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ChapterChapter 1 

Chapterr 1 

Generall introduction 

Thiss thesis focuses on the physiology of the reciprocal cone/horizontal cell synapse. 
Sincee horizontal cells feed back to cones using an electrical or ephaptic mechanism, I 
wil ll  begin this introduction with a detailed description of this special kind of communica-
tionn between the Mauthner cells and their recurrent interneurons. Then I wil l give a gen-
erall  overview of the retina, followed by a summary of our current understanding of the 
cone/horizontall  cell network. 

Communicationn between neurons 
Thee issue of how neurons communicate was the topic of intense debate in the decades 
aroundd the turn of the 20th century. Despite S. Ramon y Cajal rinding that neurons stain 
ass discrete neurons, using light microscopy and the Golgi's silver staining technique, 
aa group of scientists, with C. Golgi as one of their most prominent members believed 
thatt the brain consisted of a syncytium. Unequivocal evidence for cellular discontinuity 
betweenn neurons and for special regions of neural interaction came with the development 
off  electron microscopy in the 1940s, and was termed a synapse. Nowadays, two major 
categoriess of synapses are known, the chemical (Ca-dependent release of vesicles) and 
thee electrical synapses (gap-junctions). A third, less well-known and extrasynaptic form 
off  communication is the so-called ephaptic communication. The word ephapse (Greek; 
meaningg to touch) is used to describe the influence of electric fields generated by specific 
neuronss on the excitability of neighbouring neurons as a result of their anatomical and 
electricall  proximity. Since this thesis gives evidence for an ephaptic negative feedback 
pathwayy between horizontal cells (HCs) and cones, other reported cases of ephaptic 
communicationn in the brain wil l be discussed below. 

Ephapticc communication in the brain 
Theree are two well described cases in vertebrate brain reviewed by Jefferys (1995) and 
Kanekoo and Saito (1983), in which neurons communicate electrically without being 
connectedd through gap-junctions: the Mauthner cell and the cerebellar Purkinje cell. In 
bothh cases, a specialized morphological organisation allows ephaptic communication 
betweenn neurons to take place. 

Thee giant Mauthner cell (M-cell) is a motor neuron, present in the medulla of 
bonyy fish, where it drives the tail flip, a fast escape reflex, found in many species. It 
receivess a dense plexus of axons, from recurrent inhibitory interneurons, onto its axon 
hillock,, forming a region known as the axon cap. The axon cap has been implicated in 
thee rapid inhibition of Mauthner cells after they fire. This fast recurrent inhibition was 
accompaniedd by a positive extracellular potential around the axon hillock, but not with 
anyy change in the membrane potential of the Mauthner cell when recorded intracellu-
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larly.. Despite the lack of any intracellular potential change, the feedback induced positive 
extracellularr potential, increased the potential difference over the membrane. Since the 
axonn hillock of the Mauthner cell is the site where the voltage sensitive Na+ channels are 
abundant,, the local, extracellular field induced, transmembrane hyperpolarization leads to 
thee inhibition of the cell. 

Thee two major factors contributing to this ephaptic inhibition of the Mauthner-
celll  are the high extracellular resistance of the axon cap region and the generation of an 
extracellularr current flow upon activation of the interneuron. The high extracellular resis-
tancee of the axon (about five times higher than the adjacent tissue) has been attributed 
too the dense packing of fine neural processes, a restricted extracellular space, and a spe-
cializedd glial barrier at its border. The interneurons, responsible for the inhibition of the 
Mauthner-cell,, lack active propagation of impulses. Upon activation of the interneuron, 
currentt flowing into the soma, will leave the cell at its terminal (located in the axon cap), 
andd extracellularly return back to the soma to complete its circuit. Since this extracellular 
currentt flow passes the extracellular resistance, a voltage drop occurs. At the site of the 
terminal,, where current leaves the interneuron, the voltage drop has a positive sign, lead-
ingg to a hyperpolarization of the transmembrane potential of the Mauthner cell. 

