and SC responses before (black traces) and after (green traces) 
application of different concentrations of Ni2+. Traces are normalized as described in B. (Dii) 
dose response curve for the effect of Ni2+ on PC and SC. The IC50 for PC was 28.8 ± 2.8 µM (n 
= 22) and for SC was 3.3 ± 1.2 (n = 23). (E) Intracellular substitution of K+ for choline blocked 
the SC over a course of ~30 minutes (Red open symbols: control; yellow filled symbols: K+ 
substituted for choline). The number of cells at a certain time point is indicated next to the 
symbols. 
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decreased with time after breaking in with a pipette filled with a solution in 
which K+ was replaced by choline (yellow trace). Such decrease in amplitude 
was absent when the pipette solution contained a K+ intracellular solution 
(red trace). The time it took to completely abolish the response was about 30 
minutes (Figure 4E, yellow), which is about the time it takes for a complete 
exchange of the cytosol with the pipette solution (Kraaij et al., 2000). These 
results show that SC depends on the K+ gradient and are consistent with the 
notion that SC is the activation of ICl(GluT).

What is the source of glutamate that activates ICl(GluT) 
So far we have shown that SC depends on HC hyperpolarisation, and is 
mediated by ICl(GluT). SC could be measured at membrane potentials well outside 
the range of ICa, a range where cones do not release glutamate. Therefore, the 
voltage clamped cone cannot provide the glutamate that activates GluT. The 
glutamate has to originate from a different source. Photoreceptors are the 
only source of glutamate in the outer retina. Since we used light intensities 
well above the operating range of rods, the neighbouring cones are the only 
likely source for glutamate. In such a scenario, glutamate released by these 
cones spills over to the recorded cone and activates ICl(GluT) which can be 
seen as SC. To test this, we determined the spatial reach of this glutamate 
spill over. In the dark condition, glutamate release from neighbouring cones 
spills over to the centre cone and activates the ICl(GluT) (Szmajda and DeVries, 
2011). The rationale for the current experiment was as follows. In whole cell 
configuration, the direct light response of a cone runs down in about 5-10 
minutes (Figure 5A). When the light response had run-down, the recorded 
cone and its direct neighbours were stimulated with a small spot of light. 
In this condition the spot will not induce a direct light response in the 
recorded cone, but will hyperpolarise neighbouring cones and reduce their 
glutamate release. The consequence is that the glutamate spilled over from 
the neighbouring cones to the cone recorded from will reduce, leading to 
a reduction of ICl(GluT). By increasing the diameter of the spot and measuring 
the amplitude of ICl(GluT), the spatial extent of the glutamate spill over can be 
estimated. 

We determined the IV-relation in the dark and when a spot was present, 
in a condition when the direct light response had fully run down. We used 
two spot sizes. The smallest spot (17 µm) covers the recorded cone and its 
direct neighbours while the larger spot (140 µm) covers a radius of about 11 
surrounding cones. Figure 5B shows the resulting IV-relations. We subtracted 
the IV-relations with and without the 17 µm spots and fitted an exponential 

this drug to study PC and SC independently of each other. We found that 
application of another divalent ion, Ni2+, could separate PC and SC (Figure 
4D). 12 µM of Ni2+ reduced the peak SC by 74.6 ± 7.5 % (p = 0.009; n = 7; 
partial washout in 4 cells) while having no significant effect on PC (p = 0.956; 
n = 6). The effect of Ni2+ did not change over time, suggesting that 12 µM Ni2+ 
does not saturate synaptic transmission while it still affects ICl(GluT). A dose-
response curve of the effect of Ni2+on PC and SC was constructed (Figure 4Dii). 
The IC50 for Ni2+ on PC and SC was 28.8 ± 2.8 µM (n = 22) and 3.3 ± 1.2 µM 
(n = 23) respectively. In addition, we found that the reversal potential of the 
Ni2+-blocked current was -54.9 ± 4.4 mV (n = 4), when ECl was set at -50 mV 
suggesting that Ni2+ inhibits a Cl--current. Since 12 µM of Ni2+ did not block 
PC, even after prolonged application, we conclude that glutamate uptake 
was minimally affected. Although nonspecific actions of Ni2+ cannot be fully 
excluded, the results presented so far are consistent with the hypothesis 
that 12 μM Ni2+ only blocked ICl(GluT) while leaving the transport of glutamate 
intact. In line with this is the finding of Wadiche et al. (1995) who showed 
that the transport of glutamate is independent of the Cl--current. 

To test whether Ni2+ had direct effects on ICa, we determined the shift of the 
half activation potential of ICa as a result of 12 µM Ni2+. To avoid activation of 
GluTs, the whole retina was stimulated with a bright full field light stimulus 
to block glutamate release of all photoreceptors in the retina. In this way 
we prevented modulation of ICl(GluT) to interfere with this measurement. We 
found no effect of 12 µM Ni2+ on ICa. The half activation potential shifted on 
average -0.1 ± 0.4 mV (n = 5), which is not significantly different from zero 
(p = 0.752). 12 µM Ni2+ did not significantly affect the peak amplitude of ICa 
(Control: -136.4 ± 25.0 pA; 12 µM Ni2+: -133.3 ± 22.3 pA; p = 0.455; n = 5), 
suggesting that other nonspecific actions of Ni2+ are not prominently present.

Low concentrations of Ni2+ have been shown to selectively block T-type 
Ca2+-channels (Lee et al., 1999), but these Ca2+-channels are not expressed 
in cones (Barnes and Hille, 1989). However, to be sure that the effect we 
observed could not be contributed to T-type Ca2+-channels we tested the 
effect of the selective T-type Ca2+-channel blocker mibefradil (Martin et al., 
2000) on SC and found no significant reduction in the amplitude (p = 0.26; 
n = 9; data not shown). These results show that 12 μM Ni2+ did not affect ICa 
directly and that Ni2+ at this concentration can be used as a blocker for ICl(GluT). 

GluT activity depends on the intracellular K+ concentration (Picaud et al., 
1995). Does this hold for SC as well? Figure 4E shows that the amplitude of SC 
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 Figure 6 Glutamate spillover modulates the cone membrane potential. (A) Surround induced 
cone responses in current clamp (constant saturating spot, 500 ms full field stimulus). By 
injecting current, the membrane potential was hyperpolarized to the indicated values. ECl 
= -50 mV. (B) Ni2+, a divalent ion we used to block the ICl(GluT), inhibited the spillover induced 
depolarisation by 55.5 ± 8.2 % (n = 5). Partial washout was observed in 3 cells. The traces 
represent the average, measurements are normalised to the peak values of the control 
conditions.

Feedback-induced activation of the ICl(GluT) modulates the cone output 
Does the activation of ICl(GluT) affect the cone membrane potential and thus 
the cone’s output? To study this, we saturated the cone being recorded from 
with a small spot of light, flashed a full field light stimulus and determined 
the cone voltage response. Since SC is maximal at very negative potentials, 
current was injected to hyperpolarise the cone’s dark membrane potential 
outside the activation range of ICa. This procedure also excluded interference 
of PC with the cone voltage response. The amount of injected current was 
adjusted stepwise such that the cone voltage response to the full field 
stimulus was obtained for various cone membrane potentials. The light 
induced response was always depolarising, had a transient character and 
increased towards more negative membrane potentials (Figure 6A). To test if 
the depolarisation was caused by ICl(GluT), we shifted ECl from -50 mV to -2 mV. 
The extrapolated reversal potential of the light response with ECl at -50 mV 
was -55.1 ± 5.6 mV (n = 6) and with ECl at -2 mV the reversal potential was 
-15.4 ± 8.7 mV (n = 6) indicating that the light response was mediated by 
ICl(GluT). Next we blocked ICl(GluT) with 12 µM Ni2+ (ECl=-50 mV), which blocks ICl(GluT) 
without saturating the outer retina with glutamate (see above) and found 
that the surround-induced depolarising response at a membrane potential 
of -67.4 ± 1.2 mV reduced by 55.5 ± 8.2 % (n = 5; p = 0.003) (Figure 6B). In 
3 of 5 cells tested, a partial washout was observed. Together these results 
show that the activation of ICl(GluT) by glutamate released from neighbouring 
cones causes modulation of the central cone’s membrane potential and thus 
its output. 

function through the result (Figure 5Bi). The subtracted current had a 
reversal potential of -31.5 ± 3.7 mV (n = 10) (ECl = -28 mV), consistent with 
the modulation of ICl(GluT). No additional reduction of ICl(GluT) occurred when 
the 140 µm spot was used (Figure 5Bii; ANOVA; f(1,10) = 0.064; p = 0.805; 
µ2 = 0.006; n = 6). This suggests that most of the glutamate reaching the 
recorded cone spills over from its direct neighbours and very little originates 
from cones that are further away. 

Figure 5 Glutamate spillover 
reaches only the synapses of 
neighbouring cones. (A) As the 
direct light response to the spot 
reduces due to bleaching, the 
amplitude of SC increases. (Bi) 
Difference of the IV-relations 
determined with a 17 µm spot and 
in the dark. In the dark, the centre 
cone receives glutamate spilled 
over from neighbouring cones. 
When using the spot however, 
the neighbouring cones do not 
release glutamate. The difference-
IV-plot therefore shows the ICl(GluT) 
activated by glutamate spilled 
over from neighbouring cones. 
Exponential functions were fitted 
through the individual IV-relations 
and the mean fit was plotted as a 
dotted line. The estimated reversal 
potential was -31.5 ± 3.7 mV with 
ECl = -28 mV (n = 10). (Bii) The 
difference-IV-plot using the 17 µm 
spot (red line; n = 10) and using the 
140 µm spot (yellow line; n = 6)). To 
test whether glutamate spilled over 
from cells further away than the 
direct neighbours is also activating 
the GluT associated ICl, we plotted 
an IV-relation of measurements in 
dark conditions, using the 17 µm 

spot and using the 140 µm spot. The difference IV-plot for the 140 µm spot for the 17 µm 
spot do not differ, showing that glutamate spillover does not reach further than one cone. 
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Supplementary figure 1 
A saturating spot is crucial for 
detection of SC. When only the full 
field light stimulus is used and no 
spot, one can still measure PC (top, 
red trace), although it is mixed 
with a direct light response. The 
SC, however, is dependent on the 
saturating spot. When only a full 
field stimulus is used, the response 
(bottom, red trace) is identical to 
a direct light response (light blue 
trace). The direct light response is 
measured using a spot of the same 
intensity as the full field stimulus. 
Black traces are measurements 
in the same cells using the 
saturating spot. Measurements are 
normalised to the minimum values 
of the control condition.

physiological condition. This might have prevented glutamate from diffusing 
too quickly into the perfusion medium. This makes it highly likely that SC is 
absent in retinal slices.

