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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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GeneralGeneral introduction 

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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A< ** -^J ^ 

200 mV 11 s 
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. 
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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/dar kk 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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Chapterr  2 

Hemichannell  mediated inhibitio n in the outer 
retina a 

MaartenMaarten Kamermans, Iris Fahrenfort, Konrad Schultz, Ulrike Janssen-Bienhold, Trijntje 
Sjoerdsma,Sjoerdsma, Reto Weiler (2001) Science 292:1178-1180 

Ann essential feature of the first  synapse in the retina is a negative feedback path-
wayy from horizontal cells to cones. We show here that at this synapse, connexin26 
formss hemichannels on horizontal cell dendrites, near  the glutamate release site of 
thee cones. Blocking these hemichannels hyperpolarizes horizontal cells, modulates 
thee Ca2+-channels of the cones and abolishes all feedback-mediated responses. We 
proposepropose a feedback mechanism in which the activity of the Ca2+-channels and the 
subsequentt  glutamate release of the cones is modulated by a current through these 
hemichannels.. Because the current through the hemichannels depends on the polar-
izationn of the horizontal cells, their  activity modulates the output of the cones. 
Inn all vertebrate retinas, photoreceptors project to horizontal cells (HCs) and bipolar 
cellss (BCs). The synaptic complex of this interaction reveals a peculiar and conserved 
ultrastructure.. The cone pedicles are characterized by a pre-synaptic ribbon, where neu-
rotransmitterr release takes place, centrally positioned BC dendrites and laterally posi-
tionedd HC dendrites (Fig.2.1A). These lateral contacts are thought to be the origin of 
negativee feedback from HCs to cones. In goldfish, this feedback modulates the Ca2+-
currentt in the cones. Hyperpolarization of HCs shifts the Ca2+-current to more negative 
potentials,, which increases the Ca2+-influx and subsequently leads to an increase in glu-
tamatee release. Various neurotransmitters have been proposed for this pathway, but this 
retrogradee neurotransmitter has not yet been unequivocally identified (Kamermans and 
Spekreijsee 1999). 

Inn the carp retina, connexin26 (Cx26) immunolabel1 (Janssen-Bienhold et al. 
2001)) was restricted to the membrane of the lateral processes of the HCs close to the volt-
age-dependentt Ca2+-channels on the opposing cone membrane (Fig.2.1B and C) (Nach-
man-Clewnerr et al. 1999). Septilaminar structures indicative of gap-junctions between 
thee cones and the HC are neither discernible at this site, nor have such structures been 
reportedd by physiological studies, suggesting that the immunolabel reflects the presence 
off  hemichannels. That functional hemichannels are present on HCs and do not compro-
misee cell viability has been shown in dissociated HCs (DeVries and Schwartz 1992; Lu 
andd McMahon 1996). 

Thee location of Cx26 immunolabel suggested that such hemichannels might 
'Forr details about the pre-embedding immunoelectron microscopy, and the Cx26 antibody see Janssen-Bienhold 
etat.. (1998). 
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FigureFigure 2.1 Localisation of Cx26 
immunoreactivity.immunoreactivity. Electronmicro-
graphgraph of tangential sections of cone 
pedicles,pedicles, a) Control section; SR: Syn-
apticaptic ribbon; arrows indicate HC 
dendrites,dendrites, b) Cx26 immunoreactivity. 
c)c) Immunolabel is restricted to the 
HCHC dendrites. Scale bars in a) and b) 
indicateindicate 0.5 \un, and in c) 0.1 \im. 

bee involved in the synaptic interactions between HCs and cones. We thus studied the 
effectt of carbenoxolone, a blocker of gap-junctional channels on this feedback pathway2 

(Osbornee and Williams 1996; Vaney et al. 1998). Figure 2.2A (left) shows the feedback-
inducedd responses of a cone clamped at various membrane potentials3. The feedback-
mediatedd responses in cones can be measured most effectively when the cone response 
iss saturated with a white 20 um diameter spot and the retina stimulated with a full-field 
2Att present there is no specific blocker for Cx26 hemichannels. Therefore, carbenoxolone has blocked other 
gap-junctionss in the retina. This has not influenced our results because full-field light stimuli were used 
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FigureFigure 2.2 Carbenoxolone blocks feedback-mediated responses in both cones 
andand HCs. a) Feedback induced response in a cone clamped at various poten-
tialstials in control solution (left) and in carbenoxolone (right). Feedback-induced 
responsesresponses are maximal around -47 mVand diminished at both hyperpolarized 
andand depolarized potentials, b) Feedback-induced response in a cone clamped 
atat -47 mV in control (left), carbenoxolone (middle) and after 15 min wash 
(right),(right), c) Carbenoxolone does not affect the response of a cone to light, 
d)d) Responses of a monophasic HC to 550 nm, full field, stimuli of 500 ms, 
whichwhich are separated by 500 ms, during which no stimuli were presented. 
ExpandedExpanded light responses at different time points, indicated by the arrows are 
givengiven below, e) Carbenoxolone blocks feedback-mediated responses in MHCs. 
ResponsesResponses in control (left) and in carbenoxolone (right). J) Responses of a 
biphasicbiphasic HC (BHC) in control (left) and carbenoxolone (right). Carbenoxo-
lonelone blocks the depolarizing response to red light. The responses in b, c, d and 
ff have been shifted such that the baseline is equal. 

whitee light stimulus (Kamermans and Spekreijse 1999). Such a stimulus induces a shift 
off  the Ca2+-current in the cones to more negative potentials, which will be seen as an 
inwardd current in a voltage clamped cone. In the presence of 100 p.M carbenoxolone, 
thesee feedback-induced responses disappeared (Fig.2.2A right; n = 13). The effect of 
33 Retinas of light-adapted goldfish, Carassius Auratus, (12 - 16 cm standard body length) were used in the 
electrophysiologicall  experiments. For details about the experimental procedures, see Fahrenfort et al. (1999). 
Al ll  experiments were done in the presence of 25 M SKF 89976A, a kind gift from Smith Kline Beecham, to 
blockk the influence of the GABAergic system in the outer retina without affecting the inner retina. Data are 
presentedd as mean  sem. 
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carbenoxolonee could be washed out within 15 min (Fig.2.2B). During the application 
off  carbenoxolone cones hyperpolarized by -4.6 mV  1.7 mV (n = 5) while their light 
responsee amplitude was unaffected (Fig.2.2C). 

Becausee blocking the hemichannels led to the disappearance of the feedback-
inducedd responses in cones, the feedback-mediated responses in HCs should also dis-
appear.. Carbenoxolone hyperpolarized HCs strongly and reduced their light responses 
(Fig.2.2D).. Because of this large hyperpolarization, the effect of carbenoxolone on the 
feedback-mediatedd responses was studied before the HCs had hyperpolarized more than 
aboutt 25% of their maximal hyperpolarization (Fig.2.2D; (3)). HC light-responses show 
aa characteristic transient component (arrow Fig.2.2E, left), mainly attributable to nega-
tivee feedback from HCs to cones (Witkovsky et al. 1995; Wu 1994). In monophasic HCs 
(MHCs),, which hyperpolarize to light of all wavelengths, this pronounced transient com-
ponentt was blocked by carbenoxolone (Fig.2.2D, right; n = 8), Biphasic HCs (BHCs) 
hyperpolarizee to full-field green light stimulation but depolarize upon red light stimula-
tionn (Fig.2.2F, left). The depolarizing responses are thought to originate from negative 
feedbackk from MHCs to middle wavelength sensitive cones (Kamermans and Spekreijse 
1999;; Kraaij et al. 2000a; Toyoda et al. 1982; Weiler and Wagner 1984; Witkovsky et 
al.. 1995). Carbenoxolone blocked these depolarizing responses while the hyperpolarizing 
responsess were almost unaffected (Fig.2.2F, right; n = 5). 

Iss the block of the hemichannels or the hyperpolarization of the HCs respon-
siblee for the block of feedback? Hyperpolarization of HCs with an intact feedback system 
shiftss the Ca2+-current to more negative potentials (Kamermans and Spekreijse 1999). 
Thee maximal light-induced shift of the Ca2+-current to negative potentials is about -10 
mVV (Kraaij et al. 2000a). Blocking hemichannels with carbenoxolone also hyperpolarizes 
HCs,, but now the Ca2+-current was shifted to more positive potentials. The mean carben-
oxolone-inducedd shift of the half-activation potential of the Ca2+-current was 4.7 mV 
(rangingg from 0.5 mV to 11.5 mV; n = 8). Although HCs hyperpolarize strongly under 
carbenoxolone,, the Ca2+-current is not shifted to negative potentials as would be expected 
iff  feedback were still intact. The observed positive shift of the Ca2+-current shows that 
blockingg the hemichannels, and not the HCC hyperpolarization, is essential for the carben-
oxolone-inducedd block of feedback responses in cones. 

Hemichannelss have a reversal potential around 0 mV (DeVries and Schwartz 
1992;; Lu and McMahon 1996). Blocking these channels should hyperpolarize HCs. The 
sizee of the carbenoxolone-induced hyperpolarization of the HCs was unexpectedly large 
(byy -44.4 mV 0 mV; n = 8). This observation suggests that the hemichannel conduc-
tancee is by far the largest conductance in the HCs. However, carbenoxolone not only 
blockss the hemichannels but also shifts the Ca2+-current of the cone, leading to a reduc-
tionn of glutamate release, which in turn closes the glutamate-gated channels4. We esti-
matedd that the glutamate conductance was eight times larger than that of the hemichan-
nel5. . 

Howw do hemichannels mediate negative feedback from HCs to cones? An elec-

44 Blocking hemichannels resulted in a positive shift of 4.7 mV in the Ca2+-current. This reduced the Ca2+-influx 
intoo the cones and hyperpolarized them by -4.6 mV leading to a relative shift of membrane potential vs Ca2+-
currentt of about 9 mV. In conditions where feedback is not active, such a shift reduces synaptic transmission 
betweenn cones and HCs by about 90% (Kraaij et al. 2000a). This accounts for the large hyperpolarization of the 
HCss and the reduction of the HC light-responses. 
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tricall  feedback mechanism has been suggested in which glutamate receptors on the HC 
dendritess in the cone synaptic terminal form a current sink by which the extrasynaptic 
potentiall  could be modulated (Byzov and Shura-Bura 1986). Although this original 
hypothesiss was not validated experimentally (Kamermans and Spekreijse 1999), a modi-
fiedd version can account for the observed effects (see appendix 1). Key elements of this 
mechanismm are a relatively high resistance of the extracellular space in the synaptic ter-
minal,, and hemichannels at the tips of the HC dendrites. The extracellular potential near 
thesee hemichannels wil l become negative because of the current flowing through the high 
resistancee of the extracellular space, via the hemichannels into the HCs. The voltage-
dependentt Ca2+-channels of the cones wil l therefore sense a more positive membrane 
potential,, causing an increase in the release of glutamate. Modulation of the HC mem-
branee potential wil l change the current flowing through the hemichannels, which wil l 
subsequentlyy modulate the glutamate release of the cones. In voltage clamp experiments, 
thiss modulation of the Ca2+-current by the HCs wil l be seen as a negative shift of the Ca2+-
currentt in the cones. 

Suchh an electrical feedback mechanism critically depends on a postsynaptic cur-
rentt sink, near the presynaptic Ca2+-channels. This suggests that other channels present 
inn the cone synaptic terminal could also form a current sink and should therefore also 
bee able to mediate feedback. Therefore we studied the contribution of the glutamate-
gatedd channels while hemichannels were blocked with carbenoxolone (Fig.2.3). Record-
ingss were made from a BHC during alternating green and red light stimulation. Applica-
tionn of carbenoxolone closed the hemichannels and greatly reduced the glutamate-gated 
conductance.. To study the effect of current flowing through the glutamate-gated channels, 
wee applied kainate. In a restricted time window, only some of the glutamate receptors wil l 
bee activated by kainate while the others wil l be modulated by the glutamate released by 
thee cones. In this time window the light responses and the feedback-mediated depolariz-
ingg response to red light stimuli reappeared (Fig.2.3 (4); n = 3). This experiment showed 
thatt glutamate-gated conductances could, under certain conditions, also act as a current 
sinkk and contribute to electrical feedback. Because feedback does not depend on the type 
off  channel on the HC dendrites, these experiments support the hypothesis that it is the 
currentt that generates the feedback signal. However, under physiological conditions with 
fulll  field white light stimulation, the current through the glutamate-gated channels wil l 
reducee with HC hyperpolarization instead of increase. This happens because the cones 

55 In the dark, the resting potential of HCs is -34.7 6 mV (n =12). Blocking the glutamate-gated conductances 
withh DNQX (an antagonist of ionotropic, non-NMDA glutamate receptors) in the control condition induced a 
hyperpolarizationn of -36.7 mV  2.8 mV (n = 7) in HCs which is significantly less than the carbenoxolone-
inducedd hyperpolarization (-44.4  3.0 mV) ( Mest, p < 0.05). Application of DNQX during carbenoxolone 
furtherr hyperpolarized HCs by -3.6  1.3 mV (n = 5), to a final value of-82.7 mV. Taking this as the reversal 
potentiall  for the potassium conductance and 0 mV as the reversal potential for the cation- and hemichannel 
conductances,, one can estimate, using Ohms law, that the hemichannel conductance is about one-eighth of the 
cationn conductance. 
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FigureFigure 2.3 Glutamate-gated channels are able to mediate feedback, a) Light 
responsesresponses of a BHC during application of carbenoxolone and kainate. b) 
ExpandedExpanded light responses of a) at the time points indicated with arrows. 
(1)(1) Control light-responses. (2) Light-responses just after the application of 
carbenoxolone.carbenoxolone. (3) Light responses, taken at the maximal hyperpolarized 
levellevel (4) Additional application of 20 \iM kainate leads to the reappearance 
ofof surround-induced responses. (5) Eventually the light-responses disappear. 

reducee their glutamate release. This cascade of events turns the feedback signal via the 
glutamate-gatedd channels into a positive one. The contribution of the glutamate-gated 
channelss to feedback is therefore negative in cones that are not stimulated by light, 
whereass it is positive when the cones are directly stimulated by light. 

Ann electrical feedback mechanism strongly depends on the resistance of the 
extracellularr space in the synapse, the conductance of the hemichannels, and their 
localization.. Using morphological data, one can calculate that 13-400 hemichannels 

66 The surface of the extracellular space at the base of the cone pedicle in goldfish has been estimated to be 
betweenn 0.01 to 0.1 m2 depending on the fixation procedure used (Vandenbranden, et al. 1996). The tips of the 
dendritess invaginate about 1 m into the cone pedicel. Assuming that the mobility of the ions in the intersynaptic 
spacee is equal to thatt in the Ringer's solution, one can calculate that the resistance of the intersynaptic space is 
betweenn 6 and 60 MQ. The shift in the Ca2*-current is about -10 mV for a change in HC membrane potential of 
aboutt -40 mV. Therefore, the total resistance of the hemichannels should be between 24 and 240 MQ. The single 
channell  conductance of a Cx26 hemichannel is about 270 pS (Suchyna et al. 1999), and is almost potential-
independentt over a voltage range of 60 mV (Oh et al. 1999). Various hemichannels are closed by high Ca2*-
concentrationss (9). It was estimated that with 1 mM extracellular Ca2*-concentration (the concentration used in 
thee present experiments) the conductance of the channels is about 4% of the maximal conductance. Given these 
numbers,, and assuming that the conductance of Cx26 hemichannels is also Ca2~-dependent, one needs between 
4000 and 4000 hemichannels in the entire terminal to generate enough current to shift the Ca2"-current by 10 mV. 
Sincee in goldfish-cones 5 to 16 synaptic ribbons are present with each at least 2 HC dendrites (Stell et al. 1982) 
perr ribbon, one would need about 13 to 400 hemichannels per dendrite. 
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focallyy localized at the tips of the HC dendrites yield a large enough current sink6 for the 
proposedd electrical feedback mechanism to function. In contrast to hemichannels that are 
focallyy localized, glutamate receptors are expressed more diffusely and extrasynaptically 
onn the dendrites of HCs (Klooster et al. 2001; Schultz et al. 2001), reducing the efficiency 
withh which they modulate the calcium channels of the cone. 

Wee propose an electrical or ephaptic feedback mechanism in which hemichan-
nelss are key elements that form a current sink near the Ca2+-channels of a pre-synaptic 
neuron,, making the potential sensed by these Ca2+-channels dependent on the activity of 
thee post-synaptic neuron. 

Appendixx 1 
Electricall  feedback model. A schematic drawing of the cone synaptic terminal is given. In 
(A)) the hemichannels (dark grey) are indicated in the HC dendrites and the Ca2+-channels 
(white)) in the cone membrane, close to the glutamate release site of the cones near the end 
off  the synaptic ribbon (R). In (B), the equivalent electrical circuit is drawn in the condi-
tionn in which the cones and HCs rest at -40 mV. Hemichannels (1) form a current sink 
inn the HC dendrites near the voltage dependent Ca2+-channels (2) in the cones. The small 
inwardd current through the hemichannels has to come from outside the synaptic complex 
andd needs therefore to pass through the intersynaptic space. Because the resistance of this 
spacee (3) is appreciable, a voltage drop will occur, making the potential near the hemi-
channelss slightly negative. The result is that, locally, the potential difference over  the 
conee membrane will become smaller, leading to an increase in Ca2+-current. (4) is the 
nonsynapticc membrane resistance of the HCs outside the cone synaptic complex. In this 
schemee the Ca2+-channels are represented by a potentiometer because the activity of these 
channelss (and therefore the amount of glutamate release) depends on the potential dif-
ferencee across the cone membrane. In (C) the equivalent circuit is drawn in a condition 
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inn which the HCs have hyperpolarized to -80 mV while the cone remains at -40 mV. 
Thiss represents the condition in which the receptive field surround of a cone is strongly 
stimulatedd while the cone itself is not. Now the current through the hemichannels (1) and 
thereforee the potential drop along the resistance of the intercellular cleft (2) has increased. 
Thee result will be that the potential near the voltage-dependent Ca2+-channels has become 
evenn more negative leading to a local reduction of the cone membrane potential. In this 
wayy hyperpolarization of the HCs leads to a local depolarization of the cone membrane 
potential,, at the critical site where voltage-dependent Ca2+-channels are located. 

Appendixx 2 
Currentt flowing through glutamate-gated channels can also mediate feedback. Fig.2.4A 
showss an electromicrograph of the cone/HC synapse stained with immunolabel against 
thee Glu-R2 glutamate-receptor subunit. Label is found on the lateral processes of the 
HCs,, indicating that glutamate-gated channels are present at a location in close proximity 
too the calcium channels of the cone. If negative feedback from HCs to cones is indeed 
ephaptic,, current flowing through these channels should also be able to modify the output 
off  the cone. That this is indeed the case is shown in chapter 2. In the absence of a hemi-
channell  conductance, current flowing through glutamate-gated channels can also induce 
feedback-mediatedd responses (Fig.2.3). 

Att first glance, this might contradict the results of Jan Verweij, who showed that 
blockingg the glutamate-gated channels with the ionotropic glutamate antagonist DNQX 
didd not block negative feedback from HCs to cones. One has to realise that at that time 
thee existence of hemichannels at the tips of the HC processes was not known. Can 

FigureFigure 2.4 Localisation of ionotropic glutamate-gated channels in the outer 
retina.retina. A) Electron micrograph of the cone-HC synapse. R—ribbon of the 
cone;cone; HC= invaginating HC processes. Immunolabel against Glu-R2 
isis found in the tips of the invaginating HC dendrites. B) Electron 
micrographmicrograph of cone/ HC synapse and the adjacent neuropil. Glu-R2 
immunolabelimmunolabel is also present in dendrites far away from the cone 
synapticsynaptic release sites. Bars in (A) indicate 0.1 yjn and (B) 0.5 pan. 
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wee explain the DNQX experiments when we take the hemichannel conductance into 
account?? Fig.2.5A, B shows the same electric equivalent circuit of the cone/HC synapse. 
Inn addition to the hemichannel resistance, a glutamate-gated resistance is given. Since 
glutamate-gatedd channels also have a reversal potential of about 0 mV, application of 
DNQXX wil l hyperpolarize HCs. This wil l decrease the amount of current flowing through 
thee glutamate-gated channels and increase the current flow through the hemichannels. 
Dependingg on the balance of these processes the total intersynaptic current wil l either 
increasee or decrease. An increase in current results in a shift of the Ca2+-current to nega-
tivee potentials whereas a decrease of current leads to a shift of the Ca2+-current to posi-
tivee potentials. Since Fig.2.5C shows that application of DNQX shifts the Ca2+-current to 
negativee potentials, we can conclude that the glutamate-gated channels are not the major 
currentt source of negative feedback from HCs to cones. If the glutamate-gated channels 
hadd been the major current source, closing them would have resulted in a shift of the Ca2+-
currentt to more positive potentials. 