Ephapticc communication in the retina 
Thee highly conserved morphology of the synapse, with its deeply invaginating HC pro-
cesses,, indicates the presence of a relatively high extracellular resistance in the synaptic 
cleft.. In 1986, Byzov and Shura-Bura (1986) were the first to suggest that feedback from 
HCss to cones had an ephaptic signature. They hypothesised that current flowing from the 
extracellularr space, into the cone synaptic cleft and successively into the glutamate-gated 
channelss on the HC processes, causes a voltage drop along the way, making the extracel-
lularr space near the release sites more negative than the extracellular space outside the 
cleft.. Stimulation of the periphery with light hyperpolarizes HCs and thereby increases 
thee glutamate-gated current, causing an increase in local negativity. As most of the ion 
channelss of the cone are located outside the synaptic cleft, electrical feedback then hardly 
effectss the membrane potential of the cone. However, the membrane inside the synaptic 
cleft,, where the calcium channels of the cone are situated, should sense a relatively depo-
larizedd membrane potential difference, leading to an increase in glutamate released by the 
cone. . 

However,, experimentally this ephaptic negative feedback, with glutamate-gated 
channelss as the major current source, could not be validated. Our group (Verweij et al. 
1996a)) showed that blocking the glutamate-gated channels with DNQX did not abolish 
thee local voltage drop. Nevertheless, in this thesis I wil l present evidence for feedback 
beingg indeed through an ephaptic mechanism, but with hemichannels instead of gluta-
mate-gatedd channels as the major current source. 

Structuree of the vertebrate retina 
Thee vertebrate retina, depicted in Fig. 1.1, is a layered neuronal structure consisting of 6 
mainn types of neurons and the non-neuronal Muller cells. Photoreceptors i.e. rods and 
cones,, are the light sensitive cells. Information about the visual world flows from the 
photoreceptorss through the bipolar cells into the ganglion cells. The action potentials 
generatedd by the latter cells are transmitted to the brain via the optic nerve. The cells of 
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thiss longitudinal pathway use glutamate as their neurotransmitter. The information travel-
ingg through the retina is modified by the activity of two horizontally oriented layers of 
neurons.. In both of these layers the cells are extensively coupled by gap-junctions. The 
firstfirst layer is located in the outer retina and is formed by horizontal cells, which are acti-
vatedd by the photoreceptors and which feed back to the cones. The mechanism used by 
horizontall  cells to mediate feedback to cones is the main topic of this thesis. The second 
layerr consists of amacrine cells, which impinge their inhibitory actions onto the bipolar-
andd the ganglion cells. In the amacrine cell layer the 6th type of neuron is present: the 
interplexiforminterplexiform cell. Most of these cells contain dopamine, which has been shown to act 
ass a neuromodulator throughout the whole retina, slowly changing neuronal activity and 
inducingg structural changes in neurons (Dowling 1991). Since this thesis focuses on the 
communicationn between cones and horizontal cells, the properties of these cells and the 
synapticc contacts they make will be described in detail in the next paragraphs. 

Cones s 
Thee light sensitivity of cones is due to presence of a photopigment in a specialized com-
partment,, the outer segment. In goldfish there are 4 different types of them, all with a dif-

Cone e 

Rod d 

OPL OPL 

Horizontall  cell 

Bipolarr cell 

Interplexiformm cell 

Amacrinee cell 

IPL IPL 

Ganglionn cell 

FigureFigure 1.1 Schematic cross section of the retina (from Dowling and Ehinger, 
1978).1978). The outer plexiform layer (OPL) consists of synapses between cones 
andand Horizontal cells and Bipolar cells. The inner plexiform layer (IPL) con-
tainstains contacts between Ganglion cells, Amacrine cells and interplexiform 
cells. cells. 
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FigureFigure 1.2 Horizontal cell responses to spectrally different light stimuli. MHC 
hyperpolarizehyperpolarize over the whole spectrum. BHCs hyperpolarize to short- and 
middlemiddle wavelengths and depolarize to long wavelengths, and THCs hyperpo-
larizelarize to short and long wavelengths and depolarize to middle wavelengths. 

ferentt absorption spectrum (Marks 1965; Harosi and MacNichol 1974; Stell and Harosi 
1976;; Hawryshyn and Beauchamp 1985; Neumeyer 1986; Neumeyer and Arnold 1989; 
Bowmakerr et al. 1991). The relative efficiency by which quanta are absorbed by the 
variouss pigments depends on the wavelength. The amount of pigment that is activated 
dependss on the amount of quanta absorbed. Based on this difference in the wavelength 
sensitivityy of the pigments, cones are classified into four different types; ultra-violet-, 
short-,, middle-, and long wavelength (UV-, S-, M-, and L-cones). 

Thee activated photopigment stimulates a cascade of enzymatic reactions that 
finallyfinally  results in a reduction of the guanosine 3'-5'-cyclic monophosphate (cGMP) con-
centrationn in the outer segment (Yau 1994; Lamb 1986; Pugh and Lamb 1990). This 
cGMPP directly gates a non-selective cation channel. Since the reversal potential of this 
channell  is around 0 mV, light stimulation hyperpolarizes cones. 