Feedback-induced activation of the GluT-associated ICl depolarises the cone
Whether the activation of ICl(GluT) modulates the membrane potential of cones 
and thus its output depends on the exact value of ECl. Estimates of ECl vary 
from -42 to -55 mV. Estimates of Thoreson and Bryson (2004) show that ECl is 
very close to the cone dark resting membrane potential (-46 mV). Kraaij et al. 
(2000) found a more hyperpolarised value for ECl (-55 mV). Other estimations 
put the ECl at -42 mV (Thoreson and Burkhardt, 1991), between -34 and -43 
mV (Sarantis et al., 1988) and at -47 mV (Kaneko and Tachibana, 1986). 
Taken together, it seems likely that ECl is very close to the dark membrane 
potential of cones. Therefore, modulation of ICl(GluT) in the dark will hardly 
affect the membrane potential. However, when cones are hyperpolarised, 
activation of ICl(GluT) will depolarise cones. In addition, the activation of ICl(GluT) 
may lead to shunting inhibition of the cones, thus reducing the gain of the 
synaptic transmission from cones to second order neurons. Consistent with 
this notion are the results of Veruki et al. (2006) who showed that activation 
of ICl(GluT) in BCs by glutamate spillover from neighbouring BCs reduced 
glutamate release as a result of shunting inhibition (Veruki et al., 2006). We 

Discussion

In this paper we show that the output of cones is modulated through the 
activation of a GluT by the glutamate released from their direct neighbouring 
cones. This pathway can be activated by negative feedback from HCs to cones, 
thus providing an additional feedback pathway. We have shown that this 
pathway can be blocked by TBOA and low concentrations of the divalent ions 
Zn2+ or Ni2+ and by removing the gradient of K+. Furthermore, the pathway 
was mediated by a Cl--current. These features suggest that it is mediated by 
activation of ICl(GluT) in cones. This pathway is much slower than the ephaptic 
feedback pathway (Vroman et al., 2014) and has a slight delay (4.7 ± 1.7 ms). 
The effectiveness of the pathway will therefore depend on ECl and, since ECl is 
close to the dark resting membrane potential of cones, will enhance negative 
feedback especially when cones are strongly hyperpolarised. 

Activation of the ICl(GluT) by negative feedback from HCs to cones
We have shown that glutamate released from cones can diffuse to 
neighbouring cones and activate ICl(GluT). This is in agreement with the results 
of Szmajda and DeVries (2011) who demonstrated glutamate spillover 
between cones. In their experiments glutamate release was triggered by 
artificially polarising cones. Here we show that physiological light stimuli can 
also induce glutamate spill over. In this case glutamate release induced by 
negative feedback from HCs to cones spills over to neighbouring cones. This 
feedback-induced spillover will be present under any stimulus condition, but 
in most conditions the current it induces will be masked by the reduction 
in glutamate release due to direct light stimulation. One needs to realise 
that spillover of glutamate has two effects on the surrounding cones: (1) it 
activates GluT and thus induces SC and (2) it activates glutamate receptors 
on dendrites innervating the surrounding cones. This later effect will not 
be visible in the cones, but will be physiologically highly relevant. To detect 
SC, the presence of the 17 µm spot covering the centre cone and its direct 
neighbours is essential (Supplementary figure 1). None of the cones covered 
by the spot will respond directly to the full field stimulus, but will be affected 
by negative feedback leading to an increase in their glutamate release. This 
glutamate will spill over to the centre cone and, with a slight delay, activate 
ICl(GluT).

The absence of the SC in measurements from previous studies seems to 
be due to the difference in the tissue preparation. In our procedure the 
retina was isolated without removing the rods, leaving the retina in a more 
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Functional implications of the surround-induced activation ICl(GluT)

What is the functional consequence of feedback-induced activation of 
ICl(GluT)? The first notion would be that glutamate spillover may induce spatial 
blur (Szmajda and DeVries, 2011). In principle this will happen, but given 
the distance glutamate spills over, this effect is very small and may even be 
insignificant. However, when glutamate spills over to neighbouring cones of 
a different spectral type the functional consequences will be substantial. In 
fish, cones are arranged in a very regular array (Fernald, 1981; Bowmaker 
and Kunz, 1987; Beaudet et al., 1997; Li et al., 2009), where L-cones flank 
M- and S-cones and M-cones flank L- and UV-cones. Glutamate will therefore 
spill over to cones of different spectral sensitivity, substantially affecting the 
spectral sensitivity of second order neurons. For instance, L-cones are direct 
neighbours of S-cones. Glutamate released by L-cones will thus spill over to 
S-cones and vice versa. Since L-cones have larger synaptic terminals than M- 
and S-cones (Li et al., 2009), it is likely that they are releasing more glutamate 
than S-cones. Therefore, the influence of L-cones on S-cones will be more 
prominent than the other way around. 

Fish have three types of cone driven HCs: MHCs, BHCs and THCs. They all have 
a specific spectral sensitivity. MHCs hyperpolarise to light of all wavelengths, 
BHCs hyperpolarise to short and middle wavelength light and depolarise to 
long wavelength light, and THCs hyperpolarise to short and long wavelength 
light and depolarise to middle wavelength light. These responses are thought 
to be generated via a cascade of feed forward and feedback connections (Stell 
et al., 1975; Kamermans et al., 1990). Although the spectral sensitivity of the 
HCs is well described by this model, some discrepancies remain. The cascade 
model makes a very specific prediction. The hyperpolarising response to long 
wavelength light of the THC should be generated by negative feedback from 
the BHCs to the S-cones. Since the BHCs depolarise to long wavelength light, 
negative feedback, due to long wavelength light stimulation in the S-cone, 
should be inverted. This prediction has been tested directly and could not be 
confirmed (Kraaij et al., 1998) leaving the hyperpolarising response to long 
wavelength light in THCs unexplained. Can spillover of released glutamate 
resolve this discrepancy between the morphological- and physiological-
connectivity? In the dark, L-, M- and S-cones release glutamate continuously, 
causing spillover. When stimulated with long wavelength light L-cones 
will hyperpolarise and reduce their glutamate release. Consequently, the 
glutamate concentration around the synaptic terminal of adjacent S-cones 
will reduce, leading to a reduction of the glutamate concentration sensed by 
the THCs. This will induce the hyperpolarising response observed in the THC 

tested directly whether activation of ICl(GluT) could modulate the membrane 
potential of cones. With ECl at -50 mV, cones depolarised due to activation 
of ICl(GluT) by glutamate spillover from neighbouring cones. This shows that, 
at least when cones are hyperpolarised, spilt over glutamate modulates the 
cone membrane potential and thus its output.

Cl--dependence of surround induced responses
Many researchers have shown that negative feedback from HCs to cones 
modulates a Cl--current in cones (Lasansky, 1981; Wu, 1991; Barnes and 
Deschênes, 1992; Thoreson and Burkhardt, 1991). Potentially there are three 
Cl--mediated currents that could be involved: (1) ICl(GABA), (2) ICl(Ca) and (3) ICl(GluT). 
Surround-induced responses have been proposed to be mediated by ICl(GABA) 
(Murakami et al., 1982b; Murakami et al., 1982a; Wu, 1991). Wu (1991) 
showed that the depolarising response could be blocked by bicuculline, a 
GABAA receptor antagonist. However, the effect of bicuculline was only 
partial and may have been due to its depolarising effect on the HCs (Umino 
and Dowling, 1991). Furthermore, others found no effect of GABA agonists 
or antagonists on the surround-induced depolarisation in cones (Miller et 
al., 1981; Thoreson and Burkhardt, 1990). We and others have found that 
ICl(GABA) is not mediating negative feedback but rather plays a modulatory 
role (Gilbertson et al., 1991; Xiong-Li and Wu, 1993; Verweij et al., 1996; 
Kamermans et al., 2001; Endeman et al., 2012). It seems that the surround 
induced depolarising responses in cones are caused by the activation ICl(Ca) 
(O’Bryan, 1973; Lasansky, 1981; Piccolino et al., 1981; Kraaij et al., 2000). 
Such activation can lead to prolonged depolarisations (Burkhardt et al., 
1988; Thoreson and Burkhardt, 1991).

As we have shown here, negative feedback can also act via ICl(GluT). The pathway 
is especially active when cones are hyperpolarised outside the operational 
range of the Ca2+ channels. At those potentials, activation of ICl(GluT) underlies 
the surround induced depolarising responses in cones. We propose the 
following interaction between ICa, ICl(Ca) and ICl(GluT). The activation of ICl(GluT) is 
prominent only when cones are strongly hyperpolarised and will depolarise 
the cones back in the operating range of ICa. By doing so it will increase the 
efficiency of the ephaptic and Panx1/ATP feedback systems, which will lead 
to an increased influx of Ca2+ into the cone terminal and an activation of ICl(Ca), 
leading to a further depolarisation. 
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Pipettes were connected to an Axopatch 200B patch clamp amplifier 
(Molecular Devices, Sunnyvale, CA, 4-pole low pass Bessel filter setting: 
2 KHz). All data shown are corrected for the junction potential. Data was 
digitized and stored with a PC using a CED 1401 AD/DA converter at 4KHz using 
Signal software (v. 3.07; Cambridge Electronic Design (CED), Cambridge, UK) 
to acquire data, generate voltage command outputs and drive light stimuli.

Light stimuli
A 17 µm white light spot (1 log) was focused through a 60x water immersion 
objective on the cone outer segment. A 4500 µm ‘full field’ white spot (0 
log) was projected through the microscope condenser. The light stimulator 
consisted of two homemade LED stimulators based on a three-wavelength 
high-intensity LED (Atlas, Lamina Ceramics Inc., Westhampton, NJ, USA). The 
peak wavelengths of the LEDs were 624, 525 and 465 nm, respectively, with 
bandwidths smaller than 25 nm. An optical feedback loop ensured linearity. 
The output of the LEDs was coupled to the microscope via light guides. White 
light consisted of equal quantal output of the three LEDs. 0 log intensity was 
3.8 x 1015 quanta m-2s-1.

Data analysis
Data was analysed using Office Excel 2010. Fitting of the data was performed 
using Origin Pro (v8, Origin Lab Corporation). Significance was tested using a 
two tailed paired t-test. The ANOVA was performed using IBM SPSS Statistics 
v21. All error bars represent the standard error of the mean.
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cells without requiring a sign reversed negative feedback response in the 
S-cones. Such a scenario would solve a long standing controversy in retinal 
research and shows that morphological and functional connectivity may not 
always fully overlap.

Materials and methods

Experimental animals and isolated retina preparation 
Animal experiments were performed under the responsibility of the ethical 
committee of the Royal Netherlands Academy of Arts and Sciences acting 
in accordance with the European Communities Council Directive of 24 
November 1986 (86/609/EEC). Goldfish, Carassius auratus, were euthanized 
and the eyes enucleated. The eye was cut around the iris, just below the 
border of the retina. The top was carefully lifted off while the retina was still 
attached and the optic nerve was cut. The eye-cup was placed in Ringer’s 
solution. The retina was isolated and placed in the recording chamber.