Howw can hemichannels be the major current source of negative feedback from 
HCss to cones, if estimates about the relative conductances present in HCs indicate that 
thee glutamate-gated conductance is 8 times larger than the hemichannel conductance (see 
footnotee 5)? A possible answer to this question was given by ultrastructural studies done 
byy Klooster and Yazulla (Klooster et al. 2001). Although glutamate-gated channels are 
presentt in the cone/HC synapse, much of the immunolabel was found far away from the 
releasee sites of the cone (Fig.2.4B). Current flowing through the glutamate-gated chan-
nelss outside the terminal is not able to modify the intersynaptic potential near the calcium 
channelss of the cone. So, although the hemichannel conductance is relatively small, their 
focall  localisation makes them the major current source in the ephaptic negative feedback 
fromm HCs to cones. 
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FigureFigure 2.5 Hemichannels are the major current source in negative feedback 
fromfrom HCs to cones. A) Electrical equivalent circuit of the cone/HC synapse. 
B)B) Closing either conductance will  lead to a hyperpolarization of HCs. 
ByBy using the position of the calcium current of the cone as a monitor for 
thethe extracellular synaptic potential one can determine which of these two 
conductancesconductances is the major current source in the negative feedback from 
HCsHCs to cones. C) The calcium current of the cone in control (open circles) 
andand after closing the glutamate-gated channels with DNQX (closed circles). 
DNQXDNQX shifts the calcium current of the cone to more negative potentials. 
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Chapterr  3 

Cobaltt  inhibit s negative feedback in the outer 
retinaa b\ blocking hemichannels on 

horizontall  cells 
I.I. Fahrenfort, T. Sjoerdsma and M. Kamermans (submitted) 

Abstract t 
Inn goldfish, negative feedback from horizontal cells to cones shifts the current-voltage 
relationn of the calcium channels of the cones to more negative potentials by means of 
ann ephaptic mechanism involving hemichannels. This shift increases the amount of cal-
ciumm flowing into the cone, resulting in an increase in glutamate release. This increase in 
thee release of glutamate forms the basis of the feedback-mediated responses in second-
orderr neurons. Low concentrations of cobalt are known to block the feedback-mediated 
responsess in the outer retina of turtle. The mechanism by which this is accomplished is 
unknown.. We studied the effects of cobalt on the cone/horizontal cell network of goldfish 
retina;; in order to reveal the mechanism by which cobalt blocks negative feedback from 
horizontall  cells to cones. We found that although.cobalt does block a GABA-gated con-
ductancee in the cones, the reduction of feedback-mediated responses in both cones and 
horizontall  cells is due to a reduction of the hemichannel conductance. 

Introductio n n 
Negativee feedback from horizontal cells (HC) to cones is the first place in the visual 
systemm where a neuronal feedback loop exists. This feedback loop is thought to play a 
fundamentall  role in processes like contrast enhancement (Dowling 1987) and colour-con-
stancyy (Kamermans et al. 1998). It has long been argued that HCs feed back to cones via a 
GABAergicc feedback pathway. This hypothesis was based on the findings that cone pho-
toreceptorss have GABAA and GABAC receptors (Kaneko and Tachibana 1986a) and HCs 
releasee GABA in a Ca-independent carrier-mediated manner (Marc et al. 1978; Schwartz 
1987).. However, other evidence suggests that GABA does not play a role in the nega-
tivee feedback pathway (Kamermans and Spekreijse 1999; Perlman and Normann 1990). 

Kamermanss et al (2001a) showed that in goldfish negative feedback from HCs 
too cones involves hemichannels located at the tips of the HC dendrites, opposite to the 
releasee sites of the cones. Blocking these connexin 26-based hemichannels with carben-
oxolonee blocks the feedback-mediated responses in the outer retina. It was hypothesized 
thatt the current flowing through these channels induces a local voltage drop along the 
intersynapticc space making the potential just outside the hemichannels slightly negative 
(Kamermanss et al. 2001a). Since the Ca-channels of the cone are positioned just opposite 

19 19 



CobaltCobalt blocks feedback 

too the hemichannels, they wil l sense a relatively depolarized membrane potential. This 
wil ll  result in a voltage clamp experiment as a shift of the Ca-current to negative poten-
tials.. This shift leads to an increase of Ca-influx into the cone and thus to an increase in 
glutamatee release. The size of the current through the hemichannels and thus of the volt-
agee drop along the intersynaptic space depends on the membrane potential of the HCs. 

Anotherr drug that blocks feedback is cobalt. In turtle, cobalt blocks surround-
inducedd responses, even in concentrations as low as 250 uM (Thoreson and Burkhardt 
1990;; Vigh and Witkovsky 1999). The mechanism by which cobalt affects negative feed-
backk from HCs to cones has not been clarified yet. Although it was argued that cobalt 
blockss the feedback-mediated responses by blocking the GABA-receptors on the cones 
(Vighh and Witkovsky 1999), other experiments seem to have excluded the involvement of 
GABAA (Thoreson and Burkhardt 1990). 

Inn this paper we show that a low concentration of cobalt has two effects in the 
outerr retina of goldfish: 1) it blocks the feedback-mediated responses in both cones and 
HCs,, and 2) it blocks GABA receptors in cones. The block of the feedback-mediated 
responsess does not depend on the block of the GABA receptors but is due to a direct 
actionn of cobalt on the hemichannels. 

Materiall  and methods 
Preparation Preparation 
Goldfish,, Carassius Auratus, (12 -16 cm standard body length) were kept at 18 °C under 
aa 12-hour dark, 12-hour light regime. All experiments were performed with fish that were 
betweenn 6 and 9 hours in their light phase. The fish were dark-adapted at least 6 min 
priorr to the experiment, and all further steps in preparation were performed in the dark 
underr infrared illumination. The fish were decapitated, and an eye was enucleated. This 
eyee was hemisected and most of the vitreous was removed with filter paper. The retina 
wass isolated, placed receptor side up in a superfusion chamber and superfused continu-
ouslyy (1.5 ml/min) with oxygenated Ringer's solution (pH 7.8, 18 °C). 
PatchPatch clamp measurements 
OpticalOptical stimulator 
AA 450 W Xenon-lamp supplied two beams of light. These were projected through Unib-
litzz VS14 shutters (Vincent associates, USA), neutral density filters (NG Schott, Ger-
many),, lenses and apertures. The 20 urn spots were projected through a 40x water immer-
sionn objective (N.A. = 0.55) of the microscope and the 3000 urn spots were projected 
throughh the condenser (N.A. = 1.25) of the microscope. For the experiments with the 
cones,, only white light stimuli were used. The light intensities are expressed in log units 
relativee to 4*  103 cd nr2. To classify the cones spectrally, interference filters were used 
withh a bandwidth of 8  3 nm (Ealing Electro-Optics Inc., U.S.A.) 
ElectrodesElectrodes and recording equipment 
Thee pipettes were pulled from borosilicate glass (GC150TF-10 Clark, U.K.) with a Sutter 
P-877 micropipette puller (Sutter Instruments Company, U.S.A.). The impedances ranged 
fromm 3 to 6 M svhen filled with pipette medium and measured in Ringer's solution. The 
seriess resistance during the whole cell recording was always less than 12 M gThe super-
fusionn chamber was mounted on a Nikon Optiphot-X2 microscope (Nikon, Japan). The 
preparationn was illuminated with infrared light (labda > 850 nm; Kodak wratten filter 
87c,, USA) and viewed with a Nikon 40x water immersion objective (N.A. = 0.55), Hoff-
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mann modulation contrast optics and a video camera (Philips, The Netherlands). Elec-
trodess were mounted on a MP-85 Huxley/Wall-type micromanipulator (Sutter Instru-
mentss Company, U.S.A.) and connected to a Dagan 3900A Integrating Patch Clamp 
(Dagann Corporation, U.S.A.). Data acquisition, and controls of the patch clamp and of the 
opticall  stimulator were done with a CED 1401 AD/DA convenor (Cambridge Electronic 

Designn Limited, U.K.) and a MS-DOS based computer system. 
IntracellularIntracellular  measurements 
OpticalOptical stimulator 
Thee optical stimulator consisted of 2 beams from a 450 W Xenon light source, and 
aa pair of circular neutral density filters (Barr & Strout, UK). The full-field chromatic 
lightt stimuli were projected onto the retina through a 2x objective lens (N.A, = 0.08) 
off  the microscope. To classify the HC spectrally, a monochromator (Ebert, USA), and 
interferencee filters with a bandwidth of 8  3 nm (Ealing Electro-Optics Inc., U.S.A.) 
weree used. The light intensities are expressed in log units relative to 4*  1016 quanta sec"1 

m2.. The intensities of the 450, 500, 550, 650, and 700 nm were respectively 1.3,0.4,0,4, 
0.5,, and 0.2 log units lower than the intensity of the 600 nm stimuli. 
ElectrodesElectrodes and recording equipment 
Microelectrodess were pulled on a Sutter puller (P-80-PC; San Rafael, USA) using allu-
minosilicatee glass (OD=1.0 mm, ID=0.5 mm; Clark, UK), and had impedances ranging 
100-2000 Mfi  when filled with 4M KAc. The intracellular recordings were made with 
aa WPI S7000A microelectrode amplifier system (World Precision Instruments, USA), 
recordedd on paper (Graphtec Linearcorder, Japan), and sampled using an MS-DOS based 
computerr system and a AD/DA converter (CED 1401, Cambridge Electronic Design, 
UK) ) 
Ringer'sRinger's solutions and pipette medium 
Thee Ringer's solution contained (in mM) 102.0 NaCl, 2.6 KC1, 1.0 MgCl2, 1.0 CaCl2, 
28.00 NaHC03, 5.0 glucose, and was continuously gassed with approximately 2.5% C02 

andd 97.5% 02 yielding a pH of 7.8. Some Ringer's solutions contained drugs as indicated 
inn the text and in the legends of the figures. 
Thee standard patch pipette medium contained (in mM) 12.0 KCL, 61.0 D-Gluconic-K, 
1.00 MgCl2, 0.1 CaCl2, 1.0 EGTA, 5.0 HEPES, 5.0 ATP-Na2, 1.0 GTP-Na3, 0.2 3': 
5'-cGMP-Na,, 20 Phosphocreatine-Na2, 50 units/ml creatine phosphokinase. To change 
thee Cl-equilibrium potential, KC1 was exchanged for equimolar D-Gluconic-K. The pH 
off  the pipette medium was adjusted to 7.25 with KOH. All chemicals were obtained from 
Sigma-Aldrich,Sigma-Aldrich, U.S.A., except for CoCl2 (Merck) and SKF89976-A (a kind gift from 
Smithh Kline Beecham Pharmaceuticals). 
LiquidLiquid junction potential 
Thee liquid junction potential was measured with a patch pipette filled with the pipette 
mediumm and positioned in a bath filled with pipette medium. The reference electrode 
wass filled with 3M KCL After the potential was adjusted to zero, the bath solution was 
replacedd with Ringer's solution. The resulting potential change was considered as the 
junctionn potential. The liquid junction potential was measured for each pipette solution 
andd all data were corrected accordingly. 
Statistics Statistics 
Dataa are presented as mean  standard error in the mean. Significance (p <0.05) was 
determinedd using t-tests. 
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MeasuresMeasures of feedback 
Feedbackk can be measured at various locations in the outer retina. In this study we wil l 
measuree the effects of feedback in both cones and HCs. Feedback from HCs to cones 
shiftss the calcium current activation function of the cone to more negative potentials 
(Verweijj  et al. 1996a). In a voltage clamped cone, this shift can be seen as an increase 
inn calcium current, which leads to an increase in glutamate released by the cone. This 
feedback-inducedd increase in glutamate can be seen in the MHC light responses as a 
secondaryy depolarization, or rollback (Kamermans et al. 1991; Kamermans et al. 2001b; 
Witkovskyy et al. 1995; Wu 1994). BHCs show a depolarizing response to deep red light 
stimulationn due to feedback of MHCs to M-cones (Kamermans et al. 2001b; Kamermans 
andd Spekreijse 1999; Stell and Lightfoot 1975; Weiler and Wagner 1984; Witkovsky et al. 
1995).. Finally, THCs respond with a depolarization when stimulated with green light, due 
too negative feedback from the BHCs to the S-cones. As a measure of feedback in second 
orderr neurons the rollback in MHCs and the depolarizing response of BHCs and THCs 
wil ll  be used. 

Result s s 
CobaltCobalt blocks feedback mediated responses in both cones and HCs 
First,, the effect of cobalt on the feedback-induced responses in cones was studied. 
Fig.3.11 A shows the feedback-mediated responses of a cone clamped at three different 
potentials.. In control conditions, feedback induces a fast inward current at all three poten-
tials.. At more depolarised potentials, a slowly developing outward current follows the 
initiall  inward current. This is the calcium dependent Cl-current (Verweij et al. 1996a). 50 
MM cobalt completely blocked the surround-induced currents (Fig.3.1A; right). This was 
foundd in 5 of the 7 cones tested. In the two remaining cells, cobalt reduced the amplitudes 
off  the feedback-induced responses to 10 % of the control amplitude. In the concentra-
tionn range between 100 uM and 0.5 mM cobalt always blocked the feedback-induced 
responsess in cones completely (n=9). In the higher concentration range, cobalt is known 
too have direct effects on the calcium channels of the cone (Piccolino et al. 1999). To pre-
ventt this as much as possible, we used lower concentrations of cobalt (< 150 uM). 

Next,, the effect of cobalt on the feedback-induced responses in HCs was tested. 
Fig.3.1BB shows the effect of 75 uM cobalt on the light responses of a MHC. Cobalt 
inducedd a hyperpolarization of -17.0  3 mV (n=9). Simultaneously with this hyperpo-
larization,, all tested cells showed a strong reduction or even a complete block of the feed-
back-inducedd rollback. The other marker for feedback used in this study is the depolariz-
ingg response of BHCs. Application of 50 uM cobalt hyperpolarized BHCs -12.0  3 mV 
(n=5)) and strongly reduced the depolarizing responses to red light stimulation (Fig.3.1C). 
Thiss was found in 4 of the 5 BHCs tested. One BHC showed a complete block of the 
depolarizingg response (i.e. the depolarizing response even reversed into a hyperpolariz-
ingg one). Although hyperpolarizing light responses due to green light stimulation were 
reduced,, the reduction found in the depolarizing response due to deep red light stimu-
lationn was always much more pronounced. THCs were not frequently encountered, but 
thee depolarizing responses due to green light stimulation were also reduced upon cobalt 
applicationn (n=3). These experiments demonstrate that feedback mediated responses in 
bothh cones and HCs are strongly reduced or eliminated by low concentrations of cobalt. 
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CobaltCobalt blocks a GABA-gated conductance in the cone 
Loww concentrations of cobalt block a GABA-gated conductance in the cones (Kaneko and 
Tachibanaa 1986b). To see whether this is also the case in goldfish, the effect of cobalt 
onn the current-voltage relation of the cones was studied. Fig.3.2A shows the whole-cell 
currentt of a cone in standard Ringer's solution (open circles) and in the presence of 50 
uMM cobalt (closed circles). In 11 of the 15 cells tested, cobalt blocked a current with a 
meann reversal of-35.0 2 mV (n = 11). The calculated reversal potential for chloride in 
thiss condition was -38 mV. In the other 4 cells, cobalt was ineffective in blocking such a 
conductance.. Changing the calculated equilibrium potential of chloride to -70 mV shifted 
thee reversal potential of the cobalt-blocked current to more negative potentials (-53.3
3.33 mV; n=9) (Fig.3.2B). These results suggest that cobalt blocks a current in the cones, 
whichh is mainly but not exclusively carried by CI". 

Iff  the cobalt-sensitive current is mediated via GABA-gated chloride channels, 
thenn removing GABA from the outer retina should lead to a closure of these channels, 
makingg cobalt ineffective in blocking the chloride current. One way to remove GABA 
fromfrom the outer retina is to block the GABA released by the HCs with the GABA-trans-
porterporter blocker SKF89976-A (Takahashi et al. 1995; Verweij et al. 1998). In the presence 
off  SKF89976-A, cobalt was ineffective in blocking a Cl-mediated current (Fig.3.2C). 
Thiss was found in all cells tested (n = 9). These experiments together show that GABA 
releasedd by HCs drives the GABA-gated Cl-conductance of the cones, which can be 
blockedd by cobalt. 
TheThe cobalt-induced inhibition of feedback is GABA-independent 
Loww concentrations of cobalt inhibit the feedback-mediated responses in the outer retina 
andd block a GABA-gated conductance in the cones. Does cobalt block feedback by block-
ingg the GABA-conductance of the cone? If this were true then cobalt should not be able 
too block feedback-mediated responses in the presence of 25 uM SKF89976-A. Fig.3.3A 
showss the feedback-mediated responses in a cone in the presence of SKF89976-A (top 
trace).. Subsequent application of 50-100 uM cobalt substantially reduced the feedback-
mediatedd response (Fig.3.3A, middle trace), which reappeared upon washout (Fig.3.3A, 
bottomm trace). This was found in all 8 cells tested. In 5 of these cells feedback was even 
completelyy blocked. Furthermore, in the presence of SKF89976-A, the rollback of the 
MHCC response (Fig.3.3B, n=9) and the depolarizing responses to deep red light stimula-
tionn of the BHC (Fig.3.3C, n=5) are strongly reduced by cobalt (Fig.3.3B and C, right). 
Thesee experiments indicate that feedback mediated responses in the outer retina are pres-
entent even in condition without a GABA-gated conductance in cones and that cobalt can 
inhibitt negative feedback independently of GABA. 

DoesDoes cobalt reduce feedback by blocking hemichannels? 
Threee mechanisms potentially capable of blocking feedback-mediated responses were 
studiedd further. 1) Current flowing through the hemichannels induces a voltage drop 
alongg the intersynaptic space between cones and HCs (Kamermans et al. 2001a). This 
voltagee drop is essential for negative feedback from HCs to cones. If cobalt reduces the 
feedback-mediatedd responses by blocking the hemichannels, the current flowing through 
thee synaptic complex decreases, which will lead to a reduction in the voltage drop along 
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FigureFigure 3.1 Low concentrations of cobalt reduce feedback-mediated responses 
inin both cones and HCs. A) Feedback-mediated response measured in a cone 
atat three different clamp potentials measured in control Ringer's solution (left 
trace)trace) and in Ringer's solution + 50 ytM cobalt (right trace). B) Cobalt 
hyperpolarizeshyperpolarizes MHCs and reduces feedback-mediated responses. Responses 
toto 550 nm, 500 ms, full-field stimuli in control Ringer's solution, and during 
applicationapplication of 100 \iM cobalt (indicated by the black bar). Expanded light 
responsesresponses in control (1) and in the presence of cobalt (2) are given below. 
TheThe rollback in the MHC response disappears with low concentrations of 
cobalt.cobalt. C) Responses of a biphasic HC (BHC) to 550 and 700 nm, 500 ms 
full-fieldfull-field stimuli in Ringer's solution (left) and Ringer's solution + 75 \xM 
cobaltcobalt (right). The depolarizing response to red light is substantially reduced 
byby cobalt. 

thee intersynaptic space. In a voltage clamped cone, this will  be seen as a shift of the cal-
ciumm current-activation function to more positive potentials. 2) An alternative hypothesis 
iss that cobalt hyperpolarizes HCs directly. Such hyperpolarization leads to the reduction 
off  the HC response amplitude and therefore to a reduction of the feedback responses. The 
hyperpolarizationn of the HCs will lead to an increase of the current through the hemichan-
nels.. The result is that the voltage drop along the intersynaptic space will increase. In a 
voltagee clamp experiment this will  be seen as a shift of the calcium current to more nega-
tivee potentials. 3) A third mechanism of modulating the strength of feedback is a possible 
cobalt-inducedd polarization of the cone (Fahrenfort et al. 1999). Hyperpolarization of the 
cones,, would eventually lead to a reduction in their glutamate release, causing HCs to 
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FigureFigure 3.2 Cobalt blocks a GABA-gated conductance in the cones. A) The IV-
relationrelation of a cone in control Ringer's solution (closed circles) and in Ringer's 
solutionsolution + 50 \JM cobalt (open circles). Cobalt blocks a current reversing 
(arrowhead)(arrowhead) around the calculated reversal potential of chloride (-38 mV). 
B)B) The IV-relation of a cone with a calculated reversal potential of chloride 
setset at -70 mV in control Ringer's solution (closed circles) and in Ringer's 
solutionsolution + 50 \xM cobalt (open circles). The reversal potential (arrowhead) 
ofof the current blocked by cobalt shifted to more negative potentials. C) The 
IV-relationIV-relation of a cone in Ringer's solution + SKF8997 6A (closed circles) and 
withwith 50 pM cobalt in addition (open circles). In the presence ofSKF89976A, 
cobaltcobalt does not close a current with a reversal around Ea Current-voltage 
relationsrelations were obtained by stepping the cone to different potentials for 100 
msfrommsfrom a holding potential of-60 mV, and plotting the amplitude of the sus-
tainedtained part of the current, at each membrane potential measured. 

hyperpolarize.. As argued above, this should shift the calcium current of the cone to more 
negativee potentials. 