Horizontall  cells 
AA goldfish retina contains four types of horizontal cells (HCs); one driven by rods and 
threee receiving input from cones. The cone-driven HCs can be classified based on their 
spectrall  sensitivity (MacNichol and Svaetichin 1958). Monophasic HCs (MHCs) hyper-
polarizee to light of all visible wavelengths, biphasic HCs (BHCs) hyperpolarize to short 
wavelengthh and depolarize to long wavelengths, and triphasic HCs (THCs) hyperpolarize 
too both short and long wavelengths and depolarize to middle wavelengths (MacNichol 
andd Svaetichin 1958; Norton et al. 1968). The light responses of the three different HC 
typess to ,̂ ht stimulation of different wavelengths are shown in Fig. 1.2. All types of 
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FigureFigure 1.3 Electronmicrograph of the cone/ HC synapse. R = ribbon; b = 
invaginatinginvaginating HC dendrite. Scale bar = 0.1 \im. 

coness project to and receive feedback from all types of cone-driven HCs. A model based 
onn the spectral sensitivities of both the feedforward responses of HCs and the feedback 
responses,, measured in cones, proposes that the MHCs, BHCs and THCs receive their 
mainn input from long-, middle-, and short-wavelength cones, respectively (Kamermans 
ett al. 1991; Kraaij et al. 1998). 

Thee cone/ horizontal cell synapse 
Thee cone photoreceptor synapse has a unique structure, which is characterized by a syn-
apticc ribbon, (Fig. 1.3) a structure that can maintain continuous release of neurotransmit-
ter.. Along this ribbon synaptic vesicles containing glutamate are aligned. Immunocyto-
chemistryy showed that most of the calcium channels regulating the glutamate release by 
thee cones are situated in close proximity to the ribbon (Nachman-Clewner et al. 1999), 
consistentt with freeze fracture studies (Raviola and Gilula 1975). Dendrites invaginate 
thee cone synaptic terminal deeply and end in close proximity of this synaptic ribbon. 
Theyy can end at a central and at a lateral position relative to the synaptic ribbon. It was 
originallyy assumed that the central processes were the feedforward processes and that 
thee lateral ones were the feedback processes (Stell and Lightfoot 1975; Stell et al. 1975). 
Thee involvement of the lateral processes in feedback was only recently experimentally 
confirmedd (Chapter 2, this thesis). Like the central processes, also the lateral ones express 
glutamatee receptors, making them both pre- and post-synaptic elements (Klooster et al. 
2001).. This seems to be a general feature of this synapse because this structural organi-
zationn is strongly conserved throughout all vertebrate species. I wil l illustrate the com-
municationn between cones and HCs in the following paragraph with measured flash 
responses. . 
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Physiologyy of the cone/HC network 
Fig.. 1.4A shows the current-voltage relation (I-V relation) of the calcium current of the 
cone.. Since there is a linear relation between the calcium current and neurotransmitter 
releasee (Schmitz and Witkovsky 1997), the amount of calcium flowing into the cone at 
anyy potential is a measure for the amount of glutamate released. In the lower panel of 
figuree the light response of a MHC is given, measured in current clamp mode. In the dark, 
thee resting potential of cones is at -40 mV. The I-V relation of the cone shows that at this 
potentiall  there is an influx of calcium (arrowhead 1), causing a continuous release of glu-

FigureFigure 1.4 The relationship between the calcium current of the cone and the HC 
lightlight response. A. Feedforward connections. B. Feedback connections. Meaning of the 
symbolssymbols as indicated in the text. 

6 6 



ChapterChapter 1 

tamatee (Murakami et al. 1972; Cervetto and Piccolino 1974; Copenhagen and Jahr 1989; 
Marcc et al. 1990). This sets the dark resting membrane potential of the HCs around -40 
mVV (arrowhead 1 *) . Light stimulation leads to a hyperpolarization of the cones, which 
leadss to a reduction of their glutamate release (arrowhead 2). HCs respond to this reduc-
tionn with a hyperpolarization (arrowhead 2*). Hyperpolarization of HCs generates a feed-
backk signal to the cones. The effect of this feedback signal is a shift of the calcium cur-
rentt of the cones to more negative potentials (Fig.l.4B) (Verweij et al. 1996a). The con-
sequencee of this shift is that more calcium wil l flow into the cones (arrowhead 3), leading 
too an increase in glutamate released by the cones. This increase in glutamate is sensed 
byy the second-order neurons and can be seen in their light responses, as the secondary 
depolarisationn or rollback (arrowhead 3*) (Vigh and Witkovsky 1999; Witkovsky et al. 
1995;; Wu 1994). 