Solutions 
Control Ringer solution contained (in mM): 102.0 NaCl, 2.6 KCl, 1.0 MgCl2, 
1.0 CaCl2, 28.0 NaHCO3, 5.0 glucose, 0.1 picrotoxin and was continuously 
gassed with 2.5% CO2 and 97.5% O2 to yield a pH of 7.6. Concentrations of 
the drugs used are indicated in the text and legends. Pipette solution (in 
mM): 87 K-gluconate, 10 KCl, 1 MgCl2, 0.1 CaCl2, 1 EGTA, 10 HEPES, 10 ATP-K2, 
1 GTP-Na3, 20 phosphocreatine-Na2, 50 units ml−1 creatine phosphokinase, 
adjusted with NaOH to pH 7.3 and resulting in a ECl of -55 mV. For other 
values of ECl the concentration of K-gluconate and KCl of the pipette solution 
were adjusted accordingly. All chemicals were purchased from Sigma-
Aldrich (Zwijndrecht, the Netherlands), except for HEPES and Acetate which 
was supplied by Merck KGaA (Darmstadt, Germany) and TBOA which was 
obtained from Tocris (Bristol, UK).

Electrodes and recording set-up
Electrophysiological recordings of cones were performed following published 
methods (Kraaij et al., 2000). Patch-pipettes (resistance 3-5 MΩ) were pulled 
from borosilicate glass capillaries (GC-150T-10, Harvard Apparatus Ltd, UK) 
using a Brown Flaming Puller (Model P-87; Sutter Instruments Company). 
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General Discussion

This thesis describes the synaptic mechanism of negative feedback from 
horizontal cells (HCs) to cones in unprecedented detail. This mechanism has 
puzzled the retinal community for decades and many hypotheses have been 
proposed to account for it. In this thesis I show that feedback consists of two 
components, an ephaptic mechanism and a mechanism involving the release 
and extracellular hydrolysis of ATP. Furthermore, I present evidence for a 
new mechanism that modulates feedback; negative feedback can induce 
glutamate release in cones, which then spills over to neighbouring cones and 
inhibits them. In this discussion I will address issues that did not get enough 
attention in the preceding chapters. Since every new theory needs to also 
account for all the previous data collected, I will evaluate the data collected 
in earlier studies on feedback in light of my findings. 

1. A GABA-mediated mechanism for negative feedback
Initially, it was proposed that negative feedback from HCs to cones is 
GABA-ergic (Wu and Dowling, 1980; Tachibana and Kaneko, 1984). The first 
evidence for such a mechanism came from studies showing that HCs can 
synthesise GABA and release it upon depolarisation (Schwartz, 1982; Ayoub 
and Lam, 1984). This release mechanism was unusual, as the HCs of cold-
blooded animals have been shown to release GABA via GABA transporters 
working in the reversed direction (Schwartz, 1982, 1987; Yazulla, 1983; 
Yazulla and Kleinschmidt, 1983; Cammack and Schwartz, 1993; Kamermans 
and Werblin, 1992; Dong et al., 1994). Furthermore, electrophysiological and 
immunocytochemical studies showed that cones express ionotropic GABA 
receptors (GABARs) (Tachibana and Kaneko, 1984; Kaneko and Tachibana, 
1986; Yazulla et al., 1989). Thus, the synthesis of, the release mechanism for 
and the targets for GABA are present in the outer retina.

Physiological evidence was gathered in support of the GABA hypothesis. 
Cones hyperpolarise when stimulated with a small light spot. When 
subsequently activating the surround with a larger spot, the hyperpolarised 
response reduces (Baylor et al., 1971). A prominent surround induced 
depolarising response can be seen when cones are saturated with a small 
bright spot preceding the surround stimulation (O’Bryan, 1973; Piccolino 
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Gerschenfeld and Piccolino, 1980; Lasansky, 1981; Thoreson and Burkhardt, 
1991). This suggests that the depolarising response is caused by the opening, 
not closing, of a channel. Could one of the other Cl--currents mediate the 
surround induced depolarisation? Negative feedback from HCs to cones 
leads to an increase in ICa and thus an increase in the Ca2+-concentration 
([Ca2+]i) in the cones. This activates ICl(Ca), which leads to a decrease in input 
resistance and can depolarise cones if the equilibrium potential of Cl- (ECl) is 
more positive than the membrane potential. Whether the modulation of a 
Cl--current will lead to a surround induced depolarisation therefore depends 
on ECl.

If ECl is more negative than the cone membrane potential, feedback 
mediated via the GABA-ergic mechanism would result in a surround induced 
depolarisation, while it would result in a surround induced hyperpolarisation 
if ICl(Ca) was involved. Thoreson and Bryson (2004) found that ECl in physiological 
conditions was around the dark resting membrane potential of cones (-46 
mV; Thoreson and Bryson, 2004). If cones are hyperpolarised by light, ECl 
will be more positive than the cone membrane potential, suggesting that 
the surround-induced depolarising response is a modulation of ICl(Ca). Similar 
conditions might have occurred in other studies as well, as often a bright 
small spot focussed on the recorded cone was used to prevent direct light 
responses (O’Bryan, 1973; Piccolino et al., 1981; Lasansky, 1981; Kraaij et al., 
2000) and as such, the cone being recorded from was therefore relatively 
hyperpolarised. Wu (1991) removed the outer segment from the cone being 
recorded, which is likely to also results in a hyperpolarisation of the cone. In the 
experimental conditions of all of these studies cones depolarise to surround 
stimulation, which is consistent with the modulation of ICl(Ca). Furthermore, 
many of the early experiments were performed with sharp microelectrodes 
filled with a high concentration of KCl (1.5-3 M). Cl- may have leaked from 
the pipette into the cone, shifting ECl to more positive potentials (Djamgoz 
and Ruddock, 1979; Lasansky, 1981; Burkhardt et al., 1988; Thoreson 
and Burkhardt, 1991) enhancing a ICl(Ca) mediated depolarising responses. 
Consistent with this, Kraaij et al. (2000) showed directly, in voltage clamp 
experiments, that the depolarising response is mediated by the activation of 
ICl(Ca) and not by modulation of ICl(GABA)

In chapter 6 I showed that a depolarising response can also be induced by the 
activation of ICl(GluT), especially when cones are experimentally hyperpolarised 
to potentials outside the activation range of ICa. In such hyperpolarised 
conditions, the surround-induced shift of the activation potential of ICa does 
not result in an increased Ca2+-influx into the cone terminal and, consequently, 

et al., 1981; Lasansky, 1981). Since HCs have large receptive fields, it was 
suggested that the surround induced responses were mediated by HCs. The 
surround-induced responses were shown to be mediated by a Cl--current in 
cones (Lasansky, 1981; Wu, 1991; Barnes and Deschênes, 1992; Thoreson 
and Burkhardt, 1991), suggesting the involvement of the GABA-gated Cl-

-current (ICl(GABA)). Indeed the depolarising responses in cones were GABA-
sensitive and could be reduced, or sometimes blocked by GABA receptor 
antagonists (Djamgoz and Ruddock, 1979; Murakami et al., 1982; Stone 
and Witkovsky, 1987; Wu, 1991). At that time, the hypothesis of a GABA-
mediated mechanism underlying negative feedback seemed well supported. 

However, others were unable to reproduce the effects of GABA agonists or 
antagonists on the surround-induced depolarisation in cones (Fish: Miller 
et al., 1981; Turtle: Thoreson and Burkhardt, 1990; Fish: Kamermans et al., 
unpublished results). Later it was demonstrated that negative feedback from 
HCs to cones was mediated by a GABA-independent modulation of ICa in 
cones (Fish: Verweij et al., 1996; Endeman et al., 2012; Monkey: Verweij et al., 
2003). Upon hyperpolarisation of HCs, the activation potential of ICa shifted to 
more negative potentials (Verweij et al., 1996). This shift caused an increase 
in the influx of Ca2+ into the cone synaptic terminal and consequently an 
increase in glutamate release. The modulation of ICa itself, however, did not 
cause a significant depolarisation of the cone membrane potential (Verweij 
et al., 1996; Kraaij et al., 2000).

These findings left open two questions: what is the origin of the surround-
induced depolarising response, and what is the role of GABA release from 
HCs?

The origin of the surround-induced depolarisation
Because the surround-induced depolarising response was shown to be 
mediated by an ICl and all the components for a GABAergic mechanism were 
present, it was assumed that ICl was ICl(GABA). However, the cone contains 
two other Cl--conductances, the Ca2+-dependent Cl--current (ICl(Ca)) and the 
glutamate transporter associated Cl--current (ICl(GluT)) (see chapter 5). 

According to the GABA hypothesis, GABA release is high when the HCs are 
depolarised and decreases upon HC hyperpolarisation. Thus, feedback results 
in a reduction of ICl(GABA), leading to an increase in input resistance. Conversely, 
however, many studies have shown that surround stimulation leads to a 
decrease in input resistance of the cones (see also chapter 1; O’Bryan, 1973; 
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GABARs on the cone are located within the synaptic cleft and can interfere 
with the circuitry responsible for ephaptic feedback. Hemichannels located 
on the tips of the HC dendrites form large pores and thus, have a large 
conductance leading to a current flowing into the HCs. This current must also 
pass through the synaptic cleft, which is a very confined space and thus has 
a relatively large resistance. This causes the synaptic cleft to have a slightly 
negative potential relative to the extrasynaptic space. Activation of ICl(GABA) 
on the HC offers an alternative route for the current through the connexin 
(Cx) hemichannels and in this way reduces negative feedback. If the GABA 
concentration in the outer retina is high, the shunting by ICl(GABA) is larger and 
thus negative feedback will be smaller. 

It has been known for a long time that feedback is reduced in the dark 
adapted retina (Witkovsky et al., 1988; Witkovsky et al., 1989). A possible 
mechanism underlying this modulation of the feedback strength may be the 
GABAergic system in the outer retina. The GABA release of HCs increases with 
dark-adaptation, which is a relatively slow process (Yazulla and Kleinschmidt, 
1982; O’Brien and Dowling, 1985; Yazulla, 1985). GABA transporters are 
distributed over the whole HC (Klooster et al., 2004) and GABA is therefore 
released in the relatively large extrasynaptic volume, instead of only in the 
confined synaptic cleft. Changes in the GABA concentration are consequently 
slow and thus GABARs will only be modulated on a slow time scale. 
Furthermore, the amount of GABARs on cones has been shown to increase 
with dark-adaptation (Choi et al., 2011). Taken together, this suggests that 
GABA-mediated signalling is governed by slow mechanisms. This makes the 
GABAergic pathway a slow modulation pathway instead of a component of 
the fast feedback mechanism that underlies the surround responses of BCs. 
Activation of the GABAergic system in the dark adapted retina will reduce the 
efficiency of the feedback pathway from HCs to cones. In the light adapted 
retina the GABAergic system will not be active and feedback will be fully 
functional.