Too distinguish between these mechanisms, the effect of cobalt on both the light 
responsess of cones and HCs, and on the calcium current of the cone was studied. Fig.3.4A 
showss the effect of cobalt on the membrane potential and the light responses of the cones. 
Cobaltt did not change the response amplitude of the cone light response and induced 
aa (non-significant) hyperpolarization of -3.4  1.6 mV (n=5). Also the light response 
amplitudee of the cones did not significantly change. On the other hand, HC light response 
amplitudess did decrease after application of cobalt (see Fig.3.1B). The mean sustained 
amplitudee of the MHC light responses is 12.9  2.4 mV in control situations and 8.6 
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F;'gwree 5.3 In the presence of SKF-89976-A, cobalt reduces feedback-medi-
atedated responses in both cones and HCs. A) Feedback-induced responses in a 
conecone clamped at -47 mV in Ringer's solution containing SKF89976A (left), 
withwith 100 \iM cobalt in addition (middle), and after 2 min wash (right). B) 
ResponsesResponses of a MHC to 550 nm, 500 ms, full-field stimuli in Ringer's solu-
tiontion + SKF89976A (left) and with 100 \xM cobalt in addition (right). In the 
presencepresence ofSKF89976A, cobalt is still able to block the rollback in the MHC 
response.response. C) Responses of a biphasic HC (BHC) to 550 and 700 nm, 500 ms 
full-fieldfull-field stimuli in Ringer's solution + SKF89976A (left) and with 100 yM 
cobaltcobalt in addition (right). 

 1.8 mV when cobalt is present in the bath (n=9). Also the sustained hyperpolarizing 
responsess of the BHCs to green light stimulation was affected. They reduced from 14.5
2.66 mV in control to 6.9  2.1 mV in the presence of cobalt (n=5). So, in Ringer's solution 
containingg cobalt, HCs hyperpolarize and their light responses reduce. As argued above, 
thesee effects could only fully account for the reduction of feedback if the Ca-current in 
coness shift to negative potentials after application of cobalt. 
Fig.3.4BB shows the effect of 75 uM cobalt on the Ca-current of the cone in control (filled 
circles)) and cobalt (open circles). Cobalt shifts the calcium current activation function to 
moree positive potentials by 3.8  0.6 mV (range = 1.4/8.3 mV; n=12). These experiments, 
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takenn together, indicate that the cobalt-induced reduction of feedback is due to blocking 
thee hemichannel-mediated current in HCs and not primarily due to hyperpolarization of 
thee HCs. 

So,, cobalt blocks the feedback-mediated responses in cones and HCs by block-
ingg hemichannels. 

Discussion n 
Inn this paper we showed that low concentrations of cobalt (50-150 uM) diminishes both 
feedback-mediatedd responses in cones and HCs and closes a GABAergic conductance in 
thee cones. These results are in agreement with the results of other groups. In turtle cones, 
cobaltt at concentrations as low as 5 uM suppressed the GABA-induced currents by 
50%% (Kaneko and Tachibana 1986b). In our experiments, the reversal potential of the 
cobalt-blockedd current did not always correspond with EC1 suggesting that other ions can 
flowflow through these channels. This is consistent with the properties of GABA-gated chan-
nelss that are known to be permeable to small organic anions other than CI" (Feigenspan 
andd Bormann 1998). Due to the presence of bicarbonate in our Ringer's solution, it is 
expectedd that the reversal potential of the cobalt-blocked currents are less negative than 
thee calculated EQ. 

Mangell  and co-workers (Mangel et al. 1985) showed that in carp retina, cobalt 
treatmentt hyperpolarized both BHCs and THCs and changed their feedback-induced 
depolarizingg light responses into hyperpolarizing ones. In turtle similar results were 
found;; sub-milimolar concentrations of cobalt inhibited feedback-induced responses in 
coness (Thoreson and Burkhardt 1990) and HCs (Vigh and Witkovsky 1999). The results 
presentedd in this paper and previously (Thoreson and Burkhardt 1990) indicate that cobalt 
inhibitss feedback-induced responses in cones and HCs in a GABA-independent manner. 
Thee analysis of the effect of cobalt on the Ca-current reveals that the blocking action of 
cobaltt on feedback is consistent with the closure of hemichannels. Although not tested 
inn the lower concentration range, hemichannels are known to be sensitive to cobalt (Mal-
choww et al. 1994). Next some alternative mechanisms wil l be evaluated. 
OtherOther possible effects of cobalt in the outer retina 
Besidess blocking hemichannels and GABA-gated conductances it has been described that 
cobaltt blocks Ca-channels (Hill e 1992), shifts the activation function of voltage gated 
channelss (Hille 1992; Piccolino et al. 1999), and reduces the glutamate-gated conduc-
tancess (Schmidt 1999). Could these effects of cobalt account for the results presented in 
thiss paper? In the concentration range tested, cobalt did not significantly reduce the peak 
amplitudee of the calcium current of the cones (control: -244  38 pA; n=17 / cobalt: -235 

33 pA; n=17), ruling out a direct block of the calcium channels of the cone. 
Divalentt cations are known to interact with the surface charges of the mem-

brane,, resulting in a positive shift of the activation function of all voltage gated-channels 
(Hill ee 1992). In fact, this characteristic of divalent cations is frequently used in retinal 
research,, to shift the calcium current out of the operating range and thereby block syn-
apticc transmission between neurons. Piccolino and co-workers (Piccolino et al. 1999) 
showed,, in turtle and in salamander, that lowering extracellular calcium in the presence of 
highh concentrations of divalent cations shifts the calcium current back to the cone operat-
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FigureFigure 3.4 Effects of cobalt on the membrane potential and on the Ca2+-current 
ofof the cones. A) Light response of a cone in Ringer's solution +SKF 89976A 
(left)(left) and with 75 \JM cobalt in addition (right). Cobalt does not significantly 
polarizepolarize cones and has no effect on the shape of the light responses. B) The IV-
relationsrelations of a cone in Ringer's solution +SKF 8997 6A (open circles) and with 
5050 \xM cobalt in addition (closed circles). Although HCs are hyperpolarized by 
cobalt,cobalt, cobalt induces a shift of the Ca2*-current activation function to more 
positivepositive potentials. 

ingg range and restores the MHC light response. Interestingly, although the amplitude of 
thee light response can be completely recovered in those experiments, the characteristic 
feedback-inducedd rollback did not. This shows that cobalt inhibits feedback independent 
off  the surface charge effect. 

Applicationn of 1 rnM cobalt to dissociated perch HCs substantially reduces the 
maximalmaximal glutamate-gated current (Schmidt 1999). Part of the cobalt-induced hyperpolar-
izationn of HCs, as observed in this study, could have been due to the antagonistic effect 
off  cobalt on the glutamate-gated conductance. This will not interfere with the conclusions 
drawnn from the present results, though. If in our experiments, cobalt had not blocked 
thee hemichannels in addition, this hyperpolarization would have induced a shift of the 
calciumm current towards more negative potentials. 
InhibitingInhibiting  feedback 

Inhibitingg feedback leads to several changes in the cone/HC network. Apart 
fromm the loss of the feedback-mediated responses, HCs are expected to hyperpolarize due 
too the closure of the hemichannels which have a reversal potential of about 0 mV (Lu and 
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McMahonn 1996). As discussed earlier, hyperpolarization of HCs without a block of the 
hemichannelss also causes a reduction in feedback-mediated responses. In the latter case, 
thee feedback-mediated responses reduce secondary to the hyperpolarization of the HCs. 
Sincee HCs can be hyperpolarize by many substances, one could incorrectly conclude a 
directt inhibition of feedback. The way to distinguish between the loss of feedback-medi-
atedd responses due to hyperpolarization of the HCs or due to a reduction in hemichannel-
conductancee is to determine the steady-state position of the calcium current of the cone. If 
hemichannelss are blocked, the calcium current will shift to more positive potentials. This 
willl  be so with or without hyperpolarization of HCs. The effect a drug has on the calcium-
currentt is the crucial parameter to decide for a direct or an indirect block of feedback. 
So,, caution is required when concluding that a substance blocks the feedback mechanism 
solelyy on the bases of loss of the feedback-mediated responses. 
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Chapterr  4 

GG ABAergic modulation of ephaptic feedback 
inn the retina 

IrisIris  Fahrenfort, Trijntje Sjoerdsma, and Maarten Kamermans (submitted) 

Forr  a neuronal network to function stably, it is essential that the strengths of inhibi -
tiontion and excitation are well balanced. In many neuronal systems GABA mediates 
thiss inhibition . Although all components for  a GABAergic negative feedback system 
aree present, we recently showed that the inhibitio n in the first  synapse of the retina 
iss mediated by an ephaptic mechanism involving hemichannels. This left the role of 
GABAA in this system unexplained. In the present paper  we show that GABA modu-
lates,, in a unique way, the strength of the ephaptic feedback system by redirecting 
thee intersynaptic, hemichannel-mediated current. 
Inn the first synapse of the retina, inhibition of cones by horizontal cells (HCs) is mediated 
throughh hemichannels present at the tips of the HC dendrites. Current flowing through 
thesee half gap-junctions modifies the neurotransmitter release of the cones by changing 
thee extracellular potential in the synaptic cleft (Kamermans et al. 2001a). This inhibitory 
pathwayy functions with a time-constant of about 80 ms (Kamermans et al. 2001b), is 
almostt linear (Kraaij et al. 2000a), and plays a prominent role in contrast enhancement 
(Dowlingg 1987) and color-constancy (Kamermans et al. 1998). Interestingly, the effi-
ciencyy of the feedback pathway changes strongly during light-dark adaptation, with feed-
backk almost absent in the dark-adapted state (Weiler and Wagner 1984). Although it has 
beenn suggested that GABA is involved in the adaptation induced changes in feedback 
strengthh (Yang and Wu 1989; Yang and Wu 1993; Gilbertson et al. 1991), the mechanism 
off  this modulation has not yet been revealed. 

Heree we show that GABA modulates the ephaptic feedback pathway from HCs 
too cones. In a voltage-clamped cone, which was saturated by a small spot, diffuse light 
stimulation11 resulted in an increase of the inward Ca-current (Fig.4.1 A, left). Bath appli-
cationn of 200 uM GABA reduced the feedback-induced responses to 48  6.1% (n=7), 
showingg that GABA can modulate the amplitude of the feedback response. Since GABA 
cann modulate the feedback response in cones one expects that GABA can also modulate 
thee feedback-induced responses of second order neurons such as HCs. 

Feedbackk induces a secondary depolarization in monophasic HCs (MHCs)2 (Wu 
1994;; Witkovsky et al. 1995; Kamermans et al. 2001b) and a depolarizing response to 
deep-redd light stimulation in biphasic HCs (BHCs) (Stell and Lightfoot 1975; Kamer-
manss and Spekreijse 1999; Kamermans et al. 2001b; Witkovsky et al. 1995; Weiler and 

'Retinass of light-adapted goldfish, Carassius Auratus, (12 - 16 cm standard body length) were used in the 
electrophysiologicall  experiments. For details about die experimental procedures, see Fahrenfort et al. (1999). 
SKF89976AA was a kind gift from Smith Kline Beecham. Data are presented as mean  sem. 
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FigureFigure 4.1 GABA decreases the feedback-mediated responses in cones and 
HCs.HCs. A) The feedback-induced current response in a cone clamped at -42 m V 
inin control (left trace) and in the presence of 200 \x.M GABA (right trace). B) 
TheThe voltage response of a MHC to 550 nm diffuse light stimulation in control 
(left(left trace) and after application of 200 \xM GABA (right trace). The arrow 
indicatesindicates the feedback-induced secondary depolarization, which disappears 
afterafter application of GABA. C) The voltage responses of a BHC to diffuse 
lightlight stimulation of 550 nm and of 650 nm in control (left trace) and in the 
presencepresence of 200 \xM GABA (right trace). Feedback induces a depolarizing 
responseresponse to 650 nm light stimulation in these cells, which reduce upon GABA 
application. application. 

Wagnerr 1984). Fig 4.IB (left) shows the response of an MHC to 550 nm diffuse light 
stimulation.. The response had a pronounced secondary depolarization (arrow). In 6 out 
off  6 cells tested, application of 200 uM GABA completely abolished the secondary depo-
larizationn (Fig.4.1B, right), whereas it almost had no effect on the sustained response 
amplitude.. Similar results were obtained for the BHC responses. Fig.4.1C (right) shows 
thee responses of a BHC to 550 nm and 650 nm diffuse light flashes. 550 nm light 
stimulationn induced a sustained hyperpolarizing response whereas 650 nm stimulation 

2Monophasicc HCs hyperpolarize to light stimulation of all visible wavelengths, whereas biphasic HCs depolarize 
too long wavelength stimuli and hyperpolarize to short and middle wavelength stimuli. 
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yieldedd a sustained depolarizing response. Application of 200 uM GAB A to the bath 
solutionn reduced the depolarizing responses (Fig.4.1C), but left the hyperpolarizing 
responsess intact. On average, GABA application reduced the secondary depolarization of 
thee MHCs3 by about 20  4.7% (n=6) and the depolarizing responses in the BHCs due to 
deep-redd light stimulation by 55  5.3 % (n = 4). These results show that, as for the cones, 
GABAA application reduced the amplitude of the feedback-mediated responses in HCs. 

MHCss release GABA in a calcium independent way, using a GABA transporter 
whichh works in the reversed direction (Schwartz 1982; Yazulla and Kleinschmidt 1983) 
andd which can be blocked by SKF89976A (Takahashi et al. 1995). If the GABA release of 
HCss leads to modulation of the feedback strength and if there is a basal release of GABA 
inn our experimental condition, then blocking the release of GABA from the MHCs would 
leadd to an increase of the feedback-mediated responses in cones and HCs. Fig.4.2A shows 
thee feedback-mediated responses of a cone in control conditions (left) and after applica-
tionn of 25 uM SKF89976A (right). As can be seen in this figure, blocking the GABA-
transporterss resulted in an increase in the feedback-mediated responses in cones. This was 
foundd in all cones tested (n=5). Fig.4.2B shows the responses of an MHC due to diffuse 
lightt stimulation of 550 nm. In control conditions (left), the MHC response consisted of a 
sustainedd hyperpolarization with a small secondary depolarization. Blocking the GABA-
transporterss resulted in an increase in the secondary depolarizing response (right). This 
wass found for all 4 cells tested. Finally, the effect of SKF89976A on the BHC responses 
wass tested. Fig.4.2C shows the responses of a BHC to 550 nm and 650 nm diffuse light 
stimulationn in control conditions (left) and in the presence of 25 uM SKF89976A. In 3 
off  3 BHCs, the application of the GABA-transported blocker had almost no effect on the 
hyperpolarizingg responses, but substantially increased the amplitude of the depolarizing 
responsess to red light stimulation. 

GABAA can act at several locations in the outer retina. Both cones (Yazulla and 
Studholmee 1997; Picaud et al. 1998) and HCs have GABAA and GABAC receptors (Ver-
weijj  et al. 1998). Are these receptors mediating the modulatory action of GABA? Bath 
applicationn of picrotoxin (PTX) blocks both the GABAA and GABAC receptors in the 
retinaa and would therefore reveal whether a GABA-gated Cl-current is part of the under-
lyingg mechanism. The small feedback-induced current in cones present in control con-
ditionn (Fig.4.3A, left) increased dramatically after application of 100 \iM PTX (middle 
trace).. This was found in all cones tested (n=7). Fig.4.3B shows the response of an MHC 
too 550 nm diffuse light stimulation in control (left) and in the presence of 100 jiM PTX. 
PTXX application increased the secondary depolarization (n=ll). These results indicate 
thatt the closing of GABA-gated Cl-channels leads to an increase in feedback-mediated 
responsess in cones and HCs. 

Thee results presented thus far do not show on which cells these GABA recep-
torss are located. In the inner retina GABA is released in a vesicle mediated-manner and 
takenn up by GABA-transporters. Application of SKF89976A would therefore lead to an 
increasee in extracellular GABA in the IPL and would thus mimic GABA-application. 
However,, as is obvious from figures 4.2 and 4.3, SKF89976A-application mimicked 
PTX-application,, thus ruling out inner retinal interactions as the main mechanism for the 

'Sincee the rollback of the MHC is a combination between feedforward and feedback, a quantitative comparison 
off  the reduction of the feedback responses in cones and HCs is not possible. 
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FigureFigure 4.2 SKF89976A increases the feedback-mediated responses in both 
conescones and HCs. A) The feedback-induced response in a cone in control 
(left(left trace) and in the presence of 25 \xM SKF89976A (right trace). B) The 
lightlight response of a MHC to 550 nm diffuse light stimulation in control (left 
trace)trace) and after application of 25 \iM SKF89976A (right trace). SKF89976A 
increasesincreases the secondary depolarization. C) The light responses of a BHC to 
diffusediffuse light stimulation of 550 nm and of 650 nm in control (left trace) and in 
thethe presence of SKF89976A (right trace). The feedback-induced depolarizing 
responseresponse to 650 nm light stimulation (arrows) increases after application of 
SKF89976A. SKF89976A. 

modulationn of the feedback strength in the outer retina. 
Sincee both cones and HCs have GABA-gated channels, either or both of them 

couldd be responsible for the results presented. In the salamander, opening of GABA-
gatedd channels has been shown to decrease the light responses of HCs by shunting the 
HCC membrane potential (Kamermans and Werblin 1992). Such a GABAergic shunt could 
accountt for the GABAergic modulation of the feedback-mediated responses. If a change 
inn the amplitude of the HC light responses had been the main mechanism by which 
GABAA modulated the size of the feedback-mediated responses, one would have expected 
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thee HC light responses to be increased by PTX, and SKF89976A. However, GABA, PTX 
andd SKF89976A decreased the sustained response amplitude of the MHC light responses 
too 75.8 + 3.0 % (n= 6), 84.4+ 10.3 % (n= 10), and 87.2  4.2 % (n=5) of their control 
responsess respectively4. This reduction in MHC light response amplitudes argues against 
suchh a shunting mechanism, as the main cause for the GABAergic modulation of the 
feedback-mediatedd responses. 

Thiss leaves the GABA-gated Cl-channels in the cones as a possible main target. 
Theree are at least two different ways in which opening of GABA-gated channels in the 
coness can modify feedback. Firstly, opening the Cl-channels could hyperpolarize the 
membranee potential of the cones since the Cl-equilibrium potential is approximately -55 
mVV (Kraaij et al. 2000b). Because of the non-linearity of the calcium current, polariza-
tionn of the cone membrane potential by only a few mV can change the efficiency of nega-
tivee feedback dramatically (Fahrenfort et al. 1999). Application of GABA, however, only 
polarizedd the cones by -1.30  0.72 mV (n=4), which is not significantly different from 
zero5.. Furthermore, GABA modulated feedback even in voltage clamped cones; there-
fore,, GABA-induced polarization of the cones cannot be the main mechanism by which 
feedbackk is modulated. 