Thee mechanism of feedback from HCs to cones has been a mystery for many 
decades.. The tips of the invaginating HC dendrites are devoided from vesicles containing 
neurotransmitterr release. In 1983, the presence of a GABA transporter was found on a 
subpopulationn of HCs (Yazulla and Kleinschmidt 1983). Instead of taking up GABA from 
thee extracellular space, like a classical transporter would do, this one has been shown to 
releasee GABA upon depolarisation of the HC membrane (Schwartz 1987). This, together 
withh the presence of ionotropic GABA receptors on cones (Yazulla and Studholme 1997; 
Kanekoo and Tachibana 1986a; Picaud et al. 1998), was speaking for a classical GAB-
Aergicc negative feedback pathway with an unconventional, calcium-independent way of 
GABAA release from the HCs. At least in goldfish, but likely also in turtle (Pottek et al. 
2001)) and in monkey (Verweij et al. 2002) feedback from HCs to cones is not mediated 
byy a GABAergic pathway. Instead, I wil l present evidence in Chapter 2 and 3 for an 
ephapticc feedback mechanism, in which current flowing through the intersynaptic space 
changeschanges the glutamate release of the cone by modulating the extracellular potential near 
thee calcium channels. The major current source for this special kind of cell-cell commu-
nicationn is provided by the connexin-26-like hemichannels, which are present in the tips 
off  the HC processes. 

Thiss discovery leaves the role of GABA unaccounted for. GABA has been sug-
gestedd to play an important role in light/dark adaptation. 

Light/darkk adaptation 
Thee ability to function under vastly different light conditions is one of the impressive 
featuress of the retina. The retina can adapt its sensitivity over about 10 log units by a 
numberr of mechanisms, which differ in sensitivity and time constant. First of all, there 
iss the switch between rod and cone dominated vision which reduces the intensity range 
whichh a single photoreceptor system has to cope with, to about 5 log units. However, the 
intensityy response curve of a cone photoreceptor at a given adaptation state spans only 
aboutt 2.5 log units (Kraaij et al. 1998). Adaptation over the remaining intensity range 
iss mediated by several mechanisms, which can be separated into two broad categories: 
"local""  and "network" adaptive mechanisms. 

Locall  mechanisms are intrinsic to the photoreceptors. Examples are bleaching 
adaptationn (Ripps and Pepperberg 1987) and Ca-dependent feedback on the phototrans-
ductionn cascade (Haynes and Yau 1985). The time constants of these processes are 
betweenn 0.1 s and 100 s (Baylor and Hodgkin 1974). 
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Networkk adaptation refers to mechanisms outside the photoreceptor and is 
mostlyy governed by dopamine. In the dark-adapted retina, the dopamine concentration 
iss low. This increases the electric coupling between HCs (Mangel and Dowling 1985; 
Yangg et al. 1988; Negishi et al. 1990), decreases the sensitivity of the glutamate receptors 
(Knappp and Dowling 1987) and increases the sensitivity of the GABAc-receptors on the 
HCss (Dong and Werblin 1994). Furthermore, the amount of GABA released by the HCs 
increasess during dark adaptation (Yazulla and Kleinschmidt 1982). These dopaminergic 
processess function on a time scale of minutes to hours (Witkovsky and Shi 1990). 

Forr this thesis, the most relevant change in the physiology of the retina during 
light-darkk adaptation is the change in the strength of feedback in the outer retina. In 
thee light adapted, cone dominated state, feedback is pronounced, whereas in the dark 
adapted,, rod dominated state, feedback is absent (Weiler and Wagner 1984). Chapters 
44 and 5 address the two different mechanisms of modulating the strength of negative 
feedbackk from HCs to cones. 

Thesiss outline 
Chapterr 2 describes the mechanism of negative feedback from HCs to cones. 
Chapterr 3 deals with the mechanism used by cobalt to block negative feedback from 
HCss to cones. 
Chapterr 4 addresses the long-standing question of the function of the GABAergic system 
inn the outer retina. 
Chapterr 5 describes the influence of "local" cone adaptation on the "network" properties 
off  the outer retina. 
Inn Chapter 6 some consequences of the insights obtained in the previous chapters are 
discussed. . 
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