Unlike in fish, HCs in the mammalian retina release GABA via vesicles (Lee and 
Brecha, 2010; Hirano et al., 2011; Liu et al., 2013). Mammalian HC dendrites 
contain low quantities of vesicles (Dowling et al., 1966; Raviola and Gilula, 
1975; Linberg and Fisher, 1988; Brandstätter et al., 1999) and the proteins 
necessary for vesicle docking and fusion are present in the tips of the HC 
dendrites (synaptoporin, SNAP-25, Rab3A and SNARE; Brandstätter et al., 
1996; Grabs et al., 1996; Lee and Brecha, 2010). Furthermore, mammalian 
HCs express the vesicular GABA transporter (VGAT) that fills vesicles 
with GABA and glycine (Cueva et al., 2002), suggesting the presence of a 

ICl(Ca) is not activated and can therefore not account for these depolarising 
responses. Given that in these strongly hyperpolarised conditions ICl(GluT) 
mediates the depolarisation, why then did some researchers find that GABA 
and GABA-antagonists affect feedback? One possible explanation is that 
the effect of GABA and GABA-antagonists could be indirect. The surround 
induced depolarising responses reported by Wu (1991) was partially blocked 
by bicuculline, a GABA receptor antagonist. Nonetheless, bicuculline did not 
result in a complete block. There are a number of complicating factors here. 
Firstly, cones are not the only neurons in the outer retina expressing GABARs 
as HCs also express ionotropic GABA-receptors (Kamermans and Werblin, 
1992; Verweij et al., 1998; Yang, 2004). Secondly, HCs receive dopaminergic 
input from interplexiform cells (IPCs) (Dowling and Ehinger, 1975, 1978; 
Dowling, 1986; Yazulla and Zucker, 1988), which modulates the gap junctions 
between HCs (Teranishi et al., 1983; Piccolino et al., 1984; Lasater and 
Dowling, 1985; Mangel and Dowling, 1985; DeVries and Schwartz, 1989; 
Dong and McReynolds, 1991; Xin and Bloomfield, 1999) and the sensitivity 
of the glutamate receptors on HCs (Knapp and Dowling, 1987). Finally, IPCs 
are under GABA-ergic inhibition. Modulation of each these different GABA-
ergic and dopaminergic mechanisms will have different effects on HCs. 

Direct effects of GABA antagonists on HCs will result in a hyperpolarisation 
of HCs (Kamermans and Werblin, 1992; Verweij et al., 1998) since ECl in HCs 
is -20 mV (Miller and Dacheux, 1983; Djamgoz and Laming, 1987). Blocking 
the GABA-ergic inhibition on IPCs causes them to increase their dopamine 
release, which leads to an increase in sensitivity of the glutamate receptors 
on HCs and thus a depolarisation of HCs (Umino and Dowling, 1991). Such 
depolarisation of HCs will result in a shift of ICa of cones to more positive 
potentials. If the recorded cone is already relatively hyperpolarised, as I 
previously proposed, a surround-induced shift of the activation potential of 
ICa results in a much smaller increase of the Ca2+-influx into the cone terminal 
than without bicuculline. The increase in ICl(Ca) is consequently smaller and 
thus the depolarising response is reduced. The bottom line is that the 
effect of GABA on the cone-HC system will strongly depend on the relative 
contribution of the various pathways and the adaptation state of the retina. 

The role of GABA in the outer retina
GABA is still likely to play a role in negative feedback, but most likely functions 
as a neuromodulator instead of a neurotransmitter. GABA has recently been 
proposed to modulate negative feedback by shunting feedback via the 
activation of ICl(GABA) on the cone photoreceptor (Endeman et al., 2012). The 
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What would be the role of this GABA-ergic system? Let us assume that, just as 
in the lower vertebrates, GABA functions as a modulator in the mammalian 
outer retina. In the dark-adapted retina, GABA release is high and GABA 
receptors on HCs are activated. Bicarbonate is released, slightly alkalising the 
synaptic cleft. Note that this will oppose the ATP mediated acidification. The 
net result will be that the pH gradient in the synaptic cleft will be reduced 
and thus negative feedback is reduced. In the light-adapted retina GABA 
release is low and the GABA-gated channels will be closed. Consequently, 
no bicarbonate will be release into the synaptic cleft, which will lead to a 
stronger acidification of the synaptic cleft due to the hydrolysation of ATP 
and, as a result, the pH gradient will be larger and thus feedback will become 
larger. In this mechanism, GABA is a neuromodulator inhibiting feedback 
from HCs to cones, instead of a neurotransmitter mediating feedback.

GABA-ergic feedforward inhibition on BCs 
HCs may feed forward to bipolar cells (BCs) via a GABA-ergic system. The 
presence of feedforward signals from HCs to BCs has been shown in the 
tiger salamander (Yang and Wu, 1991; Hare and Owen, 1992; Fahey and 
Burkhardt, 2003). They used APB (L-2-aminophosphonbutyric acid or L-AP4), 
an agonist of the glutamate receptors located on depolarising BCs (DBCs), to 
eliminate the feedforward signal from photoreceptors to DBCs. Both spot and 
surround stimuli were used while measuring DBCs before and after applying 
APB. If the surround response is generated only by feedback from HCs to 
photoreceptors, both the response to the spot and to the full field stimulus 
would be expected to be blocked by APB. It was found that the response to the 
spot was blocked, while the surround response was not entirely eliminated, 
suggesting the presence of a feedforward signal from HCs to DBCs (Yang and 
Wu, 1991; Hare and Owen, 1992; Fahey and Burkhardt, 2003) that may be 
mediated by GABA. However, the possibility that this remaining response 
came from amacrine cells in the inner retina cannot be excluded.

2. The ephaptic mechanism
The effect of carbenoxolone on the calcium current in cones
One of the proposed hypotheses to account for the feedback induced 
modulation of ICa is the ephaptic hypothesis (see chapter 2). The key 
components in this mechanism are Cx hemichannels, which are located on 
the tips of HC dendrites (Kamermans et al., 2001; Shields et al., 2007; Klaassen 
et al., 2011). Part of the evidence supporting the ephaptic hypothesis is the 
blockage of the light-induced feedback response by the Cx and pannexin 

mechanism involving vesicle release of GABA. Fish HCs contain considerably 
fewer vesicles (Wagner, 1980) and the expression of VGAT is much lower 
than in the mammalian retina (Klooster, unpublished data), so it is therefore 
unlikely that vesicle release is their primary mechanism for the release of 
GABA. 

Liu et al. (2013) proposed that in the mammalian retina GABA mediates 
negative feedback from HCs to cones in a pH-dependent manner. They 
suggested that when HCs are depolarised, Ca2+ enters the HC via voltage-
gated Ca2+-channels and, as vesicle docking and fusion is dependent on [Ca2+]
i, GABA is released. GABA activates GABARs on the HC itself, which has been 
shown to happen in other systems (Kamermans and Werblin, 1992). They 
showed that GABARs are permeable for Cl- and bicarbonate and went on to 
argue that a bicarbonate-flux through the GABARs influences the pH in the 
synaptic cleft and, as such, mediates feedback from HCs to cones. Of course, 
the functioning of this mechanism would be dependent on the equilibrium 
potential of bicarbonate (Ebicarb). Liu et al. (2013) proposed that the Ebicarb was 
more negative than the HC membrane potential. Under such conditions they 
speculated that bicarbonate flows into the HC, leading to an acidification of 
the synaptic cleft. Hyperpolarisation of HCs reduces the GABA release and 
thus the uptake of bicarbonate. This then leads to an alkalinisation of the 
synaptic cleft and thus induces a shift of ICa to negative potentials. In this way 
HCs feed back to cones in a pH sensitive manner.

There are three arguments against this speculation. First of all, feedback is 
present in conditions where the GABA-receptors are blocked, both in lower 
vertebrates and in mammals. Secondly, the Ebicarb is most likely more positive 
than the dark resting membrane potential (Farrant and Kaila, 2007). Only in 
extremely depolarized conditions might EBicarb become more negative than the 
membrane potential of HCs. This means that under physiological conditions 
bicarbonate will be released by the HCs via the GABARs and the resulting 
efflux of bicarbonate will make the synaptic cleft slightly alkaline. This efflux 
will reduce with hyperpolarisation of HCs, since they stop releasing GABA, 
and consequently the GABARs will close. This then leads to an acidification 
of the synaptic cleft and thus a shift of ICa to more positive potentials, which 
is the opposite of what was found experimentally by Liu et al., (2013). Finally, 
the assumption that diffusion of bicarbonate through the GABARs into the 
HC would be more efficient than diffusion of bicarbonate out of the synaptic 
cleft seems far-fetched, given the much higher resistance of the GABARs 
compared to the cleft.
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cones, while CBX blocks feedback completely (Kamermans et al., 2001). 
Therefore, it is unlikely that the elimination of feedback by CBX can be 
entirely attributed to a reduction in ICa.

blocker carbenoxolone (CBX) (Kamermans et al., 2001). It was later shown 
that CBX may directly inhibit ICa as well (Vessey et al., 2004). To account for 
the CBX-induced blockage of feedback it was suggested that CBX blocked ICa 
and thus synaptic transmission of the cones. This would result in a blocking 
of the HC responses and thus a blockage of feedback. 

Kamermans et al. (2001) performed an experiment that ruled out this 
possibility by showing that CBX does not block the cone synaptic transmission. 
The ephaptic feedback mechanism is dependent on the current flowing 
through the intersynaptic space into the HCs. In principle, the identity of 
the channel mediating this current does not matter. Therefore, the ephaptic 
hypothesis predicts that other channels should be able to fulfil the role of Cx 
hemichannels on the HC dendrites as well. The rationale for the experiment 
performed by Kamermans et al. (2001) was as follows; if Cx hemichannels 
are blocked with CBX and glutamate receptors are opened with kainate, the 
glutamate gated channel should form the current sink and feedback should 
be restored. The results of this experiment led to two conclusions: (1) CBX 
does not block glutamate release by cones and (2) other channels can take 
over the role of the Cx hemichannels.

Figure 1 shows the response of a biphasic HC to middle and long wavelength 
light stimulation. The depolarising response due to long wavelength 
stimulation is mediated by feedback from monophasic HCs to M-cones 
and can be used as a measure for negative feedback . First CBX is added, 
showing an elimination of the depolarising response , and finally a strong 
hyperpolarisation of the resting membrane potential of the HC due to Cx 
closure . Kainate is subsequently added and the glutamate receptors 
on the HC dendrites open, resulting in a depolarisation of the HC. After 
prolonged application, all glutamate receptors are fully open and the HC has 
depolarised completely and lost all its light responses . However, for a brief 
window in time a portion of the glutamate receptors are sustainably opened 
by kainate, while de remaining receptors are modulated by the glutamate 
release from cones . The result is that light responses reappear. During 
this time, the kainate-receptors take over the role of the Cx hemichannels 
(Kamermans et al., 2001; Klaassen et al., 2011) and feedback is restored. 
This shows that CBX does not block synaptic transmission and that other 
channels can take over the role of Cx hemichannels. 

An additional argument against the suggestion that CBX blocks ICa is that 
Vessey et al. (2004) reported that CBX blocked ICa by only 37 ± 7% in isolated 

Figure 1 CBX does not block ICa, because HC responses that depend on ICa can be temporarily 
restored by the additional application of kainate. See main text for explanation. Figure taken 
from Kamermans et al. (2001).

3. The proton-mediated feedback mechanism
HEPES
In 2003, Hirasawa and Kaneko showed that buffering of the pH in the synaptic 
cleft by 10 mM HEPES diminished the shift of the activation potential of ICa, 
providing evidence for the hypothesis that ICa of cones is modulated by pH 
changes in the synaptic cleft. Alkalinisation shifts the activation potential of 
ICa towards more negative potentials and increases its amplitude (Barnes 
and Bui, 1991; Barnes et al., 1993), resulting in an increased influx of Ca2+ 
into the cone and consequently an increased release of glutamate. Many 
researchers have confirmed that strong extracellular pH buffering by HEPES 
inhibits negative feedback from HCs to cones (Vessey et al., 2005; Cadetti 
and Thoreson, 2006; Jouhou et al., 2007; Davenport et al., 2008; Fahrenfort 
et al., 2009; Trenholm and Baldridge, 2010; Wang et al. 2014).
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inward rectifying K+ current (IKir). Since this current is sensitive to both 
intracellular and extracellular H+, HEPES may affect the rollback response 
independently of negative feedback. 