Inn the second mechanism, the opening of Cl-channels by GABA could redirect 
thee current flowing through the synaptic cleft, and in that way interfere with ephaptic 
communicationn between HCs to cones. This mechanism is illustrated schematically in 
Fig.4.4.. A detailed description of the ephaptic feedback mechanism can be found else-
wheree (Kamermans et al. 2001a). In summary, current flowing through the hemichannels 
(I)(I)  passes the intersynaptic space (3), which has a relatively high resistance. This induces 
aa local voltage drop near the calcium channels of the cone (2), ultimately resulting in a 
changee in neurotransmitter release of the cone (Fig.4.4A). GABA receptors are present in 
thee membrane of the synaptic terminal of the cones (5) (Yazulla et al. 1989; Yazulla and 
Studholmee 1997). In the presence of GABA, the GABA-receptors in the cone membrane 
wil ll  be open and, with EC1 around -55 mV (physiological ECJ) (Kraaij et al. 2000b), an 
outwardd current wil l flow through these channels at the dark resting membrane potential 
off  about -40 mV. This outward current will reduce the current flowing through the inter-
synapticc space into the hemichannels and wil l therefore lead to a reduction of the volt-
agee drop along this space. In other words, the GABA-gated Cl-conductance redirects the 
intersynapticc current and can thus ephaptically modulate the feedback pathway from HCs 
too cones (Fig.4.4B). 

Inn order to study this option, we need to show that the Cl-conductance of the 
coness are involved. If the GABA receptors on the cones are essential for the modulation 
off  the feedback response then changing Ecl would profoundly change this. In control 
conditions,, GABA induced a current with a reversal potential of-52.9 0 mV (n=5; 
Fig.4.5A,, filled circles), which is close to the calculated value for EC1 of-55 mV. In condi-
tionss with the calculated EC1 at -20 mV (high Ec]), GABA modulated a current with a 

44 The reduction of the sustained light response amplitude of MHCs in PTX and SKF89976A is due to the 
increasee of the secondary depolarization. The reduction of the response amplitude in GABA seems to be due to 
ann overall reduction of the response amplitude together with the reduction of the secondary depolarization. 

5Thee small effect of GABA on the dark resting membrane potential of the cone is due to the fact that the light-
modulatedd conductance is very large compared to the GABA-gated conductance. 
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FigureFigure 4.3 PTX increases feedback-mediated responses in both cones and 
HCs.HCs. A) The feedback-induced inward current in control (left trace) and in 
thethe presence of 100 \\M PTX (middle trace). B) The light response of a MHC 
toto 550 nm diffuse light stimulation in control (left trace) and after application 
ofof 100 \iMPTX(right trace). PTX increases the feedback-induced secondary 
depolarization. depolarization. 

reversall  potential of-23.3  3.8 mV (n=7; Fig.4.5A, open circles). This indicates that 
changingg the Cl-concentration in the pipette leads to the expected change in reversal 
potential.. Fig.4.5B shows the feedback-induced current in a cone with high EQ in control 
(upperr trace) and in the presence of 200 uM GABA (lower trace). With high Ea, applica-
tionn of GABA failed to reduce the response amplitudes of the feedback responses in 5 
off  the 7 cells tested. The effects of GABA in conditions with physiological Ea and with 
highh E were significantly different (Mann-Whitney test; p< 0.001), indicating that the 
GABA-receptorss in the cones are essential for the GABAergic modulation of the feed-
backk strength. Fig4.5C shows the feedback-induced responses in a cone with high EQ, in 
controll  Ringer's solution (upper trace) and in the presence of 200 pM PTX. The increase 
inn feedback-induced responses in cones after application of either PTX or SKF89976A, 
ass was present at physiological Ec l , was absent in 7 of the 9 cones with EC] = -20 mV. 
Thee effects of PTX and SKF on the feedback-induced responses in cones with high Ea 
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a)) b) 

FigureFigure 4.4 The cone HC synapse. A) The equivalent electrical circuit is drawn 
inin the condition in which the cones and HCs rest at -40 mV. Hemichannels 
(1)(1) form a current sink in the HC dendrites near the voltage dependent Ca2+-
channelschannels (2) in the cones. In this scheme the Ca2+-channels are represented 
byby a potentiometer because the activity of these channels (and therefore the 
amountamount of glutamate release) depends on the potential difference across the 
conecone membrane. The inward current through the hemichannels has to come 
fromfrom outside the synaptic complex and needs therefore to pass through the 
intersynapticintersynaptic space. Because the resistance of this space (3) is appreciable, a 
voltagevoltage drop will  occur, making the potential near the hemichannels slightly 
negative.negative. The result is that, locally, the potential difference over the cone 
membranemembrane will  become smaller, leading to an increase in Ca2*-current. (4) is 
thethe nonsynaptic membrane resistance of the HCs outside the cone synaptic 
complex.complex. (5) is the GABA-gated conductance of the cones. In (B) the equiva-
lentlent circuit is drawn in a condition in which the GABA-gated channels of the 
conescones are opened and EQ is set at -55 mV. At the dark resting membrane 
potentialpotential of the cone (about -40 mV), an outward current will  flow through 
thesethese GABA-gated channels. Part of the hemichannel-mediated current will 
flowflow from the cone into the tips of the HC dendrites, reducing the amount 
ofof intersynaptic current. Due to this redirection of the hemichannel-mediated 
current,current, the potential drop along the resistance of the intercellular cleft (3) 
willwill  be decreased. 
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differedd significantly from those obtained with physiological EC] (Mann-Whitney; p< 
0.001). . 

Byy opening the GABA-gated channels in the cone, the current flowing through 
thee intersynaptic space decreases, leading to a reduction in the extracellular voltage 
dropp over the intersynaptic space. Although we cannot measure the intersynaptic current 
directly,, we can use the calcium current as a detector of the changes in extracellular volt-
agee drop (Kamermans et al. 2001a). A larger intersynaptic current results in a shift of the 
calciumm current to negative potentials. With physiological E one expects that GABA 
applicationn will result in a reduction of the intersynaptic current and thus in a shift of the 
calciumm current to positive potentials. Voltage-clamped recordings from cones confirmed 
thiss prediction (Fig.4.7). On average the calcium current activation function shifted 1.2 + 
0.44 mV (n=12). Changing to high E abolished the modulating action of GABA on the 
sizee of the feedback-induced responses. Therefore, one would expect that with high EC1, 
GABAA application would not induce a shift of the calcium current towards positive poten-
tials.. Instead one would expect the calcium current of the cone to slightly shift towards 
moree negative potentials because opening the GABA-gated conductance in the cones in 
thiss condition induces an inward current that wil l pass through the intersynaptic space. 
Onn average, GABA application with high E , shifted the calcium current -2.1  0.4 mV 
(n=7).. The effect of GABA on the calcium current with physiological EC1 were signifi-
cantlyy different from those with EC1 at -20 mV (Mann-Whitney; p< 0.001). 

Withh physiological Ecl, both PTX and SKF89976A shifted the calcium current 
activationn function on average -2.7 5 mV (n=ll), whereas in conditions with E at 
-200 mV, the mean shift of the calcium current was 1.3  0.7 mV (n=7). The effects on the 
calciumm current with physiological EC1 were significantly different from those with High 
EC11 (Mann-Whitney; p< 0.01). 

Wee have presented evidence that GABA released by HCs modulates feedback 
fromm HCs to cones by redirecting the intersynaptic current in the synaptic terminal of the 
cones.. What is the time constant of this modulation? If HCs were changing the extracel-
lularr GABA concentration upon hyperpolarization with a time constant comparable to 
theirr light responses (around 90 ms (Vandenbranden et al. 1996)), one would expect to 
seee evidence for a closure of a GABA-gated channel in the cone during a flash of diffuse 
light.. Therefore, the effect of HC hyperpolarization on the GABA-gated currents of the 
coness was studied. To maximize the effect of such possible modulation, E , in the cones 
wass set at -20 mV. Fig.4.6 shows the responses of a cone saturated with a small spot with 
highh EC1, when its membrane potential was stepped from -62 mV to -102 mV for 5 sec. 
Duringg those 5 sec a flash of diffuse light of 3 sec was given. Trace (1) shows the current 
responsee when the cone was illuminated only with the small spot whereas trace (2) shows 
thee current response due to the same voltage step but now with the diffuse light stimulus 
inn addition. 

Lightt stimuli as long as 3 sec did not induce any detectable change in the 
GABA-gatedd Cl-conductance (n=6; Fig.4.6), whereas Fig.4.5A (open circles) shows that 
onee would expect a GABA-induced current of about 40 pA at that holding potential. 
Thiss indicates that the GABA release of HCs changes the GABA concentration near the 
GABA-gatedd channels of the cone only very slowly, the time constant being at least larger 

thann 3 seconds6. 
Inn this paper we have shown that endogenous GABA can modulate an ephaptic 
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FigureFigure 4.5 Changing the Cl-equilibrium potential abolishes the GABAergic 
modulationmodulation of the feedback strength. A) Mean current voltage relation of the 
GABAGABA induced currents in cones with Ea at -55 mV (black circles) and 
withwith Ea at -20 m V (open circles). B) Feedback-induced responses in a cone 
withwith Ea at -20 m V in control (upper trace) and after application of 200 um 
GABAGABA (lower trace). C) Feedback-induced responses in a cone with E at 
-20-20 mV in control (upper trace) and after application of 200 M PTX (lower 
trace).trace). PTX did not increase the feedback-mediated inward current. In the 
PTXPTX trace, a slowly developing inward calcium dependent chloride current 
interferesinterferes with the feedback response. In some cells the calcium dependent 
inwardinward current increased with time. 

feedbackk mechanism from HCs to cones by redirecting the current flowing through the 
intersynapticc space. Furthermore, this GABAergic pathway has a time constant much 

66 Transporter-mediated GABA release is fundamentally different from vesicular mediated release. A transporter 
onlyy releases one molecule per cycle, whereas one vesicle contains ten thousands of GABA molecules. If the 
amountt of transporters is low, the extracellular volume large, or if the transporters are far away from the GABA 
receptorss of the cones, this could lead to very slow changes in the concentration of GABA in the synaptic cleft, 
makingg this pathway slow relatively to the light response. 
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FigureFigure 4.6 HC hyperpolarization does not induce a closure of a GABA-gated 
channel.channel. Current traces from a cone with Ea at -20 m V, voltage clamped at 
-62-62 mV and stepped to -102 mV in conditions when illuminated with a small 
spotspot (1), and with diffuse white light in addition (2). 3 sec of diffuse white light 
stimulationstimulation does not induce a decrease in GABA-gated current. The bar indi-
catescates timing of the diffuse white light stimulation. 

largerr than 3 sec and is thus very slow compared to the light responses. Based on these 
findings,, we can summarize the events taking place during light/dark adaptation in the 
followingg way. In the light-adapted condition the GABA release of the HCs is relatively 
loww (Yazulla and Kleinschmidt 1982; Pow et al. 1996). The GABA-gated Cl-channels on 
bothh cones and HCs are mostly closed and the strength of the ephaptic negative feedback 
iss high. On the other hand, in the dark-adapted retina, GABA-release is high (Yazulla 
1985),, and the GABA-receptors on both the HCs and cones are open. This has the follow-
ingg effects. First, the redirection of the intersynaptic current diminishes the ephaptic feed-
back,, leading to a slight shift of the Ca-current to positive potentials and inducing a reduc-
tionn of the cone's glutamate release. Because the GABA receptors on the HCs are open 
inn this condition, the reduction of glutamatergic input7 wil l have negligible effects on the 
HCC membrane potential, but will reduce their light responses. The retina has moved from 
aa stable condition in which a feedforward and an ephaptic feedback pathway are well 
balancedd to another stable condition where ephaptic feedback is almost absent and the 
HCss are kept close to E . In this condition the system is stabilized by a slow GABAergic 
feedbackk system. 

'Ecll in HCs is more positive than the resting membrane potential in the dark (about -30 mV) ( Kraaij et al, 
2000b) ) 
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FigureFigure 4.7 The mean shifts in calcium current activation function induced 
byby either PTXor SKF89976A, and by GABA in cones with Ea at -20 mV 
andand with Ea at -55 m V. 
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Chapterr  5 

Intrinsi cc cone adaptation modulates 
feedbackk efficiency from horizontal cells to 

cones s 

/.. Fahrenfort, R.L. Habets, H. Spekreijse, andM. Kamermans (1999) Journal of General 

PhysiologyPhysiology 114:511-524 

Abstract t 
Processingg of visual stimuli by the retina changes strongly during light/dark adaptation. 
Thesee changes are due to both local photoreceptor-based processes and to changes in the 
retinall  network. The feedback pathway from horizontal cells to cones is known to be one 
off  the pathways that is modulated strongly during adaptation. Although this phenomenon 
iss well described, the mechanism for this change is poorly characterized. The aim of this 
paperr is to describe the mechanism for the increase in efficiency of the feedback synapse 
fromfrom horizontal cells to cones. 

Wee show that a train of flashes can increase the feedback response from the hori-
zontall  cells, as measured in the cones, up to three fold. This process has a time constant 
off  about 3 s and can be attributed to processes intrinsic to the cones. It does not require 
dopamine,, is not the result of changes in the kinetics of the cone light response nor due to 
changess in horizontal cells themselves. 

Duringg a flash train, cones adapt to the mean light intensity, resulting in a slight 
(44 mV) depolarization of the cones. The time constant of this depolarization is about 3 
sec.. We will show that at this depolarized membrane potential, a light induced change 
off  the cone membrane potential induces a larger change in the calcium current than in 
thee unadapted condition. Furthermore, we will show that negative feedback from HCs to 
coness can modulate the calcium current more efficiently at this depolarized cone mem-
branee potential. The change in horizontal cell response properties during the train of 
flashesflashes can be fully attributed to these changes in the synaptic efficiency. Since feedback 
hass major consequences for the dynamic, spatial and spectral processing, the described 
mechanismm might be very important to optimize the retina for ambient light conditions. 

Introductio n n 
Mostt cells in the visual system have receptive fields with antagonistic surrounds. Bipolar 
cellss (BCs) are the first cells in the visual system with this organization. The antagonistic 
surroundd of these cells is generated for a large part by feedback connections in the outer 
retina.. In general, antagonistic surrounds play a role in contrast enhancement and in 
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edgee detection. In addition, these feedback connections control the size of the horizontal 
celll  (HC) receptive fields (Verweij et al. 1996a), play a prominent role in the generation 
off  spectral opponent HCs (Kamermans et al. 1991; Stell and Lightfoot 1975) and form 
thee neural basis of the color-constancy (Kamermans et al. 1998). 

Thee strength of the feedback signal from HCs to cones seems to vary strongly 
withh the adaptation state of the retina. For instance, in the light adapted retina, two 
typess of spectrally opponent HCs can be found, whereas in the fully dark-adapted retina, 
spectrallyy opponent HCs are completely absent (Weiler and Wagner 1984). Changes in 
responsee properties of ganglion cells can also be found. In a fully light adapted condition, 
thesee cells have antagonistic surrounds. These surrounds are absent in the dark-adapted 
conditionn (Raynauld et al. 1979). Given this important role of negative feedback in the 
signall  processing in the retina, variations of the strength of negative feedback wil l have 
strongg impact on the whole visual system. 
TheThe mechanism of negative feedback in the goldfish retina 
Forr goldfish, the negative feedback pathway from HC to cones has been described in 
detaill  (Kamermans and Spekreijse 1999; Verweij et al. 1996a). Horizontal cells feed 
backk to cones by modulating the cone Ca-current directly in a GABA-independent way. 
Hyperpolarizationn of the HCs results in a shift of the Ca-current activation function to 
moree negative potentials yielding an increase in Ca-influx in the cone synaptic terminal 
andd thus an increase in glutamate release (Verweij et al. 1996a). The neurotransmitter 
involvedd is presently unknown (but see chapters #2, #3, and #4). Although, the properties 
off  the negative feedback pathway are beginning to be resolved, the way this pathway is 
modulatedd during light/dark adaptation is not clear at all. 

Inn this study we describe a mechanism by which the efficiency of the feedback 
signall  is changed during adaptation. To change the adaptation state of the retina, a train 
off  bright white flashes was used. It wil l be shown that during this stimulus protocol, the 
efficiencyy of the feedback signal increases strongly due to a slight depolarization of the 
cones.. This cone depolarization is due to intrinsic photoreceptor adaptation. This study 
illustratess that local photoreceptor adaptation yields a strong change in the network prop-
ertiess of the retina. 

Materiall  and methods 
Preparation Preparation 
Goldfish,, Carassius Auratus, (12 - 16 cm standard body lengths) were kept at 18 ° C 
underr a 12-hour dark, 12 hour light regime. Prior to the experiment, the fish was kept in 
thee dark for 7  1 min. The fish was decapitated, and an eye was nucleated. This eye was 
hemisectedd and most of the vitreous was removed with filter paper. The retina was iso-
lated,, placed receptor side up in a superfusion chamber and superfused continuously (1.5 
ml/min)) with oxygenated Ringer's solution (pH 7.8, 18 °C). This procedure was done, 
usingg infrared (labda = 920 nm) illumination. 

PatchPatch clamp measurements and intracellular recordings 
OpticalOptical stimulator 
AA 450-W Xenon-lamp supplied two beams of light. These were projected through 
Uniblitzz VS14 shutters (Vincent Associates, USA), neutral density filters (NG 
Schort,, Germany), lenses and apertures. For the patch clamp measurements, the 
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spots,, 20 m in diameter, were projected through a 40x water immersion objective 
(N.A.. = 0.55) of the microscope and the spots, 3000 m in diameter, were 
projectedd through the condenser (N.A. = 1.25) of the microscope. The full-field 
whitee light stimuli used for intracellular recordings, were projected onto the 
retinaa through a 2x objective lens (N.A. = 0.08) of the microscope. For 
alll  experiments only white light stimuli were used. The light intensities are 
expressedd in log units relative to 4 x 103 cd m2. Since we used white light 
stimulii  in our experiments we compared the size of the cone light responses 
too white light with the responses of M-cones to 550 nm light flashes and 
calculatedd the amount of effective quanta in our white light to be 1.0 x 105 s1 m1 (550 nm). 
Inn goldfish, Malchow and Yazulla (1988) calculated that 50% of the pigment was bleached 
whenn the retina was stimulated with 3.16 x 109 photons s~' m', left on for 
44 minutes. The amount of photons they used exceeds our stimulus condition by 6 log-units. 
Thiss is an indication that in our experimental conditions, bleaching hardly plays a role. 
ElectrodesElectrodes and recording equipment 
Thee patch pipettes were pulled from borosilicate glass (GC150TF-10 Clark, U.K.) and the 
intracellularr microelectrodes were pulled from alluminosilicate glass (D=1.0 mm, ID=0.5 
mm;; Clark, UK) with a Sutter P-87 micropipette puller (Sutter Instruments Company, 
U.S.A.). . 

Patchh pipettes had impedances between 5 - 10 M 6when filled with pipette 
mediumm and measured in Ringer's solution. The series resistance during the whole cell 
recordingg was less than 12 M 6 Electrodes were mounted on an MP-85 Huxley/Wall-
typee micromanipulator (Sutter Instruments Company, U.S.A.) and connected to a Dagan 
3900AA Integrating Patch Clamp (Dagan Corporation, U.S.A.). 

Microelectrodess had impedances ranging 100-200 M gwhen filled with 4M 
KAc.. The intracellular voltages were measured with a WPI S7000A (World Precision 
Instruments,, USA) and recorded on paper (Graphtec Linearcorder, Japan). 

Dataa acquisition, control of the optical stimulator, and control of the patch 
clampp were done with a CED 1401 AD/DA converter (Cambridge Electronic Design 
Limited,, U.K.) and a MS-DOS based computer system. 

RingerRinger solutions and pipette medium 
Thee Ringer solution contained (in mM) 102.0 NaCl, 2.6 KC1, 1.0 MgCl2, 1.0 

CaCl2,28.00 NaHC03,5.0 glucose, and was continuously gassed with approximately 2.5% 
C022 and 97.5% 02 yielding a pH of 7.8. Some Ringer solutions contained drugs as indi-
catedd in the text and in the legends off  the Figs.: flupentixol (50 M, Research Biochemi-
calss Inc.), niflumic acid (100 \iM, Sigma), CoCl2 (2 mM, Merck). In TEAC1 Ringer's 
solution,, 15 mM of the NaCl was replaced by 5 mM CsCl and 10 mM TEAC1. 