In this thesis I have shown that negative feedback is mediated by both an 
ephaptic and a pH dependent mechanism. With this in mind, can the effect 
of HEPES on feedback be accounted for? First of all, it has to be noted that 
HEPES does not block feedback completely. It reduces the maximal inducible 
shift of the activation potential of ICa to about 40%. Experimentally it has been 
shown that HEPES removes both the fast component of feedback (primarily 
Cx-mediated) as well as the slow component (pannexin 1-mediated) 
(Chapter 6, figure 2). The fast component is most likely reduced because of 
the intracellular acidification and subsequent closure of Cx hemichannels. 
The slow component may either be reduced because pannexin 1 (Panx1) is 
also affected by the intracellular increase in pH, or because the increased 
pH buffer capacity in the synaptic cleft by HEPES makes modulation of the 
pH in the synaptic cleft impossible. In chapter 4 I showed that blocking 
Panx1 channels with probenecid caused a hyperpolarisation of the HC dark 
resting membrane potential (Chapter 4, figure 5). Adding probenecid in the 
presence of HEPES resulted in an even larger hyperpolarisation, suggesting 
that intracellular acidification does not block Panx1.

Measurements of extracellular pH
The proton-mediated feedback hypothesis predicts that HC depolarisation 
makes the synaptic cleft more acidic, but is there direct evidence for this? 
Jouhou et al. (2007) measured the external pH of isolated HCs using the 
pH-sensitive lipophylic dye 5-hexa-decanoylaminofluorescein (HAF). They 
showed that depolarisation of HCs induced an external acidification. However, 
Molina et al. (2004) used self-referencing H+-sensitive electrodes and came to 
the opposite conclusion (Molina et al., 2004; Kreitzer et al., 2007; Kreitzer et 
al., 2012). To resolve this discrepancy, Jacoby et al. (2012) used both methods 
simultaneously, replicating the contradictory results, but also identifying the 
source of the discrepancy. Contrary to what Jouhou et al. (2007) suggested, 
the HAF dye was localised on the intracellular, instead of extracellular, side of 
the HC plasma membrane. Therefore, the fluorescence imaging experiments 
showed an acidification of the intracellular compartment, instead of the 
extracellular compartment. Overall, these experiments show that HC 
depolarisation leads to an alkalinisation of the extracellular medium.

Using zebrafish retinae loaded with Ca2+-indictors, Vessey et al. (2005) 
measured the modulation of [Ca2+]i in the cone synaptic terminal when 
cells were depolarised by increasing the external K+ concentrations. This 
depolarisation resulted in an increase in the Ca2+-influx. They then compared 
the depolarisation-induced change in [Ca2+]i in conditions where HCs were 
hyperpolarised with DNQX or depolarised by kainate. Application of kainate 
or DNQX respectively decreased and increased the change in [Ca2+]i and these 
effects could be blocked by high concentrations of HEPES. They argued that 
the differences in the modulation of [Ca2+]i induced by kainate and DNQX 
were due to negative feedback from HCs to cones. Since HEPES could block 
these effects, it was concluded that negative feedback from HCs to cones was 
mediated by protons. Furthermore, Cadetti and Thoreson (2006) recorded 
feedback responses from a cone while directly polarising HCs by current 
injection. In this way they showed that hyperpolarisation of HCs shifted the 
activation potential of ICa in cones towards more negative potentials. This 
shift disappeared after adding HEPES. Again, this was taken as evidence the 
feedback was mediated by protons. 

Another generally used measure for negative feedback is the rollback in 
the HC response. Hyperpolarisation of the HC initiates negative feedback, 
which leads to an increase in the cone glutamate release. This can be seen 
in the HC response as a slight secondary depolarisation (but see chapter 5). 
Several studies have shown that a high dose of HEPES decreases the rollback 
response in HCs (Vessey et al., 2005; Davenport et al., 2008; Fahrenfort et 
al., 2009; Trenholm and Baldridge, 2010). Similar results were obtained with 
other pH buffers such as Tris (Vessey et al., 2005). Interestingly, intracellular 
acidification with 25 mM acetate, which is a very poor pH buffer, also leads 
to a reduction of the rollback response (Fahrenfort et al., 2009) Finally, the 
depolarising response of biphasic HCs, which is mediated by feedback from 
HCs to cones, is decreased by HEPES (Vessey et al., 2005; Fahrenfort et al., 
2009). 

A problem arose when HEPES was shown to cause intracellular acidification 
(Fahrenfort et al., 2009). Since Cx hemichannels are blocked by intracellular 
acidification (Malchow et al., 1993; Trexler et al., 1999; Ripps et al., 2002), it 
became clear that the HEPES experiments were unsuitable for discriminating 
between the ephaptic and the proton mediated mechanisms. Furthermore, 
many arguments in favour of a purely proton mediated feedback hypothesis 
are based on measurements of the rollback response in HCs. In chapter 
5 I showed that the rollback response in HCs is an unreliable measure for 
feedback and proposed that it is generated by the inactivation of the HC 
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pumped into the synaptic cleft by the V-ATPases, which would then results in 
an alkalinisation of the cleft and a disinhibition of the cone ICa. 

Wang et al. (2014) showed an acidification of the synaptic cleft at light-off 
when HCs depolarise. They hypothesised that this was due to V-ATPases 
pumping protons into the synaptic cleft. To test this, they added the V-ATPase 
blocker bafilomycin A1 (BFA1) and showed a decrease in the acidification. 
V-ATPase is, however, also located in cone glutamate vesicles. A general 
function of V-ATPases is to generate a proton gradient in vesicles such that 
they can be loaded with neurotransmitters. Therefore, blocking V-ATPase 
with BFA1 might have affected the glutamate release of the cones and, as a 
consequence, negative feedback may have been reduced.

To address this possibility, Wang et al. (2014) developed a zebrafish line 
that not only expressed the pH sensitive Ca2+-channels in cones, but also 
an FMRFamide (FMRFa) gated Na+-channel in the HCs. Adding FMRFa 
caused HCs to depolarise, resulting in an acidification of the synaptic cleft 
that was solely due to the polarisation of the HCs. In this condition, BFA1 
prevented the FMRFa-induced acidification of the synaptic cleft, suggesting 
the involvement of V-ATPase. However, the reversal potential of Na+ is very 
positive, so the FMRFa-induced HC depolarisation was likely to be far outside 
the physiological range, calling into question how applicable this result is to 
typical conditions. Therefore, I tested directly whether BFA1 could block the 
light induced slow component of feedback and found that it affected neither 
the slow nor the fast component, suggesting that V-ATPases are not involved 
in generating the light induced feedback responses in cones.

Wang et al. (2014) also studied the effect of the Cx and Panx1 blocker 
meclofenamic acid (MFA) on the pH changes in the synaptic cleft. The 
acidification of the synaptic cleft at light-off was largely reduced, but the 
FMRFa-induced acidification of the synaptic cleft remained unchanged. Wang 
et al. (2014) suggested that the role of Cx hemichannels is to clear the synaptic 
cleft of protons and as such, light-induced alkalisation would be dependent 
on this function of the Cx hemichannels; so blocking these channels would 
prevent the alkalinisation. This would mean, however, that clearance of 
protons by the hemichannels is much more efficient than the diffusion of 
protons from the synaptic cleft to the extrasynaptic space. Estimates of the 
time constants for diffusion of neurotransmitters out of the synaptic cleft 
make this very unlikely (Vandenbranden et al., 1996) and consequently the 
role that Cx channels are speculated to have in the clearance of protons from 

In the pH-mediated feedback hypothesis, it is assumed that the pH-changes 
can be induced by a proton source or sink specifically located on the HC 
dendritic tips that invaginate the cone terminal. This may be independent 
of pH-controlling mechanisms on the rest of the HC. Measuring extracellular 
pH changes of the whole HC may, therefore, not correspond with the 
extracellular pH changes on the very specialized dendritic tips. The best way 
to approach this problem is to measure the pH changes in intact synaptic 
clefts.

Recently, Wang et al. (2014) measured pH-changes of the cone synaptic 
spaces in the intact retina. They designed a pH-sensitive dye, pHfluorin, 
fused to the extracellular domain of the voltage dependent Ca2+-channel, 
which is expressed close to the cone synaptic ribbon. A transgenic zebrafish 
line was developed to express this protein in the cone synapse, allowing 
for measurements of the pH changes in the synaptic cleft. Using repeated 
two-photon scanning, these pH changes in the cleft could be monitored. 
They then applied a full field light stimulation during which measurements 
were obscured, but immediately after the illumination the fluorescence 
was increased and returned to baseline. In this way, they found that HC 
hyperpolarisation leads to an alkalinisation of the synaptic cleft and that the 
time constant of the recovery from this pH change was about 200 ms. 

These results are fully in line with the results described in chapter 4. There 
I described a mechanism involved in negative feedback that is mediated 
by modulating the pH buffer capacity of the synaptic cleft. When HCs are 
depolarised and Panx1 channels are consequently opened, ATP is released 
into the synaptic cleft. ATP is hydrolysed by ecto-ATPases, forming a buffer 
with a pKa of 7.2 and thus acidifying the synaptic cleft. Hyperpolarisation 
of HCs due to a light stimulation results in the closing of Panx1 and thus an 
alkalinisation of the synaptic cleft. I found that the time constant for this 
mechanism is ∼190 ms, which is comparable to the time constant of ∼200 
ms found by Wang et al. (2014). 

The involvement of V-ATPase in negative feedback
The original proton-mediated feedback hypothesis requires the presence of 
a proton source or sink to change the proton concentration in the synaptic 
cleft. One of the mechanisms that has been proposed to serve this function 
is the vacuolar type H+ pump (V-ATPase) (Jouhou et al., 2007; Hirasawa et al., 
2012). Hyperpolarisation of the HCs would reduce the amount of protons 
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The involvement of Panx1 in ephaptic feedback
Panx1 forms large pores in the membrane of the dendritic tips of HCs, just 
like Cx hemichannels. The Cx hemichannels function as a current sink in the 
ephaptic mechanism. It seems inevitable that Panx1 channels, apart from their 
role in ATP-release, also contribute to the ephaptic mechanism. In chapter 4 
I confirmed this. The reduction in amplitude of the cone feedback response 
after adding the Panx1 blocker probenecid was larger than would have been 
expected from a reduction in the slow component alone. This suggests that 
probenecid also affects the fast ephaptic component of feedback. Since the 
drugs that affected ATP hydrolysis, but not Panx1 channels, only influenced 
the slow component of feedback, it is highly likely that Panx1 also functions 
as a current sink in the ephaptic mechanism. 

This has consequences for the effect that Panx1 channels have on the shift 
of the activation potential of ICa. If Panx1 is only involved in ATP-release, one 
would expect that blocking Panx1 would lead to a reduction in ATP release 
and thus an alkalinisation of the synaptic cleft, causing a resulting shift in the 
activation potential of ICa to more negative values (Barnes and Bui, 1991). 
If, on the other hand, Panx1 is only involved in the ephaptic mechanism, 
blocking Panx1 would lead to a shift of the activation potential of ICa towards 
more positive values. I found that blocking Panx1 did not significantly shift 
the activation potential of ICa, suggesting that the contribution of Panx1 in the 
ATP mediated feedback component and the ephaptic feedback component 
was about equal. Furthermore, in a genetically modified zebrafish line 
lacking Cx55.5 hemichannels in the HC dendritic tips, Panx1 expression was 
up-regulated (Klaassen et al., 2011), suggesting that Panx1 is able to partially 
compensate for the role of Cx55.5 in the ephaptic mechanism.

On the other hand, the possibility that Cx hemichannels play a role in ATP 
release cannot be excluded, as in other systems Cx hemichannels have 
been proposed to function as ATP release channels (Kang et al., 2008; 
Sonntag et al., 2009; Orellana et al., 2011). It may be, therefore, that the 
two components of the negative feedback pathway cannot be separated 
completely at a molecular level. Both Cx55.5 and Panx1 may contribute to 
both components, just to different extents. The generation of a zebrafish line 
lacking Panx1 would be required in order to resolve this issue. 

the synaptic cleft seems doubtful. A better explanation for the MFA results 
obtained by Wang et al. (2014) is that Panx1 channels were inhibited by 
MFA, blocking the release of ATP and thus preventing the modulation of the 
pH buffer capacity in the synaptic cleft.

4. The ATP-mediated mechanism
Pannexin 1 channel activity far outside the physiological range
Many studies in which Panx1 channels are characterized focus mostly on 
positive potentials (0 – 100 mV) (Bruzzone et al. 2003; Pelegrin and Surprenant, 
2006; Ma et al., 2009; Wang et al., 2013). This range of membrane potentials 
is, however, not physiological. What is the relevance of these results for 
Panx1 function under typical conditions? In general it seems that Panx1-
channels are potentiated by prolonged or repetitive strong depolarisation 
(Bruzzone et al. 2003; Gründken et al., 2011). Locovei et al. (2006) showed 
that Panx1 opening is dependent on [Ca2+]i by measuring the opening of the 
channel in an ‘inside out’ patch clamp configuration while changing the Ca2+ 
concentration in the perfusion medium. Strong depolarisation of the cells 
opens Panx1 channels, leading to the influx of Ca2+ and thus to a further 
opening of Panx1, resulting in an increase in the Panx1 currents. Gründken 
et al. (2011) reported a similar effect using a series of ramp protocols that 
depolarised the cell up to 80 mV. This procedure led to a significant increase 
in the Panx1 currents. It might have been that the cell’s [Ca2+]i had increased 
as a result of the depolarising ramp protocols, thereby causing potentiation 
of Panx1 channels. Along similar lines, Thompson et al. (2006) showed that 
after ischemia-induced depolarisation of cells, Panx1 channels open and 
the influx of Ca2+ promotes further Panx1 opening, eventually leading to cell 
death (see also chapter 1). 

How does this relate to the Panx1 function in more physiological conditions? 
Panx1 in the HC dendritic tips is located close to the glutamate receptors. 
Since Panx1 opening is dependent on [Ca2+]i and the activation of glutamate 
receptors leads to the influx of Ca2+, Panx1 activity may depend on the activity 
of the glutamate receptors. To mimic such conditions in neuroblastoma 2a 
(N2a) cells overexpressing Panx1, I kept the free [Ca2+]i relatively high. In this 
way, I showed that Panx1 was not only open at substantially depolarised 
potentials, as previous work has shown, but also within the range of 
physiological membrane potentials (Chapter 3; Prochnow et al., 2009).
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6. summary
I have shown that negative feedback from HCs to cones is a synthesis of an 
ephaptic mechanism, a Panx1/ATP-mediated mechanism and an additional 
component involving glutamate spillover and the activation of ICl(GluT). The 
three hypotheses that were previously proposed over the years (the GABA-
mediated, ephaptic, and pH-mediated mechanism) all covered certain 
properties of the system. The GABA-mediated mechanism is a modulatory 
pathway of feedback, instead of a mediator. Surround-induced depolarising 
responses that were thought to be mediated by ICl(GABA) are actually mediated 
by the other Cl--currents ICl(Ca) and ICl(GluT), where the latter accounts for 
responses in strongly hyperpolarised cones. The ephaptic mechanism has 
the largest contribution to the feedback response and is responsible for 
spatial redundancy reduction. The involvement of pH changes in the synaptic 
cleft has also been confirmed, although the mechanism seems to operate 
in a very different manner than was previously thought; ATP released via 
Panx1 channels on the HCs is hydrolysed by ectoATPases, which results in 
the increase of the pH buffer capacity and acidification of the synaptic cleft. 
Together these newly elucidated mechanisms account for most, if not all, of 
the findings of previous literature dealing with negative feedback from HCs 
to cones.

5. Why are there two feedback components?
Natural images contain a lot of redundant information. In the spatial domain, 
large homogenous surfaces like the sky do not contain much important 
information. In the temporal domain, stationary objects contain less 
information than moving ones. As such, reducing the amount of redundancy 
in both domains improves the efficiency of the visual system by preserving 
only the most salient information. 

How does this selection occur? The first step is taken in the outer retina where 
HCs integrate signals over a large area and feed the resulting signal back 
negatively to cones. The result is that the HC response is subtracted from the 
cone response, resulting in a reduction of the spatial redundancy. To do this 
effectively even for moving stimuli, the underlying synaptic mechanism has 
to be very fast. If this were not the case, the surround response would lag the 
centre response, inducing a kind of ‘motion smear’. In chapter 4, I showed 
that negative feedback from HCs to cones consists of two components. 
The ephaptic component is very fast, having no delay, and does not filter 
temporal information. This mechanism effectively reduces the redundancies 
in the spatial domain, but is incapable of doing so in the temporal domain. 

The slow feedback component however, is very suitable for removing 
redundancies in the temporal domain. This mechanism is mediated by the 
release and extracellular hydrolysation of ATP and has a time constant of 
∼190 ms. Incoming signals are averaged in time and subtracted from the 
cone response, leading to temporal redundancy reduction. To allow for 
temporal redundancy of small objects, as well as large, the mechanism 
needs to work locally. The ephaptic mechanism is wholly dependent on the 
membrane potential of the HC and changes in this potential spread quickly 
over a large area, making this mechanism particularly suited for reducing 
spatial redundancy. However, the ATP/Panx1 mechanism most likely depends 
on the [Ca2+]i in the HC dendritic tips, which in turn depend on the activation 
HC glutamate receptors. This chemical, rather than electrical, dependency is 
what gives this mechanism its more local processing properties. 

A small stationary object will only activate a small number of cones, which 
will not induce a significant membrane polarisation in HCs. However, it will 
change the amount of glutamate release from the stimulated cones. The 
result may be that the slow feedback mechanism is activated, and thus that 
temporal redundancy is reduced. This would mean that the two feedback 
systems are likely to differ in both their temporal as well as their spatial 
properties. This prediction still needs experimental proof however. 
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Hendrix. The feedback occurs when the sound from the guitar or microphone 
is sent via an amplifier to the speaker, which then plays the sound louder 
than it was before. If the guitar or microphone is too close, the sound output 
by the loudspeaker is picked up and sent back through the amplifier, coming 
out of the speaker and again being picked up by the guitar or microphone. 
Each time this happens the sound gets louder and higher until you get the 
familiar wail. This is an example of positive feedback, as the signal is getting 
stronger. Feedback from horizontal cells to cones operates in the opposite 
manner, reducing the signal, and so it is called negative feedback.

In the dark cones release signal molecules, so called neurotransmitters, 
which are sensed by horizontal and bipolar cells. If the cones detect light 
they reduce the amount of neurotransmitter they release, leading to a 
response in the horizontal and bipolar cells. The horizontal cell collects the 
signals from many cones. Because of this, the image that is ‘seen’ by the 
horizontal cells is much more blurred than the image ‘seen’ by the cones; 
it has lost its fine-grained details and small features. This image is fed back 
negatively to the cones, meaning that it is removed from the cone signal, 
leaving a more detailed picture that is then processed further by other brain 
cells in the retina, the first of which are the bipolar cells, before it is finally 
send onwards to the brain.

The precise mechanism behind the negative feedback has been a topic of 
intense debate over the last two decades. Different ideas have been put 
forward, but none were able to completely explain all the data collected 
by different research groups. In chapter 4 I describe a new mechanism that 
brings together two of these previously proposed theories, each forming 
one component of the mechanism, and that is able to account for all of the 
previous data. Furthermore, in chapter 6 I go on to show that there is even a 
third component, which can explain some of the very early data that was not 
yet properly accounted for.

I will begin by describing one of the two main components involved in 
negative feedback and that is responsible for the redundancy reduction in 
the spatial domain. This mechanism was first proposed in 1986 and is known 
as ephaptic feedback. In chapter 2 I describe this mechanism in detail and 
identify three properties that are essential for this type of communication. 
The first property is that the structure and properties of the synapse are 
such that the synaptic cleft, the area between the two contacting cells, has 
a relatively large resistance to the space outside the synapse. By resistance 

Summary

When light enters the eye, a visual image is focussed on a structure at the 
back of the eye that we call the retina. This structure contains several layers 
and is connected to the brain via a bundle of fibres we call the optic nerve. 
However, the brain does not simply receive the raw retinal image. The 
incoming visual information is first heavily processed by the various layers 
of the retina. The cells that first detect the light are called photoreceptors. 
There are two types: cones, which are highly concentrated in the fovea for 
detail and mainly function during the day, and rods that primarily function 
in very dark conditions because they are extremely sensitive. Incredibly, 
substantial processing is already taking place at the point where these cones 
communicate with two cell types in the next layer, which are known as 
horizontal cells and bipolar cells. The point at which two cells communicate 
is called a synapse and so we refer to this as the first retinal synapse. The 
mechanisms underlying the processing at the first retinal synapse form the 
topic of this thesis.

A lot of the incoming visual information that reaches the retina is not useful 
and so is actually redundant. In the spatial domain, the visual scene contains 
areas that do not differ in colour or texture and, therefore, do not contain 
much detail. Take a totally clear blue sky for example. It takes up a lot of the 
scene and forms a uniform blue surface, so there is not a lot to learn about 
such an area in the visual field. In the first retinal synapse this redundant 
information is removed, leaving only the finer features and details that are 
of most interest to an organism. In addition to this spatial redundancy, there 
is also a lot of redundant information in the temporal domain; a large part of 
a visual scene does not contain moving objects. This unchanging information 
can be removed in order to accentuate the features in motion. As a result of 
these two redundancy reduction processes the total amount of information 
is substantially reduced, which is important in maximising the efficiency of 
the visual system. 