Thee standard patch pipette medium contained (in mM) 12.0 KC1, 61.0 
D-Gluconic-K,, 1.0 MgCl2,0.1 CaCl2,1.0 EGTA, 5.0 HEPES, 5.0 ATP-Na2,1.0 GTP-Na3, 
0.22 3':5'-cGMP-Na, 20 Phosphocreatine-Na2, 50 units ml' Creatine phosphukinase. To 
changee the Cl-equilibrium potential, KC1 was exchanged for equimolar D-Gluconic-K. 
Thee pH of the pipette medium was adjusted to 7.25 with KOH. Cesium pipette 
mediumss contained equimolar D-Gluconic-Cs, and 12.0 CsCl instead of the KC1 and 
D-Gluconic-K.. All chemicals were obtained from Sigma-Aldrich, U.S.A. 
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LiquidLiquid junction potential 
Thee liquid junction potential was measured with a patch pipette filled with the pipette 
medium,, and positioned in the bath, filled with pipette medium. The reference electrode 
wass filled with 3M KC1. After the potential was adjusted to zero, the bath solution was 
replacedd with Ringer's solution. The resulting potential change was considered as the 
junctionn potential. The liquid junction potential was determined for the various pipette 
solutionss and all data were corrected accordingly. 

Statistics Statistics 
Dataa are presented as mean  standard error of the mean. Significance was determined 
usingg t-tests. 

DopamineDopamine depletion of the retina 
Dopaminergicc interplexiform cells were destroyed with intra-ocular injections of 5 1 
Ringerr solution containing 6-hydroxy-dopamine (5ul) and paragyline (10 ul; both from 
Sigma),, administered on 2 successive days (Negishi et al. 1982; Lin and Yazulla 1994). 
Thesee fish were used 14-33 days post-injection. All dopamine-depleted retinas used for 
intracellularr recordings were tested afterwards for the presence of dopamine containing 
cellss using the thyrosine hydroxylase method (TH) (Yazulla and Studholme 1997). Data 
weree taken only from retinas that did not contain any TH positive cells. 

CellCell type classification 
Coness were selected under visual control and spectrally classified (Kraaij et al. 1998). 
Onlyy L-, M-, and S- cones were found. HCs were classified on their spatial and spectral 
propertiess (Norton et al., 1968; Kaneko, 1970; Hashimoto et al, 1976; Kaneko and Stuart, 
1980).. Of the three classes of HCs, only monophasic HCs were used in the present 
study. . 

StimulationStimulation protocols 
PresynapticPresynaptic calcium current protocol 
Sincee the large modulation of the light-sensitive conductance masks the much smaller 
presynapticc calcium current of the cone, it is not possible to measure light induced 
changess in presynaptic calcium currents of cones directly. To overcome this problem, 
previouslyy recorded light responses of a cone to spot stimuli (20 m diameter) of 500 
mss durations were "played back" as command voltages in a condition where the light 
conductancee of the cone is blocked with an intense (-0.15 log) white spot (diameter: 20 

m).. In this way " light induced" changes in presynaptic calcium current can be measured 
withoutt the interference of the light-sensitive conductance. Fig.5.1 explains the voltage 
clampp protocol used to isolate "light induced" changes in calcium current. The insert dis-
playss the original hyperpolarizing response of a cone to a 500 ms flash, which was used 
too construct the voltage clamp protocol. Trace 1 consists of this hyperpolarizing response 
repeatedd 9 times. Trace 2 is similar to trace 1 but now with a depolarization of 4 mV 
superimposed,, applied in discrete steps of 1 mV just before the second, third, fourth, and 
fifthfifth  hyperpolarizing response. Because the 1 mV voltage steps were taken in between 
thee "light flashes", the whole light response is shifted to a 1 mV more depolarized level. 
Duringg the last four hyperpolarizing steps this final 4 mV depolarized level was main-
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tained.. For trace 3 a similar protocol as for trace 2 was generated but the depolarizing 
stepss were twice as large yielding a total depolarization of 8 mV. The final amount of 
depolarizationn is indicated by the numbers to the right of the voltage traces. After the 
"flashes""  a step of 100 ms to -7 mV was applied, followed by a step of 1500 ms to -77 
mV.. Finally, the cone membrane potential was stepped back to the initial potential. This 
lastt part of the protocol was used to study the tail currents. During the step to -77 mV 
aa 50 ms step to -87 mV was applied. This step was used for leak subtraction to isolate 
thee presynaptic currents of the cone. The part of the protocol used for determining the tail 
currentss and the leak currents are not shown in the figures. 

FeedbackFeedback protocol 
Too measure feedback from HCs in cones, the cone light responses were saturated with 
aa spot of white light (-0.15 log) with a diameter of 20 m. Stimulating the cones with 
lightt in this saturated condition does not lead to a light response (not shown). Cones were 
clampedd at a potential as indicated in the text and in the legends of the figures and stimu-
latedd with 12 white, full field flashes (intensity -1.0 log) of 500 ms durations were deliv-
eredd to the retina. 

Results s 
Firstt we wil l show that the kinetics of the HC light response changes during a train of 
repetitivee flashes. After excluding all other possibilities, we wil l show that this can be 
accountedd for by an adaptation-induced depolarization of the cone. Furthermore we wil l 
showw how this adaptive depolarization of the cones causes changes in the synaptic trans-
missionn between cones and HCs. Finally, a simple simulation wil l show that a small 
depolarizationn of the cone can account for the complex changes in HC response kinetics 
observedd during light adaptation. 

Definitions Definitions 
HCss feed back to cones by shifting the calcium current activation function of the cones 
usingg an unknown neurotransmitter (but see chapter #2, #3, and #4). Because we cannot 
measuree the amount of this neurotransmitter, we wil l define the feedback signal as the 
sizee of the shift of the calcium current activation function of the cone. The resulting 
changee in the calcium influx wil l be called the efficiency of the feedback signal. 
HCHC kinetics during the flash train 
Fig.5.2AA shows HC responses to a train of 10 white light flashes of 500 ms durations with 
ann inter-stimulus interval of 200 ms for three different intensities (-2.0 log, -1.0 log, and 
0.00 log). For the -2.0 log intensity the responses are small and sustained. For the -1.0 log 
intensity,, the responses are larger and show a pronounced secondary depolarization, i.e., 
thee difference between peak and plateau value. This secondary depolarization has been 
shownn to be the consequence of negative feedback from HCs to cones (Kamermans and 
Spekreijsee 1999; Kraaij et al. 1998; Piccolino et al. 1981; Wu 1994). 

Thee highest intensity shows round, saturated responses without the secondary 
depolarization.. Of the three intensities only the -1.0 log intensity shows a change in 
kineticss of the HC responses during the flash train. Comparison of the response to the 
firstfirst and the last flash reveals that the kinetics of the light response has changed consider-
ablyy (Fig.5.2B). The grey bar in Fig.5.2B marks the size of the secondary depolarization 
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FigureFigure 5.1 Voltage clamp stimulation protocol, used to study changes in pre-
synapticsynaptic calcium current during light induced hyperpolarizations. The first 
tracetrace shows a real light response repeated 9 times. In the second trace, a 
gradualgradual depolarization of 4 mV during the first 5 steps, in steps of 1 mV, is 
applied.applied. For the third trace a similar protocol as trace 1 was generated but 
nownow all depolarizing steps are twice as large yielding a total depolarization 
ofof 8 mV. The final amount of depolarization is indicated by the number to the 
rightright of the traces. After the "flashes " a voltage protocol is made to study 
thethe tail currents, consisting of a 100 ms step to -7 mV followed by a 1500 ms 
stepstep to -77 mV after which is stepped back to the resting membrane potential 
again.again. During the step to -77mV, a 50 ms step to -87 mV is made to determine 
thethe leak conductance. 

inn response to the first flash and the dashed lines that to the last flash. Thus the second-
aryy depolarization, which is due to negative feedback from HCs to cones, has increased 
duringg the flash train. This increase in the size1 has a time constant of 2.7  1.1 s (n=7). 
'Too determine the amount of sustained depolarization during the flash train, we determined for each flash 
response,, the mean membrane potential in a time window of 225 ms - 700 ms after the onset of the flash. 
Throughh these mean membrane potentials, an exponential curve was fitted. The amplitude and time-constant 
(( )-of this curve were determined and can be interpreted as the amplitude and time-constant of the flash-train 
inducedd depolarization. The rational for this approach is that during the first light response the cone already 
startss to adapt, and thus starts to depolarize. Just determining the membrane potentials of the light response 
att the sustained potentials wil l in that way underestimate the change in cone membrane potential. Taking the 
depolarizedd levels as measure for the cone membrane potential also yields an incorrect value because sometimes 
afterr the first flash an overshoot occurs which is of course absent at the onset of the first flash. 
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ChangesChanges in HC kinetics do not depend on dopamine 
Itt is known that dopamine modulates the feedback signal from HCs to cones (Kirsch et 
al.. 1990). To test whether dopamine can account for the observed changes of HC light 
responsess during the flash train, the experiment of Fig.5.2 was repeated in dopamine-
depletedd animals. Fig.5.3a shows the first and the last light responses of a HC from 
aa retina, without dopaminergic interplexiform cells (IPCs). Like Fig.5.2, the grey bar 
andd the dashed lines indicate the amount of secondary depolarization of the first and 
thee last flash respectively. The retina was isolated 14 days after intra-ocular injection of 
6-hydroxy-dopamine,, which is known to kil l the IPCs. In these dopamine-depleted reti-
nas,, the changes in HC kinetics during the flash train remain present. This result was 
foundd in 8 retinas that did not stain for TH. Furthermore, blocking the Dl and D2 recep-
torss in control retinas with the antagonist flupentixol (Fig.5.3B) did not influence the 
changeschanges in response shape during the flash train. 

Thesee experiments show that dopamine, the main neuromodulator involved in 
light-darkk adaptation, is not involved in the changes in HC kinetics during the flash train. 
Thee next step was to determine whether the changes of HC responses are due to changes 
inn 1) cones, 2) HCs, or 3) the reciprocal cone/HC synapse. 
PresynapticPresynaptic changes during the flash train 
Onee possibility is that changes in the cone light response during the flash train can account 
forr the effects observed in the HC response. Fig.5.4A shows the voltage responses of a 
conee under whole-cell configuration to the same flash train as used for the HCs. Cones 
hyperpolarizee in response to repetitive stimulation but, unlike HCs, the kinetics of the 
responsess show a decrease in transientness (Fig.5.4B). This result was obtained for both 
full-fiel dd as well as small spot stimulation (20 m in diameter; not shown). However, 
thee mean membrane potential of the cone depolarizes with the number of flashes. In 12 
cellss tested, the mean depolarization was 3.3 4 mV (31% of the amplitude of the light 
responsee of each cone). The time constant of this depolarization was 3.3  0.5 s, which 
iss of the same order as the time constant of the change of the secondary depolarization of 
thee HCs. 

Sincee the kinetics of the cone responses show a decrease in transientness, it 
cannott account for the increase in transientness of the HC light responses. However, 
duringg the stimulation protocol, the cone calcium current might have changed leading to 
aa change in the ca-dependent glutamate release and thuss to a change in synaptic output of 
thee cone. The next step was therefore to measure changes in presynaptic currents of the 
conee during the flash train. Since the conductance modulated by light is so large that 
itt completely masks the presynaptic currents of the cone, voltage light responses of a 
conee were recorded and used as a command voltage in a condition that the cone light 
responsee was saturated with an intense small white spot (for details of the protocol, see 
materialss and methods section). Fig.5.5 shows the presynaptic currents generated in a 
cone,, clamped at its resting membrane potential, in response to a voltage protocol that 
simulatess "light responses". The top trace of Fig.5.5 shows that each hyperpolarizing 
"lightt response" causes an outward current in the cone, and this does not change with 
repetitivee "light responses". However, when the voltage protocol includes a stepwise 
depolarizationn of the cone (2nd and 3rd current traces) the outward current elicited by each 
"lightt response" is increased in amplitude. The final amplitude of the step-wise (4 steps) 
appliedd depolarization is indicated by the numbers to the right of the traces. The middle 
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FigureFigure 5.2 Changes in kinetics ofHC light responses. A) HC light responses 
toto 10 white, 500 ms full field flashes of-2.0 log, -1.0 log, and 0.0 log. Mean 
restingresting membrane potential was -34.72  2.27 mV (n=10). Only the -1.0 log 
intensityintensity responses are used in this study. There is a change in kinetics ofHC 
lightlight responses during the flash train. B) An overlay of the first and the last 
HCHC light response taken from Fig.5.2A. The responses are only shifted along 
thethe horizontal axis. Timing and scaling are indicated in the figure. The gray 
areaarea indicates the size of the secondary depolarization of the first flash and 
thethe area between the dashed lines indicates the size of the secondary depo-
larizationlarization of the last response. 

currentt trace (4mV depolarization) mimics the physiological condition (Fig.5.4). In that 
conditionn the "light-induced" change in presynaptic currents of the cone increase with 
thee number of flashes with a similar time constant as the increase in rollback in the HC 
response,, i.e. the modulation depth of a "light flash" increases during the stimulation pro-
tocol.. This increased modulation depth of a "light flash" could be due to two features 
off  the command voltage protocol: 1) the repetitive "light induced" hyperpolarizations 
orr 2) the gradual "adaptation induced" depolarization. In the upper trace the cone does 
nott depolarize although the same "flashes" are presented. In this condition no changes in 
presynapticc currents of the cone are seen. This result suggests that the gradual depolariza-
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FigureFigure 5.3 Changes in kinetics ofHC light responses is independent of dopa-
mine.mine. A) Overlay of the HC light responses to the first and the last flash 
fromfrom 6-hydroxy-dopamine animals to the same flash train used in Fig. 5.2A. 
MeanMean resting membrane potential was -34.6  2.7 mV (n=8). In dopamine 
depleteddepleted animals changes in kinetics is still present. B) Overlay of the HC light 
responsesresponses to the first and the last flash measured in control retinas perfused 
withwith flupentixol, a Dp D2 antagonist. The changes in HC kinetics persist in a 
situationsituation where dopamine actions are blocked. The gray area and the dashed 
lineslines have the same meaning as in Fig. 5.2. 

tion,, instead of the repetitive hyperpolarizations, is the basis of the increase in response 
size.. The bottom trace of Fig.5.5 confirms that the increase in presynaptic currents of the 
conee are due to the depolarization of the cone because an 8 mV depolarization increases 
thee "light-induced" changes in the presynaptic currents even further than a 4 mV depolar-
ization.. These experiments (n=14) show that the currents elicited in the absence of any 
depolarizationn (0 mV) do not change over the period of stimulation whereas the presence 
off  depolarization (4 mV or 8 mV) clearly potentiates the amplitude of the presynaptic cur-
rentss of the cone. In the next section we will show that these presynaptic outward currents 
elicitedd by hyperpolarizing "light responses" in the cone are due to reductions in inward 
calciumm current, the presynaptic calcium current in the cone terminal. 
TheThe nature of the "light-induced" presynaptic currents of the cone 
Sincee the cone in Fig.5.5 was voltage clamped at its resting membrane potential and the 
light-sensitivee conductance is saturated, four different currents will be active (Hille 1992), 
i.e.,, the inward current activated by hyperpolarization (Ih), the calcium current (ICa), the 
calciumm dependent chloride current (IclCa), and the delayed rectifier ( L A Blocking the 
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IKdrr with extracellular TEA and intracellular Cs2+ did not change the increase in current 
duringg the voltage protocol (not shown). This result excludes that IKdr is modulated during 
thiss protocol. The increase in the modulation depth of a "light flash" due to depolarization 
off  the cone is not likely to be due to modulation of Ih because depolarization of the cone 
wouldd then decrease the amount of current. The two remaining currents, I and I are 
locatedd in the terminal of the cone (Taylor and Morgans 1998) and could therefore be 
involvedd in synaptic transmission. 

Itt is known that large divalent cations like cobalt (Co2+) block Ca-dependent 
synapticc transmission. To determine the contribution of I to the presynaptic currents, the 
effectt of Co2+ on the experiments of Fig.5.5 was studied. To check the effectiveness by 
whichh we could block ICa, we first determined the effect of Co2+ on the IVs of the cones. 
Thee top traces of Fig.5.6 show the leak-subtracted current responses to a voltage ramp 
protocoll  from -70 mV to 20 mV (drawn at the bottom of the figure) before (arrow 1), 
duringg (arrow 2), and after cobalt (arrow 3). Co2+ shifts the calcium current activation 
functionn to more positive potentials (n=4). This is a general feature of large divalent 
cationss (Hill e 1992; Kostyuk et al. 1982; Piccolino et al. 1996). This shift wil l block the 
synapticc transmission from cones to HCs because ICa is shifted out of the operating range 
off  the cone. Fig.5.7 shows that the presynaptic currents are almost completely 
blockedd with Co2+. The top trace (control) shows the increase in "light-induced" changes 
inn the presynaptic currents due to the voltage trace, which depolarizes to 8 mV. This 
tracee is similar to the 8 mV trace, presented in Fig.5.5. The middle trace is the response 
off  the same cell but now in the presence of 2 mM Co2+. Almost no modulation of 
thee presynaptic current is present (n=4). After washing out the Co2+ (bottom trace) the 
presynapticc currents reappear. 

Co2++ shifted ICa to positive potentials. If the presynaptic currents are mainly car-
riedried by Ca, then depolarizing the cone by an equal amount as I has shifted to positive 
potentials,, would prevent Co2+ to block the presynaptic currents. This assumption is con-
firmedd in Fig.5.8A. A current trace to the same 8 mV part of the protocol as Fig.5.5 is 
shownn in the presence of Co2+ when the cone is clamped at a potential 20 mV depolarized 
fromm the resting membrane potential. In the presence of Co2+, almost no modulation of 
thee presynaptic currents are present when the cone is clamped at its resting membrane 
potentiall  and gradually depolarizes to a level 8 mV more depolarized (see Fig.5.7; top 
trace).. Depolarizing the cone 20 mV (an equal amount as ICa has shifted; see Fig.5.6) 
revealss the presynaptic currents again (n=3). If ICa is the main source of the presynaptic 
currents,, hyperpolarizing the cone would have an equal effect as the application of Co2+. 
Inn Fig.5.8B the response of a cone in control Ringer's solution to a similar protocol (only 
thee 8 mV trace) as used in Fig.5.5 is shown but now at a clamp potential of-87 mV. At 
thatt potential, no "light induced" changes in presynaptic currents are present. Together, 
thesee experiments show that ICa forms the basis of the presynaptic currents. 

IclCaa is known to generate slow tail currents. To investigate whether the IclCa also 
playss a role in the increase in presynaptic currents during the flash train protocol, tail 
currentss were measured before and directly after the presynaptic current protocol. No 
changess in tail currents were found during these experiments (not shown), indicating that 
thiss current stays unmodulated during the flash train. In addition, we tested the role of 
IclCaa by blocking this current with niflumic acid (Barnes and Deschenes 1992). Fig.5.9B 
showss th-i' application of 100 M niflumic acid did not block the "light induced" increase 

52 52 



ChapterChapter 5 

10000 ms 

2500 ms 
FigureFigure 5.4 Changes in cone light responses during the flash train. A) Cone 
lightlight responses to the same flash train that induces changes in kinetics ofHC 
lightlight responses. The transientness of the light response decreases and the sus-
tainedtained cone membrane potential depolarizes slightly. B) Overlay of the first 
andand last cone light response. The responses are only shifted along the horizon-
taltal axis. The gray area and the dashed lines have the same meaning as in Fig. 5. 
2. 2. 

inn "synaptic currents" (n=4), whereas tail currents present in control (Fig.5.9A, arrow 1) 
disappearedd in the presence of niflumic acid (Fig.5.9A, arrow 2). Furthermore, changing 
thee calculated equilibrium potential for chloride from -47 mV to -28 mV did not change 
thee depolarization-induced increase of the presynaptic currents (not shown). These experi-
imentss show that I is not involved in the increase in presynaptic currents. Therefore, 
wee can conclude that the increase in outward current, observed when the cone is let to 
depolarizee is actually a decrease in the standing inward I . 