The process by which this redundancy reduction takes place is known as 
negative feedback, which operates from the horizontal cells back to the 
cones. As mentioned, these cones form the first layer and send their signal 
to the aforementioned bipolar and horizontal cells. When we talk about 
feedback, imagine the noise that comes from a loudspeaker when a guitar 
or microphone are placed too close to it; the wailing and howling sound 
that hurts your ears and is used to great effect by guitar greats such as Jimi 
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In chapter 3 the properties of a channel called pannexin 1 are studied. This 
channel is also located on the tips of horizontal cell dendrites and is very 
similar to the channel that plays a role in the ephaptic feedback mechanism 
described above, and so was likely to have a similar function in negative 
feedback. In chapter 4 I confirm that the pannexin 1 channel does indeed 
play a role in the ephaptic mechanism by letting an electrical current flow 
from the synaptic cleft into the horizontal cell. However, I go on to show 
that this channel has an additional role in a new type of mechanism that 
has not been described before, and that this mechanism forms the second 
component of negative feedback.

This second component makes use of a special property of pannexin 1 
channels: it releases a molecule called ATP into the synaptic space. ATP is best 
known as a source of energy for cells, but it can also be used as a means of 
communication by being released from a cell so that other cells can detect it. 
In the first retinal synapse something even stranger happens. ATP is released 
into the cleft by the horizontal cell through pannexin 1 channels, where it 
is subsequently taken apart by certain proteins. If ATP is broken down in 
this way, the result is a chemical solution that makes the synaptic cleft more 
acidic. The voltage-sensitive channel located on the cone that is part of the 
ephaptic mechanism is also crucial for this mechanism. Another property 
of this channel is that it can sense the acidity on the outside of the cell. If 
the outside of the cell becomes more acidic, the channel closes. Thus, ATP 
release indirectly causes the cone voltage-sensitive channel to close, which 
affects the communication of the cone to other cells.

The way that horizontal cells use this mechanism for negative feedback to 
cones is as follows. When a lot of neurotransmitter is released from the 
cones, the pannexin 1 channels on the horizontal cell are open, releasing ATP. 
However, when the light is switched on, cones reduce their neurotransmitter 
release. Horizontal cells sense this and close their pannexin 1 channels and as 
a result ATP release stops. This stops the cleft from becoming acidic and the 
cone voltage-sensitive channels open again. They then let more calcium ions 
in, which increases the cone neurotransmitter release. Again, a reduction in 
neurotransmitter release leads to an increase in neurotransmitter release, 
which is caused by negative feedback. This component of feedback I 
hypothesise to be responsible for the redundancy reduction in the temporal 
domain.

we mean that it ‘resists’ electrical current, so this is a measure of how easily 
electrical current moves through the space. The horizontal cell-cone synapse 
is very convoluted, meaning that the tips of the dendrites (thin finger-like 
protrusions that receive signals from other cells) of horizontal cells are tightly 
surrounded by, but do not touch, the outer layer, or cell membrane, of the 
cone. This is known as invaginatation (see figure 2, chapter 1, page 10 for an 
illustration) and it is this tight fit that creates the necessary resistance. The 
necessity of such a structure will become clear with the second property: the 
presence of a large enough channel, or gate, through which charged atoms 
or molecules can pass and that is located on the tips of the horizontal cell 
dendrites. What we now get is an electrical current flowing from outside 
the synaptic cleft into the cleft and then onwards into the horizontal cell. 
However, the current cannot flow fast enough from outside the cleft into the 
cleft because of the resistance created by the tight space. As a consequence 
the voltage drops over the cleft; i.e. the electrical charge, which is known as 
the potential, in the synaptic space has become slightly more negative than 
outside the synapse. 

This brings me to the third property: the presence of a voltage-sensitive 
channel on the cone that is also within the synaptic cleft. Earlier, I introduced 
the presence of a channel on the horizontal cell that lets charged particles 
pass from the outside of the cell to the inside, or the other way around. These 
channels are formed by proteins. Some of the proteins that form channels 
work as sensors that detect changes in the difference between the potential 
inside the cell as compared to the potential outside the cell. The cone indeed 
has such a voltage-sensitive channel located within the cleft that ‘senses’ the 
voltage over the cell membrane. When the potential in the cleft becomes 
more negative this channel opens, calcium ions flow into the cell and this 
affects the communication of the cone to other cells.

The way in which horizontal cells feed back to cones, is by increasing the 
current-flow through the channels on the horizontal cells when the cones 
reduce their neurotransmitter release due to light. This causes the potential 
in the synaptic cleft to become even more negative. As a result, the voltage-
sensitive channel on the cone lets even more calcium ions flow into the 
cone, leading to an increased release of neurotransmitter from the cones, 
which will be sensed by the horizontal and bipolar cells. This is what we call 
the negative feedback loop, because a reduction of neurotransmitter release 
leads to the opposite effect, i.e. an increase in neurotransmitter release.
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There are a number of different methods used to measure negative feedback 
from horizontal cells to cones. One such method is measuring the rollback 
response in horizontal cells, which is a widely accepted measure for feedback. 
However, in chapter 5 I show that this measure is not reliable, as some 
pharmacological agents that have been shown to reduce or eliminate this 
rollback response have no or very little effect on feedback as measured using 
different methods. The advice is, therefore, not to use the rollback response 
as a method of measuring feedback.

In chapter 6 I describe a third component of negative feedback from 
horizontal cells to cones. When horizontal cells feed back to the cones, 
more neurotransmitters are released. This feedback-induced release 
of neurotransmitter does not stay near its own cell, but spills over to 
neighbouring cones and activates a transporter. A transporter can be 
thought of as a conveyor belt that moves only certain molecules into or out 
of cells. So if the transporter detects the neurotransmitter, the transporter 
protein changes its shape, essentially starting the conveyor belt, so that the 
neurotransmitter is moved to the inside of the cell. Then the protein releases 
the neurotransmitter inside the cell and changes its shape back, ready to pick 
up the next molecule. This specific transporter has a double role: when the 
transport system is activated it not only lets the neurotransmitter through, 
but also has chloride ions flow freely through it.

The activation of the transporter and chloride channel enhances the effect 
of negative feedback, increasing the cone neurotransmitter release. In many 
situations this enhancement will be so small as to be considered basically 
negligible. However, when cones are highly activated by light, the voltage-
sensitive channel of the cone that lets calcium ions through is barely active, 
and so the effect of negative feedback is very small. The activation of the 
transporter/chloride channel causes an enhancement of negative feedback, 
that in turn causes the voltage-sensitive channel to activate properly again 
and in this way the feedback is restored.
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terugkoppeling is. Als je een gitaar of microfoon te dicht bij een luidspreker 
houdt, ontstaat een gierend en piepend geluid dat pijn doet aan je oren. 
In de muziek, bijvoorbeeld door gitaargrootheden als Jimi Hendrix, wordt 
soms juist gebruik gemaakt van dit effect. Dit geluid is het gevolg van 
terugkoppeling en werkt als volgt: het geluid van de gitaar of microfoon wordt 
via een versterker naar de luidspreker gezonden. Als de gitaar of microfoon 
te dicht bij de luidspreker komt, vangt de gitaar of microfoon het uitgezonden 
geluid weer op en stuurt het weer naar de versterker. Vervolgens wordt 
het weer versterkt en naar de luidspreker gezonden, waarna het opnieuw 
opgepikt wordt door de gitaar of microfoon, enzovoorts. Het geluid wordt 
hierdoor steeds luider en hoger totdat je het bekende gepiep krijgt. Dit is een 
voorbeeld van positieve terugkoppeling, omdat het signaal steeds sterker 
wordt. Het omgekeerde vindt plaats in de terugkoppeling van horizontale 
cellen naar kegeltje. Daar wordt het signaal verzwakt. We noemen het 
daarom negatieve terugkoppeling.

In het donker geven kegeltjes signaalmoleculen af, zogenaamde 
neurotransmitters. Die worden vervolgens waargenomen door de horizontale 
en bipolaire cellen. Als de kegeltjes licht detecteren, verminderen ze de 
afgifte van neurotransmitters, wat leidt tot een respons in de horizontale en 
bipolaire cellen. De horizontale cellen verzamelen signalen van veel kegeltjes. 
Hierdoor is het beeld dat ‘gezien’ wordt door de horizontale cellen veel 
waziger dan het beeld dat ‘gezien’ wordt door de kegeltjes. De fijnkorrelige 
details en kleine elementen zijn verloren gegaan. Dit wazige beeld wordt 
negatief teruggekoppeld naar de kegeltjes. Het gevolg is dat een beeld met 
uitsluitend details overblijft. Dat beeld wordt vervolgens verder verwerkt 
door de bipolaire cellen en daarna ook door andere zenuwcellen in de retina, 
voordat het uiteindelijk doorgestuurd wordt naar de hersenen.

Het exacte mechanisme achter de negatieve terugkoppeling is al jaren 
een onderwerp van intense discussie. Alhoewel er door de jaren heen 
verschillende theorieën zijn geopperd, was niemand in staat alle data, 
verzameld door verschillende onderzoeksgroepen, volledig te verklaren. 
In hoofdstuk 4 beschrijf ik een nieuw mechanisme bestaande uit twee 
componenten, waarin delen van twee eerder beschreven theorieën worden 
samengebracht. Met dit nieuwe mechanisme kunnen alle voorgaande data 
worden verklaard. Daarnaast laat ik in hoofdstuk 6 zien dat er zelfs een derde 
component bestaat die enkele oude experimenten, waar tot nu toe nog geen 
verklaring voor was, kan verklaren.

Samenvatting

Licht dat het oog binnenkomt wordt door de lens op de retina (het netvlies), 
een gelaagde structuur achter in het oog, geprojecteerd. De retina is 
verbonden met de hersenen via een zenuwbundel, de optische zenuw 
(oogzenuw) genaamd. Deze zenuwbaan zendt niet simpelweg een ruw 
retinaal beeld naar de hersenen, maar de visuele informatie wordt eerst 
intensief verwerkt door de verschillende lagen van de retina. De cellen die 
als eerste het licht detecteren zijn de fotoreceptoren. Deze bestaan uit twee 
verschillende typen cellen: de kegeltjes, die sterk geconcentreerd zijn in de 
fovea, en de staafjes. Kegeltjes functioneren voornamelijk overdag en zijn 
betrokken bij het zien van kleine details en kleur. Staafjes zijn zeer gevoelig en 
vooral actief in donkere omstandigheden. De fotoreceptoren communiceren 
met twee andere typen cellen in de eerstvolgende laag: de horizontale 
cellen en de bipolaire cellen. Verrassend genoeg vindt er al behoorlijk veel 
verwerking plaats op het punt waar deze cellen met elkaar communiceren. 
Zo’n communicatiepunt heet een synaps. De synaps waar we het hier over 
hebben is de eerste retinale synaps. De mechanismen die ten grondslag 
liggen aan de verwerkingsprocessen in deze synaps vormen het onderwerp 
van dit proefschrift.

Een groot deel van de visuele informatie die het oog bereikt is niet echt 
nuttig en dus overbodig of redundant. Het visuele beeld bevat veel delen 
die niet veel detail bevatten en eentonig zijn in hun textuur en kleur. Neem 
bijvoorbeeld een strak blauwe lucht. Zo’n blauw vlak neemt een groot deel van 
het visuele beeld in beslag, terwijl er eigenlijk niet zo veel van valt te leren. In 
de eerste retinale synaps wordt deze overbodige informatie in het ruimtelijk 
domein verwijderd, zodat alleen de meer verfijnde kenmerken en details 
overblijven. Deze informatie is het meest van belang voor een organisme. 
Naast deze ruimtelijke redundantie is er ook veel overbodige informatie in 
het tijdsdomein: een groot deel van het visuele beeld bevat geen bewegende 
objecten. Om de nadruk te leggen op de bewegende onderdelen in het beeld 
wordt de niet-veranderlijke informatie verwijderd. Deze twee redundantie-
verminderingsprocessen zorgen ervoor dat de hoeveelheid informatie sterk 
gereduceerd wordt en maakt het visuele systeem veel efficiënter.

Het proces achter deze redundantievermindering heet negatieve 
terugkoppeling: de horizontale cellen koppelen terug naar de kegeltjes. 
De kegeltjes in de eerste laag van de retina zenden hun signalen door naar 
de horizontale en bipolaire cellen. Het volgende voorbeeld geeft aan wat 
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Als de kegeltjes licht detecteren neemt de afgifte van neurotransmitters af, 
genereren de horizontale cellen een respons en koppelen zij die respons terug 
naar de kegeltjes. Het gevolg is dat de elektrische stroom door de kanalen 
op de horizontale cellen vergroot. Dit heeft als gevolg dat het potentiaal 
in de synaptische spleet nog negatiever wordt, wat ervoor zorgt dat de 
spanningsgevoelige kanalen op het kegeltje nog meer calcium-ionen de cel in 
laten stromen. Dit leidt tot een toename in de afgifte van neurotransmitters 
door het kegeltje, wat vervolgens wordt waargenomen door de horizontale 
en bipolaire cellen. We noemen dit een negatieve terugkoppellingslus, omdat 
een afname in de afgifte van neurotransmitters leidt tot het omgekeerde 
effect: een toename in de afgifte van neurotransmitters.

In hoofdstuk 3 worden de eigenschappen van een kanaal genaamd 
pannexin 1 bestudeerd. Dit kanaal bevindt zich ook op de uiteinden van de 
horizontale cel dendrieten en lijkt erg op het kanaal dat een rol speelt in 
het ephaptische terugkoppelingsmechanisme dat hiervoor beschreven is. 
Het was dan ook waarschijnlijk dat het een vergelijkbare rol zou hebben in 
de negatieve terugkoppeling. In hoofdstuk 4 bevestig ik dat het pannexin 
1-kanaal inderdaad een rol speelt in het ephaptische mechanisme door een 
stroom te laten lopen vanuit de synaptische spleet de horizontale cel in. 
Ik toon vervolgens aan dat dit kanaal nog een extra rol heeft in een nieuw 
soort mechanisme dat nooit eerder is beschreven en dat dit mechanisme de 
tweede component vormt van negatieve terugkoppeling.

Deze tweede component maakt gebruik van een speciale eigenschap 
van pannexin 1-kanalen: het laat zogenaamde ATP-moleculen vrij in de 
synaptische ruimte. ATP staat vooral bekend als een energiebron voor cellen, 
maar het kan ook gebruikt worden als een communicatiemiddel door het vrij 
te laten uit de cel, zodat andere cellen het kunnen detecteren. In de eerste 
retinale synaps gebeurt er echter iets dat nog vreemder is: ATP wordt via 
pannexin 1-kanalen op de horizontale cellen vrijgelaten in de synaptische 
spleet, waar het vervolgens wordt afgebroken door bepaalde eiwitten. Als 
ATP op deze manier wordt afgebroken, krijg je een chemische oplossing die 
de synaptische spleet zuurder maakt. Het spanningsgevoelige kanaal op 
het kegeltje dat deel uitmaakt van het ephaptische mechanisme speelt ook 
een cruciale rol in dit mechanisme. Een andere eigenschap van dit kanaal is 
namelijk dat het de zuurtegraad aan de buitenkant van de cel kan waarnemen. 
Als de buitenkant van de cel zuurder wordt, sluit het kanaal zich. De vrijlating 
van ATP zorgt er dus indirect voor dat het spanningsgevoelige kanaal zich 
sluit en dit beïnvloedt de communicatie van het kegeltje met andere cellen.

Allereerst zal ik de belangrijkste van de twee componenten van negatieve 
terugkoppeling beschrijven. Deze component is verantwoordelijk voor de 
redundantievermindering in het ruimtelijk domein. Het onderliggende 
mechanisme is voor het eerst voorgesteld in 1986 en wordt ephaptische 
terugkoppeling genoemd. In hoofdstuk 2 beschrijf ik dit mechanisme in detail 
en identificeer ik drie eigenschappen die essentieel zijn voor deze vorm van 
communicatie. De eerste eigenschap waaraan een dergelijk systeem moet 
voldoen is dat de synaptische spleet, de ruimte tussen twee met elkaar 
contact makende cellen, een relatief hoge weerstand moet hebben ten 
opzichte van de ruimte buiten de synaps. De weerstand is maatgevend voor 
hoe gemakkelijk een elektrische stroom zich door die ruimte beweegt. De 
synaps van het kegeltje en de horizontale cel is zeer kronkelig. De uiteinden 
van de dendrieten (dunne vingerachtige uitsteeksels die signalen van andere 
cellen ontvangen) van de horizontale cel worden nauw omgeven door het 
celmembraan (de buitenwand) van het kegeltje, zonder dat deze wordt 
aangeraakt (zie voor een illustratie pagina 10, hoofdstuk 1, figuur 2). Het is 
deze strakke pasvorm die de nodige weerstand creëert. De noodzaak van deze 
structuur zal duidelijk worden met de introductie van de tweede eigenschap: 
de aanwezigheid van een voldoende groot kanaal op de uiteinden van de 
dendrieten van de horizontale cel. Door dit kanaal kunnen geladen deeltjes, 
ionen en kleine moleculen stromen. Er gaat nu een elektrische stroom lopen 
van buiten de synaps door de spleet via de kanalen de horizontale cel in. 
De stroom kan echter niet snel genoeg de synaptische spleet in stromen 
vanwege de weerstand die is gecreëerd door de krappe ruimte. Hierdoor 
ontstaat een elektrische spanning over de weerstand van de synaptische 
spleet. Het gevolg is dat de elektrische lading in de synaptische ruimte, ook 
wel potentiaal genoemd, iets negatiever is geworden ten opzichte van de 
ruimte buiten de synaps.

Nu komen we bij de derde eigenschap: de aanwezigheid van een 
spanningsgevoelig kanaal in de membraan van de kegeltjes in de 
synaptische spleet. Eerder introduceerde ik de aanwezigheid van een kanaal 
op de horizontale cel dat ionen doorlaat van buiten de cel naar binnen of 
andersom. Kanalen worden gevormd door eiwitten en sommige van deze 
kanaaleiwitten werken als een sensor die veranderingen in het potentiaal 
binnen en buiten de cel kan detecteren. Kegeltjes bezitten inderdaad zulke 
spanningsgevoelige kanalen. Wanneer het potentiaal in de spleet negatiever 
wordt, openen deze kanalen zich, waardoor ze calcium-ionen naar binnen 
laten stromen. Dit beïnvloedt vervolgens de communicatie van het kegeltje 
met andere cellen.
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De activering van de transporter en de bijbehorende chloridestroom 
vergroot het effect van negatieve terugkoppeling en dus de afgifte van 
neurotransmitters. In veel situaties zal deze vergroting zo klein zijn dat 
het effect vrijwel te verwaarlozen is. Als kegeltjes echter sterk geactiveerd 
worden door licht, is het spanningsgevoelige kanaal op de kegeltjes dat 
calcium-ionen doorlaat nauwelijks actief en daarom is het effect van 
negatieve terugkoppeling zeer klein. De activering van het transporter-
chloridekanaal veroorzaakt een vergroting van negatieve terugkoppeling. 
Dit zorgt er dan voor dat het spanningsgevoelige kanaal weer naar behoren 
wordt geactiveerd. Op deze manier wordt de negatieve terugkoppeling 
hersteld.

De manier waarop horizontale cellen gebruikmaken van dit mechanisme 
voor negatieve terugkoppeling is als volgt: wanneer de kegeltjes veel 
neurotransmitters afgeven, zijn de pannexin 1-kanalen open en laten ze 
ATP door. Als het licht aangaat, verminderen de kegeltjes de afgifte van 
neurotransmitters. Horizontale cellen nemen dit waar en sluiten hun 
pannexin 1-kanalen. Dit heeft als resultaat dat het vrijkomen van ATP stopt 
en de verzuring van de synaptische spleet vermindert. Het gevolg is  dat de 
spanningsgevoelige kanalen in het kegeltje zich weer openen. Deze laten 
hierdoor meer calcium-ionen naar binnen stromen, wat dan weer de afgifte 
van neurotransmitters door de kegeltjes verhoogt. Nogmaals: een afname in 
neurotransmitterafgifte leidt tot een toename in neurotransmitterafgifte, en 
dit maakt het tot een negatief terugkoppelingssysteem. In hoofdstuk 4 stel ik 
dat deze component van negatieve terugkoppeling verantwoordelijk is voor 
de redundantievermindering in het tijdsdomein.

Er zijn verschillende methoden in gebruik om negatieve terugkoppeling van 
horizontale cellen naar kegeltjes te meten. Een van deze methoden is het 
meten van de rollback respons in horizontale cellen; dit is een algemeen 
aanvaarde methode voor het meten van terugkoppeling. In hoofdstuk 5 laat ik 
echter zien dat deze methode niet betrouwbaar is. Sommige farmacologische 
middelen waarvan aangetoond is dat ze de rollback respons verkleinen of in 
z’n geheel weghalen, hebben, gemeten met behulp van andere methoden, 
geen of weinig effect op negatieve terugkoppeling. Het advies is dan ook om 
de rollback respons niet meer te gebruiken als methode voor het meten van 
terugkoppeling.

In hoofdstuk 6 beschrijf ik een derde component van negatieve terugkoppeling 
van horizontale cellen naar kegeltjes. Als horizontale cellen terugkoppelen 
naar de kegeltjes, neemt de afgifte van neurotransmitters toe. Deze 
terugkoppeling-geïnduceerde afgifte van neurotransmitters blijft niet in de 
buurt van zijn eigen cel hangen, maar loopt over naar naburige kegeltjes 
en activeert een transporter. Een transporter kan worden gezien als een 
lopende band die alleen bepaalde moleculen in of uit de cel verplaatst. Als 
de transporter een neurotransmitter detecteert, verandert de vorm van het 
transporter-eiwit. De lopende band wordt als het ware gestart, waardoor de 
neurotransmitter naar de binnenkant van de cel wordt verplaatst. Dan laat 
het eiwit de neurotransmitter in de cel los en verandert de vorm weer terug, 
klaar om het volgende molecuul op te halen. Deze specifieke transporter 
heeft een dubbelrol: als het transport systeem geactiveerd is, laat het niet 
alleen een neurotransmitter door, maar ook chloride-ionen.