Sincee ICa is directly related to the glutamate release, changes in I will result in 
changess in HC input. The next section will show that the change in HC response kinetics 
duringg the flash train is also due to changes in the cones. 
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FigureFigure 5.5 Modulation of "light induced" changes in presynaptic calcium 
currentcurrent due to depolarization of the cone. A voltage protocol was constructed, 
depicteddepicted at the bottom of the figure mimics cone responses to the flash train. 
MeasurementsMeasurements were done at cone resting membrane potential -42.5  1.4mV 
(n=l5).(n=l5). The first trace shows the presynaptic calcium current due to such a 
protocolprotocol without depolarization of the cone (0 mV). The presynaptic calcium 
currentcurrent stay unmodified. Second and third traces show presynaptic calcium 
currentcurrent when cones are led to depolarize 4 and 8 mV respectively. Values of 
thethe final depolarization level are indicated to the right of the current traces. 
ThereThere is an increase in "light induced changes" of the calcium current due 
toto this depolarization. The increase is larger with larger depolarizations (8 
mV). mV). 

ChangesChanges in HC properties during the flash train 
Onee of the striking changes in the HC response properties is the change in the secondary 
depolarization.. This secondary depolarization is due to negative feedback from HCs to 
cones.. If the changes in HC kinetics are due to changes in HC properties, one should 
expectt that the output of the HCs would also change. Because we cannot measure the 
amountt of neurotransmitter released by the HCs we looked at the effect of feedback on 
thee cones, i.e. the change in calcium influx in the cone terminal. This effect of the feed-
backk signal on the cone calcium current can be measured most effectively by clamping 
thee cone at one potential, saturating the cone with a small spot and stimulating the retina 
withh a full field flash stimulus (for details of the feedback protocol, see materials and 
methods).. The result of this feedback protocol is that the cone recorded from responds 
onlyy to the signal it receives from the HCs. In this way the feedforward signal can be 
separatedd from the feedback signal, which cannot be done, measuring HCs themselves. 
Fig.5.100 shows a voltage clamped cone stimulated with the feedback protocol. It is obvi-
ouss from this figure that the feedback induced inward current shows no pronounced 
changess during the flash train (n=4). So, contrary to the increase in secondary depolar-
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FigureFigure 5.6 Current voltage relations of a cone to the voltage ramp protocol 
depicteddepicted at the bottom of the figure, in control condition (arrow 1), in the 
presencepresence of 2 mM cobalt (arrow 2), and after washout (arrow 3). Cobalt shifts 
thethe ICa to more positive potentials. 

ization,, the feedback signal, as measured in the cones has not increased during the flash 
train. . 

Thus,, after a train of flashes, the secondary depolarization has increased. How-
ever,, the feedback signal received by cones has remained equal. Presynaptic calcium cur-
rentss also remained constant when the cone was clamped at one potential and showed 
onlyy an increase when the cone was led to depolarize (Fig.5.5). Therefore, it was tested 
whetherr a similar 4 mV depolarization of the cone, increased the feedback-induced cur-
rentt in cones. Fig.5.11 shows the feedback responses of a cone when it is depolarized, in 
fourr steps of 1 mV during the protocol. Whereas the feedback induced currents to the first 
threee light flashes are small, the gradual depolarization of the cone results in a dramatic 
increasee of the feedback induced currents (n=5). These experiments show that the depo-
larizationn of the cone makes feedback from the HCs to cones more efficient. 

Discussion n 
Thee main result of this paper is that stimulating the retina with a train of white light 
flashesflashes can lead to a doubling or even a tripling of the amount of calcium flowing into the 
conee due to the feedback signal from HCs to cones, while the feedback signal itself does 
nott increase during the flash train. This increase in calcium influx is independent of dopa-
minee and can be attributed to adaptation-induced depolarization of the cone membrane 
potential. . 

Inn the next sections we will discuss this mechanism in detail and we will 
presentt results of a quantitative computer simulation showing that cone polarization alone 
iss enough to generate the observed results. Finally, we will discuss the relevance of 
thiss mechanism in relation to the literature concerning adaptational changes in retinal 
processing. . 
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FigureFigure 5.7 Cobalt blocks the "light induced" presynaptic currents. The 
toptop current trace shows the voltage-dependent currents in control Ringer's 
solutionsolution to the part of the voltage protocol where the cone is let to depolarize 
88 mV in steps of 2 mV. The presence of 2mM cobalt blocks the presynaptic 
currentscurrents (middle current trace). After washout of cobalt, the presynaptic 
currentscurrents reappear. At the bottom of the figure the synaptic current protocol is 
shown. shown. 

ChangesChanges seen during the adapting flash train 
Twoo things happen with the HC responses during the adapting flash train used in this 
studyy that need to be accounted for: 1) The onset response becomes faster and 2) the 
secondaryy depolarization becomes larger. The only significant change found in the cones 
duringg the flash train is that the mean cone membrane potential slightly depolarized 
duringg the flash train. Both the transient character of the first light response of the cone 
andd the depolarization of the mean membrane potential are presumably due to the Ca-
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dependentt feedback on the phototransduction pathway (Haynes and Yau 1985; Ripps and 
Pepperbergg 1987). The question now is: Can the changes in HC kinetics during the flash 
trainn be accounted for by only a slight depolarization of the cone membrane potential? 
DepolarizationDepolarization of the cone can account for the changes in HC kinetics during the train 
ofof flashes 
Fig.5.12AA shows the Current-Voltage relation of the ICa of a cone. Since there is a linear 
relationn between ICa of the cone and the amount of glutamate release, the I can be taken 
ass the amount of glutamate release (Witkovsky et al. 1997). In the dark, cones rest at 
aboutt -40 mV. At this potential there is a certain amount of glutamate release (arrow 1). 
Hyperpolarizationn of the cone by light, results in a reduction in ICa, i.e., in a decrease in 
glutamatee release (arrow 2). Due to this decrease in glutamate, HCs wil l hyperpolarize 
leadingg to a change in feedback signal to the cones. By some yet unknown mechanism 
(butt see chapter #2, #3, and #4), the change in feedback shifts the calcium activation 
functionn to more negative potentials (dashed curve). This in turn causes an increase in I 
(arroww 3), which leads to an increased glutamate release leading to the secondary depo-
larizationn of the HC responses. 

Thee flash train gradually depolarizes the mean membrane potential of the cone 
byy about 4 mV, so the cone rests at -36 mV. Because the cone gradually becomes depolar-
izedd during the train of flashes, the range of its light response is shifted to a steeper part of 
thee calcium activation function. Thus the same hyperpolarizing cone light response will 
causee a larger decrease in calcium current, and a larger reduction in glutamate release, 
accountingg for the increase in the feedforward HC response. The gradual depolarization 
off  the cone during light adaptation can also explain the increase in the secondary depo-
larizationn in HCs. During the flash train, i.e. during light adaptation, the feedback signal 
fromm HCs to cones does not change. This means that in the light adapted state the feed-
backk from the HCs during each flash causes the same leftward shift of the calcium acti-
vationn function as in the dark adapted state. However, since the cone potential is in a 
steeperr part of the calcium activation function, this same leftward shift now causes a 
largerr increase in presynaptic calcium current, a larger increase in glutamate release, and 
aa larger secondary depolarization in HCs. 

So,, now that we have discussed the increase in secondary depolarization of the 
HCC light response due to the small depolarization of the cone, let us now discuss how 
bothh the increase in feedforward signal and the increase in feedback efficiency can lead 
too a faster time to peak of the HC light response. The feedforward signal increases less 
thann the increase in feedback efficiency (compare Figs.5 and 11). The reason for this is 
thatt the 4 mV depolarization is a relatively small depolarization relative to the cone light 
responsee whereas it is a relatively large depolarization relative to the feedback induced 
shiftt in calcium activation function. Since feedback is slower than feedforward and since 
thee feedback efficiency increases more than the feedforward signal, the result is that the 
timee to peak of the HC responses decreases. Now the question arises why this decrease 
inn time to peak of the HC response and the increase in rollback cannot be seen in the 
feedbackk signal received by the cones. Since feedback is slow, the peak of the HC light 
responsee might be cut off. Furthermore, the rollback is small, relative to the total response 
off  the HCs, which actually generates the feedback signal. Together, they may explain why 
thee changes in HC kinetics cannot be seen in the feedback signal received by the cones. 

Too test whether the effect of the depolarization on the ICa of the cone was enough 
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FigureFigure 5.8 The relative position of the membrane potential to the activation 
functionfunction of the calcium current determines the light induced modulation of 
thethe synaptic currents. 
A)A) The modulation of the " light induced" changes in presynaptic currents 
duedue to the stepwise depolarization of the cone (8 mV) are present in Co2+ 

whenwhen measured at depolarized levels. Clamping the cone at depolarized 
levelslevels in the presence of cobalt makes the presynaptic currents reappear 
again.again. Bottom voltage trace depicts the synaptic current protocol (8 mV 
trace)trace) again. B) Hyperpolarizing a cone to -87 mV blocks the presynaptic 
currents.currents. The current trace is measured at a potential were I is not active. 
TheThe increase in "light induced" presynaptic currents due to the 8 mV 
depolarizationdepolarization is not present at these potentials. 

too account for the observed changes in the kinetics due to this increase in synaptic 
efficiency,, a quantitative model simulation was performed. 

Simulation Simulation 
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FigureFigure 5.9 Effect of niflumic acid on the depolarization-induced increase in 
presynapticpresynaptic currents. A) Tail current in control Ringer's solution (arrow 1) and 
inin 100 \\M niflumic acid (arrow 2). Niflumic acid blocks the tail currents show-
inging that niflumic acid did indeed block Iaa. B) Synaptic current protocol (8 
mm V trace) in control Ringer's solution and in the presence of 100 \)M niflumic 
acid.acid. The increase in presynaptic currents due to depolarization is still present 
inin niflumic acid. 

Thee model consists of a cone and a HC. The cone projects via a Ca-dependent glutama-
tergicc pathway to the HC and the HC feeds back to the cone via modulation of the Ca-
currentt by an unknown neurotransmitter (Verweij et al. 1996a) (but see chapter #2, #3, 
andd #4). Cones are modelled using a simple resistive network consisting of a voltage sen-
sitivee calcium conductance, the light conductance, and a passive potassium conductance. 
HCss are modelled with a glutamate conductance and a passive potassium conductance. A 
detailedd description of the model is given in the appendix. 

Withh the model three simulations were performed. 1) The response of the model 
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FigureFigure 5.10 Changes in feedback signal from HC to cones during the flash 
train.train. Feedback induced increases in F. measured in cones using the same 
flashflash train that induces changes in kinetics ofHC responses. To measure feed-
backback in a cone, the cone light response is saturated with a small spot (diame-
eter:eter: 20 um). Feedback does not increase during the flash train. 

wass studied using a similar flash train as used for the physiological experiments. To 
mimicc the adaptation induced cone-depolarization as found experimentally, the cone 
membranee potential was depolarized by 1,2,3 and 4 mV during the second, third, fourth, 
fifthfifth  and the rest of the flash train, respectively. The results are shown in Fig.5.13A. It is 
clearr from this figure that the secondary depolarization increases with depolarization of 
thee cone. This is a similar behavior as found in the physiological cone/HC system. Note 
thatt only the mean cone membrane potential is changed in the model during the adapta-
tionn by the flash train, showing that this small change is enough to induce the changes in 
kineticss of the HC response. 

Withh the model behaving similarly as the physiological cone/HC network, the 
mechanismm responsible for the changes in HC kinetics during the flash train can be evalu-
ated.. First the effect of the depolarization on the presynaptic calcium current was stud-
iedd just as was done in Fig.5.5. In this simulation the HC membrane potential was held 
constant.. This mimics the experimental condition where the cones were voltage clamped 
andd polarized according to the prerecorded light responses. Due to the extensive electric 
couplingg of HCs, polarization of one cone does not lead to a change in HC membrane 
potential.. Fig.5.13B shows that due to the polarization of the cones, the "light induced" 
changee of the presynaptic calcium current almost doubles. This result is similar to the 
resultt obtained with the physiological cone/HC system and is due to the fact that depo-
larizationn shifts the membrane potential of the cone to a steeper part of the Ca-current. 

Finally,, the feedback signal in the model cones was studied (Fig.5.13C). This 
wass done in two conditions; 1) when the model cone was clamped at -45 mV and 2) 
whenn the cone was initially clamped at -60 mV and subsequently depolarized during the 
firstfirst five flashes by in total 4 mV. Fig.5.13C shows that when the cone is clamped at 
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-455 mV, feedback induced currents remains nearly equal in size throughout the protocol. 
Thiss result is similar to the physiological result. However, when the cone is clamped 
att the light membrane potential (-60 mV) and is depolarized by in total 4 mV, the feed-
backk induced currents are almost doubled at the end of the stimulus train, just as found 
physiologically. . 

Thesee simulations show that a very simple model can account for the complex 
changee in the HC response characteristics observed during adaptation to a flash train. 
Sincee this behavior can be generated with a model that only includes a Ca-current and 
conee adaptation, it indicates that no other pathways or processes are involved. The rela-
tivee position of the cone membrane potential to the Ca-current activation function is 
essentiall  for the size and the kinetics of the HC response. Depolarization of the cone 
membranee potential due to adaptation of the cone leads to an increase in efficiency of the 
feedbackk pathway of the HCs to the cones. 
ChangesChanges in HC/cone network induced by adaptation 
Manyy papers have reported changes in the cone/HC network as a consequence of light 
adaptation.. The mechanisms underlying these changes can be separated into two broad 
categories:: "local" and "network" adaptive mechanisms. Local mechanisms are intrinsic 
too the photoreceptors such as bleaching adaptation (Ripps and Pepperberg 1987) and Ca-
dependentt feedback on the phototransduction cascade, which modulates the cGMP-gated 
channelss in the cone outer segment (Haynes and Yau 1985). Both local mechanisms tend 
too depolarize the mean membrane potential of the cone (Burkhardt 1994) when the retina 
becomess light adapted. The time constant of this process is between 0.1 s and 100 s 
(Baylorr and Hodgkin 1974). 

Networkk adaptation refers to mechanisms outside the photoreceptor such as 
modulationn of the electric-coupling between HCs by dopamine (Mangel and Dowling 
1985;; Negishi et al. 1990; Yang et al. 1988), the change in sensitivity of the glutamate-
andd GABAc-receptors on the HCs (Dong and Werblin 1994; Knapp and Dowling 1987), 
andd the change in the amount of GABA released by the HCs (Yazulla and Kleinschmidt 
1982).. These dopaminergic processes function on a time scale of min to hr (Witkovsky 
andd Shi 1990). GABA also plays an important role in determining the network proper-
tiess in the outer retina (Kamermans and Werblin 1992; Verweij et al. 1998; Yang and 
Wuu 1989) by modulating both the size and kinetics of the HC responses by means of a 
mechanismm intrinsic to the HCs. 

Thee present paper describes changes in HC kinetics without a change in the 
intrinsicc HC properties, indicating that GABA does not play a role. The described mecha-
nismm is also present in dopamine-depleted animals, indicating that dopamine does not 
playy a role in this short-term change of the HC kinetics. Other groups have also 
reportedd changes in HC kinetics due to background illumination or due to repetitive stimu-
ulationn without the interference of GABA or dopamine. Akopian et al. (1991) reported 
changess of the responses of turtle HCs during repetitive stimulation with saturating white 
lightlight flashes. These HCs show an increase of the Off-overshoot while the On response 
remainedd unaffected. Since it has been reported that the HC Off-overshoot is mediated by 
feedbackk (Kamermans et al. 1989), the findings of Akopian et al., could be accounted for 
byy the mechanism described in this paper. The absence of any effect on the On-response 
inn their experiments can be justified by the fact that they use saturating light stimuli. That 
conditionn might be similar to the HC responses to 0.0 log intensity light flashes shown in 
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FigureFigure 5.11 Depolarization of the cone, increases the effect of feedback on the 
increaseincrease of 'I . Cones were gradually depolarized during the first 4 flashes 
inin steps of 1 mV. At the beginning of the trace the feedback induced change 
inin Ca-current is small. Depolarization of the cone leads to an increase in the 
feedbackfeedback induced changes in lQa. 

Fig.5.2.. For that intensity we also did not find any effect on the On-responses of HCs. 
Normannn and Perlman (1990) showed that background illumination reduces the 

sensitivityy of the HC responses in turtle. High intensities of background light did not 
changee the kinetics of the HC light response whereas lower intensities lead to a reduction 
off  the time to peak and an increase in secondary depolarization of the HC light response. 
Theirr lower intensities are comparable with the intensities in our experiments, eliciting 
thee changes in HC response kinetics. Their results are similar to the results described in 
thiss paper despite their use of background light instead of a train of white light flashes. In 
theirr paper no explanation was given why the time to peak of the HC response decreased 
whenn they used moderate light intensities. In the light of our experiments, their results can 
bee accounted for by the light adaptation-induced depolarization of the cone, which will 
makee the synaptic efficiency between cones and HCs higher leading to a reduction of the 
timee to peak of the HC response. 

TheThe possible role of cone depolarization in other adaptive processes 
Thiss study illustrates that the resting membrane potential of the cone can strongly modu-
latee the size and kinetics of the light responses of neurons in the retina. Small changes 
inn this potential can lead to drastic changes in synaptic transmission, and in feedback 
efficiencyy in particular, influencing possibly all kind of visual processing. As has been 
mentionedd in the introduction, several papers have reported changes in the amount of 
feedbackk during light adaptation. Both the surround of ganglion cells and the spectral 
opponentt responses of HCs disappear when a retina is dark-adapted.. Light adapting these 
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FigureFigure 5.12 "Light induced" changes in presynaptic calcium current. A) 
SituationSituation at the beginning of the flash train. A schematic drawing of a cone 
lightlight response and the resulting HC response are indicated at the top and 
onon the left, respectively. Arrow 1 indicates the ICa at the resting membrane 
potentialpotential of the cone. This determines the resting membrane potential of the 
HCs.HCs. Light stimulation hyperpolarizes the cone (arrow A), which leads to a 
decreasedecrease in ICa (arrow 2) and thus to hyperpolarization of the HC (arrow B). 
ThisThis hyperpolarization induces a shift of the activation function of the calcium-
currentcurrent in the cones (dotted line), leading to an increase in I (arrow 3). 
TheThe effect of this increase in lQa can be seen in the HC light response as 
thethe secondary depolarization (arrow C). B) Situation at the end of the flash 
train.train. In this condition cones are depolarized 4 mV due to photoreceptor light 
adaptation.adaptation. Due to this depolarization of the cone, the size of the secondary 
depolarizationdepolarization in the HC response (arrow C) has increased relative to the 
hyperpolarizinghyperpolarizing part of the HC response (arrow B). 

retinaee results in the reappearance of these feedback-mediated responses. Most of these 
changess during light dark adaptation are assumed to be mediated by GABA or dopamine. 

Althoughh the mechanism described in this paper is not GABA or dopamine 
mediated,, it could very well play a role in the above-mentioned GABA and dopamine 
mediatedd processes. For instance, GABA is known to modulate the membrane potential 
off  cones. GABA slightly hyperpolarize cones in goldfish, tiger salamander, and in turtle 
byy activating GABAA receptors (Kamermans and Werblin 1992; Kaneko and Tachibana 
1986a)) (see chapter #4). By hyperpolarizing the resting membrane potential of the cone, 
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FigureFigure 5.13 Simulated cone and HC responses to the flash train. A) Cones 
restrest at -46 mV and HCs at - 32.2 mV in the dark. The horizontal cell response 
showsshows the characteristic increase of the secondary depolarization during this 
protocol.protocol. Cone adaptation is mimicked by a gradual depolarization of the 
conecone by 4 mV during the first four flashes. B) The changes in Ca-current 
ofof the cone due to the flash stimulus protocol in the absence of feedback. 
C)C) Increases in Ca-current of the cone due to feedback from the HCs when 
thethe cone is clamped at -45 mV (top) and when the cone the cone is initially 
clampedclamped at -60 m V (bottom) and then gradually depolarized by 4 mV over the 
fivefive first flashes. At -45 mV the feedback induced increase in the Ca-current 
doesdoes not change, whereas gradual depolarization from -60 mV leads to a 
largelarge increase in feedback induced currents. 

GABAA could decrease the feedback efficiency and thereby inhibit feedback-mediated 
responses.. So in conclusion, the mechanism to modulates the synaptic transmission 
betweenn HCs and cones described in this paper can be driven by a variety of pathways. 
Thee effect will always be a strong modulation of feedback. 
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Abbreviationss used in this paper: BCs, bipolar cells; GABA, gamma-aminobutyric 
acid;; HCs, horizontal cells; ICa, calcium current; IaCa, calcium dependent chloride 
current;; Ih, inward current activated by hyperpolarization; IKdr, delayed rectifier; IPCs, 
interplexiformm cells. 

Appendix x 
Thiss appendix presents a very simple quantitative model to account for the experimental 
findingsfindings presented in this paper with a minimum of components. The main question 
addressedd is whether the characteristics of the Ca-channel are sufficient to account for the 
observedd changes in HC dynamics. 

Thee model consists of a cone and a HC. The cone projects via a Ca-dependent 
glutamatergicc pathway to the HC and the HC feeds back to the cone via modulation of 
thee Ca-current by an unknown neurotransmitter (Verweij et al., 1996). 
Thee cone 
Thee cone membrane potential (Vcone) depends on the light stimulus (I(t)). The relation 
betweenn the I(t) and 
v c0 n e

i s g i v e n by E qu ( 1 ) : : 

VV -V +I(t)V -T 
conecone rest \ / r rest con dt dt 

Wheree mne is the time constant of the cone light response in ms 
VVrestrest is the cone resting membrane potential in mV, 
WWrespresp is the amplitude of the cone light response in mV. 
I(t)) varies between 0 and 1 and the timing of I(t) is given in the figures. 

VV modulates a voltage dependent Ca-channel (ƒ_). The relation between ƒ„  and V 
conecone o r \ Qas Qa com 

iss taken from Verweij et al. (1996) and given by Equ (2): 

Max Max 
*Ca*Ca — 8ca 'Vcone ^Ca) 

ll  + e x p j ^^ ) 

MaxMax
Wheree gcat is the maximal conductance of the Ca-current 

EcaEca is the reversal potential of the Ca-channel 
KKCaCa is the half activation potential of the Ca-current activation function 
Vfl,Vfl, is the shift of the Ca-current activation curve due to HC-activity 
rtcartca is the slope factor of the Ca-activation curve. 

Thee horizontal cells 
Coness release glutamate in a Ca-dependent manner. The relation between the Ca-current 
andd the release of glutamate is linear (Schmitz and Witkovsky 1997). Glutamate activates 
ann AMPA-type glutamate receptor on the HC-dendrites. The Hill-factor of the glutamate-
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inducedd currents in HCs is near 2 (O'Dell & Christensen 1989). The relation between 
IICaCa and the relative conductance of the AMPA-receptor (gca) in the HC membrane is 
describedd by a Hill-equation and is given by Equ (3) 

66 cat o cat 

r r 
MaxMax Ca 

rnrn rsn 
llCaCa  ̂ ^Glu 

Wheree gc™ is the maximal conductance of the Ca-current 

KKGluGlu is the Ca-current needed to release the amount of glutamate that 
activatess the AMPA-receptor half maximal 
nn is the Hill-coefficient. 

Thee relation betweengcarand the HC membrane potential (VHC) is given by Equ (4) 

vv - Scat'  + SKHC '  HC - ^HC 

ee +z HL dt 
ScatScat T 6 A . r

f f
 w * 

Wheree  ̂ is the time constant of the HCs 
EEcatcat is the equilibrium potential of the glutamate-gated channel 
ggKK is the relative passive potassium conductance in the HC 

EEKK is the equilibrium potential of the potassium current in the HC. 

HCss feed back to cones by directly modulating the Ca-current activa-
tionn range, in an almost linear fashion (Kraaij et al., 2000a). The time constant of the 
feedbackk signal is about 100 ms (Kraaij et al., 1998). The relation between VHC and the 
shiftt in the activation range (¥„)  is given by Equ (5). 

dVdVJLJL_ _ 
^  ̂fb ' j . "Afi+Bfc'Vtfc V ft, 

Wheree p is the time-constant of the feedback signal. 
Aft,Aft, and BJJ, are constants. 

Parameterss & Methods 
Thee parameters used in the simulation are give in table 1. The differential equations 
weree solved numerical on a MS-Windows based computer system using the Runga Kutta 
methodd of order 4 (Press et al., 1992). dt was 0.1 ms in all simulations. Without stimula-
tion,, the cone membrane potential is -46 mV and the HC membrane potential is -37.8 
mV. . 
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Chapterr  6 

Generall  discussion 

Thee seminal observation that HC polarization induces a change in the current-voltage 
relationn of a cone formed the starting point of this thesis. In the following paragraphs, 
II  wil l discuss aspects of the nature of this feedback-induced modulation of the cone cur-
rent-voltagee relation, not yet dealt with. Various mechanisms for the involvement of the 
hemichannelss will be presented. Finally, I wil l discuss the arguments that made us con-
cludee that it is the current flowing through these channels, which mediates feedback. 

Thee nature of the feedback-induced changes in the current- voltage 
relationn of cones 
Thee black squares in Fig 6.1 A show the whole cell current voltage relation of a cone, 
whenn it is illuminated with a small saturating spot. The grey squares in Fig 6.1 A show the 
wholee cell current of the same cone when HCs are hyperpolarized using full-field stimula-
tion.. Feedback induces changes in the current voltage relation of cones between about 
-500 mV and -20 mV, whereas it hardly changes the current voltage relation at very nega-
tivee and positive potentials. Since feedback did not induce changes at negative potentials 
wee subtracted the linear current and obtained the current voltage relation as depicted in 
Figg 6.1 B. This current voltage relation looks similar to the current voltage relation of 
calciumm channels, reported in other studies (Barnes and Hill e 1989; Barnes et al. 1993). 
Negativee feedback from HCs to cones shifts the calcium current activation function to 
moree negative potentials. 

Thee way we obtained the current voltage relation of the calcium current raises 
thee question whether it is indeed carried by calcium ions only. Unfortunately, there is no 
completee blocker of this L-type calcium channels available to verify this. However, we 
doo have additional arguments that show that feedback is indeed changing the amount of 
calciumm flowing into the cone. First of all feedback induces a secondary, slowly activated 
current.. Based on its sensitivity to niflumic acid and its reversal around the equilibrium 
potentiall  of chloride (Kraaij et al. 2000b), it was concluded that this current is a calcium 
dependentt chloride current. For this current to be activated by feedback, feedback should 
increasee the amount of calcium into the cone. If feedback induces an increase in calcium 
flowingflowing into the cone, it then is likely that cones should increase their glutamate release. 
Thatt this is indeed happening can be seen in the light responses of the HCs. It modulates 
thee rollback of the monophasic HCs and the depolarising responses of the BHCs and the 
THCs. . 
Althoughh there seems to be a reasonable consensus about the depolarising responses, 
beingg caused by a feedback-induced increase in glutamate-release, there remains some 
controversyy about the origin of the rollback of the MHC. The rollback has also been 
attributedd to non-linearities of the HC membrane current (Maximov and Byzov 1996). 
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FigureFigure 6.1 Feedback induces a change in the current voltage relation of the 
cone.cone. A) Whole cell current voltage relation of a cone in the absence (black 
squares)squares) and presence of feedback (grey squares). Feedback induces a change 
inin the current voltage relation of the cone between around—50 mV and-10 mV. 
B)B) Leak-subtracted current voltage relation of a cone without (black squares) 
andand with feedback (grey squares). Feedback shifts the calcium current of the 
conecone to more negative potentials (From Verweij et ah, 1996a). 

Thee finding that in goldfish red light stimulation leads to light responses without a roll-
back,, whereas green light stimulation, with similar response amplitude, leads to a roll-
backk argue against this. If voltage gated channels were to be responsible for the rollback, 
aa similar hyperpolarization should lead to comparable light response kineticss independent 
off  the spectral composition of the stimulus. So we believe that feedback is modulating the 
activationn curve of the calcium current of the cone. 

Thee involvement of hemichannels in negative feedback from HCs to 
cones s 
AA study of connexin expression and localisation in the retina, revealed the localisation of 
putativee hemichannels at the tips of the lateral HC processes. The involvement of these 
hemichannelss in negative feedback from HCs to cones is based on several pharmacologi-
call  experiments. Application of carbenoxolone, a general gap-junction blocker, blocked 
alll  feedback-mediated responses in the outer retina. Of course, the hemichannels are 
nott the only channels in the outer retina, blocked by carbenoxolone. The gap-junctions 
betweenn different cell types present in the outer retina will  also be blocked. Are hemi-
channelss really directly involved in negative feedback from HCs to cones, or is the uncou-
plingg of cells in the outer retina the cause of the loss of the feedback-mediated response? 
Twoo different points argue against such critical involvement of gap-junctions: 1) Low 
concentrationss of cobalt also block the feedback-mediated responses. Although hemi-
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channelss have been reported to be sensitive to cobalt (Dixon et al. 1996), gap-junctions 
aree probably not. In several studies that focussed on the electrical properties of the gap-
junctionss between HCs, high concentrations of cobalt were present to prevent activation 
off  some voltage-gated channels to contribute to the current-voltage relation (De Vries and 
Schwartzz 1989). In this condition gap-junctions were not affected by cobalt. This sug-
gestss that low concentrations of cobalt block feedback while leaving the HCs coupled. 2) 
Feedbackk can reappear in the presence of carbenoxolone. That merely uncoupling of HCs 
doess not block feedback can be seen in the experiments done in chapter 2. Application 
off  kainate in the presence of carbenoxolone leads to the reappearance of feedback. These 
experimentss show that, in the absence of HC coupling, negative feedback from HCs to 
coness can still be functional. This suggests that not the uncoupling of HCs but the block 
off  hemichannels inhibits negative feedback from HCs to cones. 

Howw are hemichannels involved in negative feedback from HCs to 
cones? ? 
Basedd on both the carbenoxolone and the cobalt results, and the arguments listed above, 
wee concluded that hemichannels are involved in negative feedback from HCs to cones, 
thoughh the nature of their contribution was still unclear. Inspired by the work of Byzov, 
thee hypothesis of hemichannels being involved in negative feedback through an ephap-
ticc mechanism was postulated. Current flowing through the limited intersynaptic space 
betweenn cones andd HCs into the hemichannels would, in this model, change the extracel-
lularr potential in the synaptic cleft, reducing the transmembrane potential sensed by the 
calciumm channels of the cone. In a voltage clamped cone, stepped to different potentials, 
thiss would result in a shift of the calcium current to more negative potentials, which was 
experimentallyy found by Verweij et al (1996a). If indeed negative feedback from HCs to 
coness is mediated through an ephaptic mechanism, then current flowing through other 
channelss present in the cone / HC synapse should also be able to modify the extracel-
lularr potential in the synaptic cleft and thereby change the output of cones. In this thesis, 
II  have presented evidence that this is indeed the case. First of all, in the absence of a 
hemichannell  conductance, current flowing through the glutamate-gated channels can also 
elicitt depolarising responses of BHCs upon deep red light stimulation (Chapter 2). The 
findingfinding that GABAergic modulation of the strength of negative feedback from HCs to 
coness disappears when one changes the direction of the GABA-mediated current gives 
additionall  proof that it is current that mediates feedback (Chapter 4). Based on these two 
setss of experiments, we propose that hemichannels act as a current sink and induce in 
thatt way a voltage drop over the extracellular space. A direct measurement of this voltage 
dropp is technically not feasible. This makes that we have to relay on indirect evidence. 
Thereforee it is important to reflect on other mechanisms. 

Possiblee other  mechanisms in which hemichannels could be involved 
Itt has been proposed that glutamate (Anwyl 1991), GABA (Kaneko and Tachibana 
1986a),, and nitric oxide (NO) (Savchenko et al. 1997) are the feedback neurotransmit-
ter.. Furthermore, changes in the concentration of divalent cations (Piccolino et al. 1999), 
andd protons (Barnes et al. 1993) can shift the calcium current activation function to more 
negativee potentials. Could these substances play a role in a feedback mechanism involv-
ingg hemichannels? 
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1)) Hemichannels are large holes through which molecules up to 1 kDa can pass. One 
couldd argue that neurotransmitters can leave HCs via this pathway and bind to certain 
receptorss on cones, which modulate the Ca2+-current. The finding that when the hemi-
channelss are blocked, the glutamate-gated channels on HC dendrites can mediate feed-
backk is inconsistent with this hypothesis, because neurotransmitters cannot pass through 
glutamate-- gated channels. 
2)) Hemichannels could form a pathway by which the intracellular Ca2+-concentration 
increases,, leading to an increase in the production of NO (Snyder 1992). If NO is the 
feedbackk neurotransmitter then application of an excess of NO should abolish feedback. 
Inn carp retina application of an NO donor did not reduce feedback-mediated responses 
inn HCs, which is not in line with NO being the feedback neurotransmitter (Pottek et al. 
1997). . 
3)) Lowering the concentration of both divalent cations (Piccolino et al. 1999) and protons 
(Barness and Bui 1991) shifts the calcium current towards more negative potentials. 
Hemichannels,, by acting as a calcium or a proton sink could lower their concentration 
inn the synaptic cleft, and in that way induce the observed shift of the calcium current. 
Thee changes in concentration of these ions would depend on the driving force which 
increasess with HC hyperpolarization. The results presented in chapter 4 make it unlikely 
thatt changes in the concentration of calcium or protons in the synaptic cleft is the 
mechanismm by which the calcium current is shifted towards negative potentials. Both 
PTXX and GABA hardly polarize HC while having opposite effects on the calcium current 
activationn function. In conditions where EC1 is more negative than the resting membrane 
potential,, PTX shifts the calcium current of the cone to more negative potentials, whereas 
GABAA shifts it to more positive potentials. If a decrease in either calcium or protons was 
thee feedback mechanism, HC polarization and the shift of the calcium current induced by 
PTXX and GABA would be correlated. 

Inn conclusion: the other mechanisms fail to fully account for the feedback 
inducedd currents in cones. Although direct proof for the ephaptic mechanism is hard to 
obtain,, it is the only mechanism consistent with all the data presented. 

Currentt  sinks and sources in the synaptic cleft 
Too complete its circuit, current flowing through the hemichannels into the tips of the HCs 
shouldd leave the HC through potassium channels. If the potassium channels of the HC 
weree to be located near the hemichannels, there would be no net voltage drop in the syn-
apticc cleft. Yazulla and Studholme (Yazulla and Studholme 1998a), determined the locali-
sationn of Shaker-like and Shab-like potassium subunits in the outer retina of goldfish and 
foundd almost none of the immunolabel in the cone/HC synapse. It was present at the cone 
somataa (inner segments) and on HC somata, indicating that these potassium channels are 
nott present at the invaginating HC processes. 

Off  course, the hemichannel-mediated current is not the only current flowing 
throughh the synapse. The calcium channels of the cone are also present in the synapse, 
andd current flowing through these channels into the cone should also induce a local volt-
agee drop. We do not have evidence for this. This seems to contradict the ephaptic feed-
backk hypothesis, since any current flowing through the synaptic cleft should be able to 
inducee a voltage drop. One possible explanation for this could be the current flowing 
throughh the calcium dependent chloride channels. Since the equilibrium potential for 
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chloridee is around -55 mV (Kraaij et al. 2000b), current flowing through these channels 
wil ll  be outward at potentials were the calcium current is active. If these channels were 
too be located in close proximity to the calcium channels, the current sources and sinks of 
thee cone would not be spatially separated. Although at this moment no antibodies exist 
forr the calcium-dependent chloride current, we do have some circumstantial evidence 
thatt the calcium dependent chloride channels are located near the calcium channels of the 
cone.. We were not able to block the calcium-dependent chloride current by adding high 
concentrationss of the fast calcium buffer BAPTA to our intracellular solution, whereas 
wee could modulate the change in calcium concentration in the bulk of cytoplasm of the 
synapticc terminal. This suggests that the calcium channels and the calcium dependent 
chloridee channels are located closely to each other. 

Whyy does only the calcium current activation function shift? 
Unlikee other voltage-gated channels most calcium channels do not have a voltage depen-
dentt channel inactivation, but do have a calcium dependent inactivation (Hill e 1992). The 
extentt of the latter differs enormously among the different calcium channel types. The 
L-typee calcium-channel of the cone is one of the types that hardly show any inactivation 
(Barness and Hill e 1989). The current voltage relation of the calcium current of the cone 
iss therefore determined by the voltage-dependence of both the channel opening and the 
drivingg force. Like any voltage-gated channel, calcium channels have a voltage sensor 
formedd by mobile charged aminoacids that signal a voltage change over the membrane. 
Voltagee changes are converted into conformational changes of the protein that lead to 
thee opening or closure of the pore. Local changes in extracellular potential change the 
potentiall  difference over the membrane and thereby change the opening of the channel. 
Consideringg the fact that both channel opening and driving force depend on voltage one 
wouldd expect that the feedback-induced extracellular voltage drop would shift the whole 
calciumm current to more negative potentials. We did not observe that. 

Onee possible explanation for this could be our inability to completely block the 
delayedd rectifier type of potassium channels. As can be seen in the whole cell currents 
off  Fig 6.1 A, there is quite a large amount of current flowing at positive potentials. At 
thesee potentials the current will flow most likely through the delayed rectifying type of 
potassiumm channels (Barnes and Hill e 1989). Seeing that these potassium channels are 
localisedd outside the synaptic cleft (Yazulla and Studholme 1998b), they wil l not be influ-
encedd by the feedback-induced voltage drop in the synaptic cleft. So, at positive poten-
tials,, the current- voltage relation of Fig.6.1B wil l be contaminated with the current flow-
ingg through the extrasynaptic channels, which wil l not sense the feedback-induced volt-
agee drop. Since, at positive potentials, this potassium current is much larger than the 
calciumm current of the cone, the large potassium current will mask the shift of the calcium 
current. . 

Ephapticc communication: a general phenomenon? 
Inn any chemical synapse, there is a close apposition between neurons. So, in principle 
electricall  feedback should be present in every synapse, the magnitude depending on the 
amountt of current flowing through the synapse and the resistance of the synaptic space. 

Obviously,, when the resistance of the synaptic space is zero, electrical feedback 
iss absent. For flat, small diameter synapses this resistance may be very small and electri-
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call  feedback wil l be undetectable. In the retina, HC processes deeply invaginate the cone 
pedicle,, which wil l increase the resistance of the synaptic space. There, electrical feed-
backk is prominent. This raises the question whether ephaptic communication is only pres-
entent in some rare cases like the retina, the Mauthner cells, and the cerebellar purkinje cells, 
orr whether it is a more general phenomenon? The work of Voronin (Kasyanov et al. 2000; 
Berrettaa et al. 2000) indicates that ephaptic communication might occur in some synapses 
inn the CA3 area of the hippocampus. The synapses of the mossy fibres with these CA3 
pyramidall  cells show invagination of both pre- and postsynaptic membranes. Glutamate 
releasedd by the mossy fibres opens the postsynaptic glutamate-gated channels, thereby 
increasingg the current flow in the synaptic cleft. This wil l reduce the transmembrane 
potentiall  of the presynapse leading to additional release of glutamate. In this way, the 
releasee of a vesicle could facilitate the release of the other vescicle. They validated 
theirr hypothesis by showing that the size of the excitatory post synaptic current (EPSC) 
increasedd more with hyperpolarization of the CA3 neuron than predicted from the 
increasee in driving force. In the visual cortex 10 % of the neurons tested showed such 
supralinearityy of the size of the EPSC with respect to the membrane potential, which 
couldd be accounted for by positive ephaptic feedback on vesicle release. As stated by 
Voronin,, this is in striking agreement with the amount of large synapses present in the 
visuall  cortex. The above suggests that ephaptic communication in a chemical synapse is 
nott as uncommon as may have been generally thought all these years. 

74 74 



Bibliography Bibliography 

Bibliography y 
Akopiann A, McReynolds JS, and Weiler R. Short-term potentiation of off-responses in 

turtlee horizontal cells. Brain Res 546: 132-138, 1991. 
Anwyll  A. Modulation of vertebrate neuronal calcium channels by transmitters. Brain 

ResearchResearch Reviews 16: 265-281, 1991. 
Barness S and Bui Q. Modulaton of calcium-activated chloride current via pH-induced 

changess of calcium channel properties in cone photoreceptors. J Neurosci 
11(12):: 4015-4023, 1991. 

Barness S and Deschenes MC. Contribution of Ca and Ca-activated CI channels to regen 
erativee depolarization and membrane bistability of cone photoreceptors. JNeu 

rophysiolrophysiol 68: 745-755, 1992. 
Barness S and Hill e B. Ionic channels of the inner segment of tiger salamander cone pho 

toreceptors.. J Gen Physiol 94: 719-743, 1989. 
Barness S, Merchant V, and Mahmud F. Modulation of transmission gain by protons at the 

photoreceptorr output synapse. Proc Natl Acad Sci USA 90: 10081-10085, 
1993. . 

Baylorr DA and Hodgkin AL. Changes in time scale and sensitivity in turtle photorecep 
tors.. J Physiol 242: 729-758, 1974. 

Berrettaa N, Rossokhin AV, Kasyanov AM, Sokolov MV, Cherubini E, and Voronin LL. 
Postsynapticc hyperpolarization increases the strength of AMPA-mediated syn 
apticc transmission at large synapses between mossy fibers and CA3 pyramidal 
cells.. Neuropharmacology 39: 2288-2301, 2000. 

Bowmakerr JK, Thorpe A, and Douglas RH. Ultraviolet-sensitive cones in the goldfish. 
VisionVision Res 31: 349-352, 1991. 

Burkhardtt DA. Light adaptation and photopigment bleaching in cone photoreceptors in 
situu in the retina of the turtle. J Neurosci 14(3): 1091-1105,1994. 

Byzovv AL and Shura-Bura TM. Electrical feedback mechanism in the processing of sig 
nalss in the outer plexiform layer of the retina. Vision Res 26: 33-44, 1986. 

Cervettoo L and Piccolino M. Synaptic transmission between photoreceptors and horizon 
tall  cells in the retina. Science 183: 417-419, 1974. 

Copenhagenn DR and Jahr CE. Release of endogenous excitatory amino acids from turtle 
photoreceptors.. Nature 341: 537-539, 1989. 

Dee Vries SH and Schwartz EA. Modulation of an electrical synapse between solitary pairs 
off  catfish horizontal cells by dopamine and second messengers. J Physiol 414: 
351-375,1989. . 

Dee Vries SH and Schwartz EA. Hemi-gap-junction channels in solitary horizontal cells of 
thee catfish retina. J Physiol 445: 201-230, 1992. 

Dixonn DB, Takahashi K, Bieda M, and Copenhagen DR. Quinine, intracellular pH and 
modulationn of hemi-gap junctions in catfish horizontal cells. Vision Res 36: 
3925-3931,1996. . 

Dongg CJ and Werblin FS. Dopamine modulation of GABAc receptor function in an iso 
latedd retinal neuron. J Neurophysiol 71: 1258-1260, 1994. 

75 75 



Dowling,, J. E. The retina. An approachable part of the brain. Cambridge, Belknap Press. 
1987. . 

Dowlingg JE. Retinal neuromodulation: The role of dopamine. Vis Neurosci 7: 87-97, 
1991. . 

Fahrenfortt I, Habets RL, Spekreijse H, and Kamermans M. Intrinsic cone adaptation 
modulatess feedback efficiency from horizontal cells to cones. J Gen Physiol 
114:511-524,1999. . 

Feigenspann A and Bormann J. GABA-gated CI- channels in the rat retina. Prog Retin Eye 
ResRes 17: 99-126, 1998. 

Gilbertsonn TA, Borges S, and Wilson M. The effects of glycine and GABA on isolated 
horizontall  cells from the salamader retina. J Neurophysiol 66: 2002-2013, 
1991. . 

Harosii  FI and MacNichol EF. Visual Pigments of goldfish cones. Spectral properties and 
dichroism.. J Gen Physiol 63: 279-304, 1974. 

Hawryshynn CW and Beauchamp RD. Ultraviolet photosensitivity in goldfish: an inde 
pendentt U.V. retinal mechanism. Vision Res 25: 11-20, 1985. 

Hayness LW and Yau KW. Cyclic GMP increases photocurrent and light sensitivity of 
retinall  cones. Nature 317: 64-66, 1985. 

Hille,, B. Ionic channels of excitable membranes. Sunderland, Massachusetts, Sinauer 
associatess inc. 1992. 

Janssen-Bienholdd U, Schultz K, Gellhaus A, Schmidt P, Ammermuller J, and Weiier R. 
Identificationn and localization of connexin 26 within the photoreceptor-horizon 
tall  cell synaptic complex. Vis Neurosci 2001. 

Jefferyss JG. Nonsynaptic modulation of neuronal activity in the brain: electric currents 
andd extracellular ions. Physiol Rev 75: 689-723, 1995. 

Kamermanss M, Fahrenfort I, Schultz K, Janssen-Bienhold U, Sjoerdsma T, and Weiier R. 
Hemichannell  mediated inhibition in the outer retina. Science 292: 1178-1180, 
2001a. . 

Kamermanss M, Kraaij DA, and Spekreijse H. The cone/horizontal cell system: A possible 
sitee for color-constancy. Vis Neurosci 15: 787-797, 1998. 

Kamermanss M, Kraaij DA, and Spekreijse H. The dynamics characteristics of the feed 
backk signal from horizontal cells to cones in the goldfish retina. J Physiol 534.2: 
489-500,, 2001b. 

Kamermanss M and Spekreijse H. The feedback pathway from horizontal cells to cones in 
thee goldfish retina. Vision Res 39: 2449-2468,1999. 

Kamermanss M, Van Dijk BW, and Spekreijse H. Lateral Feedback from monophasic hori 
zontall  cells to cones in carp retina. II . A quantitative model. / Gen Physiol 93: 
695-714,695-714, 1989b. 

Kamermanss M, Van Dijk BW, and Spekreijse H. Color opponency in cone-driven hori 
zontall  cells in carp retina. Aspecific pathways between cones and horizontal 
cells.. J Gen Physiol 97: 819-843, 1991. 

Kamermanss M and Werblin FS. GABA-mediated positive autofeedback loop controls 
horizontall  cell kinetics in tiger salamander retina. J Neurosci 12(7): 2451-2463, 
1992. . 

76 76 



Bibliography Bibliography 

Kanekoo A and Saito T. Ionic mechanisms underlying the response of Off-center bipolar 
cellss in the carp retina. II . Study on responses evoked by transretinal current 
stimulation.. J Gen Physiol 81: 603-612, 1983. 

Kanekoo A and Tachibana M. Blocking effects of cobalt and related ions on the gamma-
aminobutyricc acid-induced current in turtle retinal cones. J Physiol 373:463-479, 
1986b. . 

Kanekoo A and Tachibana M. Effects of gamma-aminobutyric acid on isolated cone pho 
toreceptorss of the turtle retina. J Physiol 373: 443-461, 1986a. 

Kasyanovv AM, Maximov W , Byzov AL, Berretta N, Sokolov MV, Gasparini S, Cheru 
binii  E, Reymann KG, and Voronin LL. Differences in amplitude-voltage rela 
tionss between minimal and composite mossy fibre responses of rat CA3 hip 
pocampall  neurons support the existence of intrasynaptic ephaptic feedback in 
argee synapses. Neuroscience 101: 323-336,2000. 

Kirschh M, Djamgoz MBA, and Wagner H-J. Correlation of spinule dynamics and plastic 
ityy of the horizontal cell spectral response in cyprinid fish retina: quantitative 
analysis.. Cell Tissue Res 260: 123-130, 1990. 

Kloosterr J, Studholme KM, and Yazulla S. Localization of the AMPA glutamate receptor 
subunitt 2 (GluR2) in the outer plexiform layer of goldfish retina. J Comp Neurol 
4411 (2): 155-167,2001. 

Knappp AG and Dowling JE. Dopamine enhances excitatory amino acid-gated conduc 
tancess in cultured retinal horizontal cells. Nature 325: 437-439,1987. 

Kostyukk PG, Mironov SL, and Doroshenko PA. Surface charges on the outer side of mol 
luscc neuron membrane. J MembrBiol 70: 171-179, 1982. 

Kraaijj  DA, Kamermans M, and Spekreijse H. Spectral sensitivity of the feedback signal 
fromfrom horizontal cells to cones in goldfish retina. Vis Neurosci 15: 799-808, 
1998. . 

Kraaijj  DA, Spekreijse H, and Kamermans M. The nature of surround induced depolar 
izingg responses in goldfish cones. J Gen Physiol 115: 1-14,2000b. 

Kraaijj  DA, Spekreijse H, and Kamermans M. The open- and closed-loop gain-char 
acteristicss of the Cone/Horizontal cell synapse in goldfish retina. J Neurophysiol 
84:: 1256-1265,2000a. 

Lambb TD. Transduction in vertebrate photoreceptors: the roles of cyclic GMP and cal 
cium.. TINS 9: 224-228, 1986. 

Linn ZS and Yazulla S. Depletion of retinal dopamine increases brightness perception in g 
oldfish.. VisNeurvsci 11: 683-693,1994. 

Luu C and McMahon DG. Gap junction channel gating at bass retinal electrical synapses. 
VisVis Neurosci 13: 1049-1057,1996. 

MacNicholl  EF and Svaetichin G. Electric responses from the isolated retinas of fishes. 
AmAm J Ophthalmol 46: 26-46, 1958. 

Malchoww RP, Qian H, Haugh-Scheidt LM, and Ripps H. The effect of quinine and quini 
dinee on isolated retinal horizontal cells. Biol Bull 187: 262-263,1994. 

Malchoww RP and Yazulla S. Light adaptation of rod and cone luminosity horizontal cells 
off  the retina of the goldfish. Brain Res 443: 22-230, 1988. 

Mangell  SC, Ariel M, and Dowling JE. Effects of acidic amino acid antagonists upon the 
spectrall  properties of carp horizontal cells: circuitry of the outer retina. J 
NeurosciNeurosci 5: 2839-2850, 1985. 

77 77 



Mangell  SC and Dowling JE. Responsiveness and receptive field size of carp horizontal 
cellss are reduced by prolonged darkness and dopamine. Science 229:1107-1109, 
1985. . 

Marcc RE, Liu W-LS, Kalloniatis M, Raiguael SF, and Van Haesendonck E. Patterns of 
glutamatee immunoreactivity in the goldfish retina. JNeurosci 10(12): 4006-4034, 
1990. . 

Marcc RE, Steil WK, Bok D, and Lam DMK. GABA-ergic pathways in the goldfish retina. 
JJ Comp Neurol 182: 221-246, 1978. 

Markss WB. Visual pigments of single goldfish cones. J Physiol 178: 14-32, 1965. 
Maximovv W and Byzov AL. Horizontal cell dynamics: what are the main factors? Vision 

ResRes 36: 4077-4087, 1996. 
Murakamii  M, Ohtsu K, and Ohtsuka T. Effects of chemicals on receptors and horizontal 

cellss in the retina. J Physiol 227: 899-913, 1972. 
Nachman-Clewnerr M, St Jules R, and Townes-Anderson E. L-type calcium channels in 

thee photoreceptor ribbon synapse: localization and role in plasticity. J Comp 
NeurolNeurol 415: 1-16, 1999. 

Negishii  K, Teranishi T, and Kato S. New dopaminergic and indoleamine-accumulating 
cellss in the growth zone of goldfish retinas after neurotoxic destruction. Science 
216:: 747-749, 1982. 

Negishii  K, Teranishi T, and Kato S. The dopamine system of the teleost fish retina. Prog 
RetinalRetinal Res 9: 1-48, 1990. 

Neumeyerr C. Wavelength discrimination in the goldfish. J Comp Physiol 158: 203-213, 
1986. . 

Neumeyerr C and Arnold K. Tetrachromatic color vision in the goldfish becomes trichro 
maticc under white adaptation light of moderate intensity. Vision Res 29: 
1719-1727,1989. . 

Normannn RA and Perlman I. Background and bleaching adaptation in luminosity type 
horizontall  cells in the isolated turtle retina. J Physiol 421: 321-341, 1990. 

Nortonn AL, Spekreijse H, Wolbarsht ML, and Wagner HG. Receptive field organization 
off  the S-potential. Science 160: 1021-1022, 1968. 

O'Delll  TJ and Christensen BN. A Voltage-clamp study of isolated stingray horizontal cell 
non-- NMDA excitatory amino acid receptors. J Neurophysiol 61: 162-172, 
1989. . 

Osbornee PB and Williams JT. Forskolin enhancement of opioid currents in rat locus coe 
ruleuss neurons. J Neurophysiol 76: 1559-1565, 1996. 

Perlmann I and Normann RA. The effect of GABA and related drugs on horizontal cells in 
thee isolated turtle retina. Vis Neurosci 5: 469-477,1990. 

Picaudd S, Pattnaik B, Hicks D, Forster V, Fontaine V, Sahel J, and Dreyfus H. GABAA 
andd GABAC receptors in adult porcine cones: evidence from a photoreceptor-
gliaa co-culture model. J Physiol 513 ( Pt 1): 33-42, 1998. 

Piccolinoo M, Byzov AL, Kurenny DE, Pignatelli A, Sappia F, Wilkinson MF, and Barnes 
S.. Low-calcium-induced enhancement of chemical synaptic transmission from 
photoreceptorss to horizontal cells in the vertebrate retina. Proc Natl Acad Sci U 
SA91:SA91: 2302-2306, 1996. 

78 78 



Bibliography Bibliography 

Piccolinoo M, Neyton J, and Gerschenfeld HM. Center-surround antagonistic organiza 
tionn in small-field luminosity horizontal cells of turtle retina. J Neurophysiol 45: 
363-375,1981. . 

Piccolinoo M, Pignatelli A, and Rakotobe LA. Calciumindependent release of neurotrans 
mitterr in the retina a copernican viewpoint change. Progress in Retinal and Eye 
ResearchResearch 18: 1-38, 1999. 

Pottekk M, Schultz K, Janssen-Bienhold U, and Weiler R. Physiological and anitomical 
evidencee for an involvement of connexin26 in the negative feedback loop 
betweenn horizontal cells and cones in turtle. Invest Ophthalmol Vis Sci 42: s671, 
2001. . 

Pottekk M, Schultz K, and Weiler R. Effect of nitric oxide on the horizontal cell network 
andd dopamine release in the carp retina. Vision Res 37: 1091-1102, 1997. 

Poww DV, Baldridge WH, and Crook DK. Activity-dependent transport of GABA ana 
loguess into specific cell types demonstrated at high resolution using a novel 
immunocytochemicall  strategy. Neurosci 73: 1129-1143,1996. 

Presss WH, Teukolsky SA, Vetterling WT, and Flannery. Numerical recipes in C: the art 
off  scientific computing. 2nd edition. Cambridge University press, New York, NY 
9944 pp, 1992. 

Pughh EN and Lamb TD. Cyclic GMP and calcium: The internal messengers of excitation 
andd adaptation in vertebrate photoreceptors. Vision Res 30: 1923-1948, 1990. 

Raviolaa E and Gilula NB. Intermembrane organization of specialized contacts in the outer 
plexiformm layer of the retina. J Cell Biol 65: 192-222, 1975. 

Raynauldd JP, Laviolette JR, and Wagner H-J. Goldfish retina: A correlate between cone 
activityy and morphology of the horizontal cell in cone pedicules. Science 204: 
1436-1438,, 1979. 

Rippss H and Pepperberg DR. Photoreceptor processes in visual adaptation. Neurosci Res 
SupplSuppl 6: SS1-S106,1987. 

Savchenkoo A, Barnes S, and Kramer RH. Cyclic-nucleotide-gated channels mediate syn 
apticc feedback by nitric oxide. Nature 390, 694-698. 1997. 

Schmidtt KF. Divalent cations modulate glutamate receptors in retinal horizontal cells of 
thee perch (Perca fluviatilis). Neurosci Lett 262: 109-112, 1999. 

Schmitzz Y and Witkovsky P. Dependence of photoreceptor glutamate release on a dihy 
dropyridinesensitivee calcium channel. J Neurosci 78: 1209-1216, 1997. 

Schultzz K, Janssen-Bienhold U, and Weiler R. Selective synaptic distribution of AMPA 
andd kainate receptor subunits in the outer plexiform layer of the carp retina. J 
CompComp Neurol 435: 433-449,2001. 

Schwartzz EA. Calcium-independent release of GABA from isolated horizontal cells of 
thee toad retina. J Physiol 323: 211-227,1982. 

Schwartzz EA. Depolarization without calcium can release gamma-aminobutyic acid from 
aa retinal neuron. Science 238: 350-355,1987. 

Snyderr SH. Ntric oxide and neurons. Current Opinion in Neurobiology 2: 323-327, 
1992. . 

Stelll  WK and Harosi FI. Cone structure and visual pigment content in the retina of the 
goldfish.. Vision Res 16: 647-657, 1976. 

Stelll  WK and Lightfoot DO. Color-specific interconnections of cones and horizontal cells 
inn the retina of the goldfish. J Comp Neurol 159: 473-502, 1975. 

79 79 



Steill  WK, Lightfoot DO, Wheeler TG, and Leeper HF. Goldfish retina: functional polar 
izationn of cone horizontal cell dendrites and synapses. Science 190: 989-990, 
1975. . 

Takahashii  K-I, Miyoshi S-I, Kaneko A, and Copenhagen DR. Actions of nipecotic acid 
andd SKF89976A on GABA transporter in cone-driven horizontal cells dissoci 
atedd from the catfish retina. Jpn J Physiol 45: 457-473, 1995. 

Taylorr WR and Morgans C W. Localization and properties of voltage-gated calcium chan 
nelss in cone photoreceptors of Tupaia belangeri. Vis Neurosci 15: 541-552, 
1998. . 

Thoresonn WB and Burkhardt DA. Effects of synaptic blocking agents on the depolariz 
ingg responses of turtle cones evoked by surround illumination. Vis Neurosci 5: 
571-583,, 1990. 

Toyoda,, J. I., Kujiraoka, T., and Fujimoto, M. The opponent color process and interaction 
off  horizontal cells. In Drujan, B. J. and Laufer, M. eds. The S-potential. New 
York,, A.R. Liss Inc. 1982, 151-160. 

Vaneyy DI, Nelson J, and Pow DV. Neurotransmitter coupling through gap-junctions in the 
retina.. J Neurosci 18: 10594-10602, 1998. 

Verweijj  J, Hornstein EP, and Schnapf JL. Feedback from horizontal cells to cones in the 
primatee retina. Invest Ophthalmol Vis Sci. 2002. 

Verweijj  J, Kamermans M, Negishi K, and Spekreijse H. GABA-sensitivity of spectrally 
classifiedd horizontal cells in the goldfish retina. Vis Neurosci 15: 77-86, 1998. 

Verweijj  J, Kamermans M, and Spekreijse H. Horizontal cells feed back to cones by shift 
ingg the cone calcium-current activation range. Vision Res 36: 3943-3953, 
1996a. . 

Verweijj  J, Kamermans M, Van den Aker EC, and Spekreijse H. Modulation of horizon 
tall  cell receptive fields in the light adapted goldfish retina. Vision Res 36: 
3913-3923,, 1996b. 

Vighh J and Witkovsky P. Sub-millimolar cobalt selectively inhibits the receptive field sur 
roundd of retinal neurons. Vis Neurosci 16, 159-168. 1999. 

Weilerr R and Wagner H-J. Light-dependent change of cone-horizontal cell interactions in 
carpp retina. Brain Res 298: 1-9, 1984. 

Witkovskyy P, Gabriel R, Krizaj D, and Akopian A. Feedback from luminosity horizontal 
cellss mediates depolarizing responses of chromaticity horizontal cells in the 
Xenopuss retina. Proc Natl Acad Sci USA 92: 3556-3560, 1995. 

Witkovskyy P, Schmitz Y, Akopian A, Krizaj D, and Tranchina D. Gain of rod to horizontal 
celll  synaptic transfer: relation to glutamate release and a dihydropyridine-sensi 
tivee calcium current. J Neurosci 17: 7297-7306, 1997. 

Witkovskyy P and Shi X-P. Slow light and dark adaptation of horizontal cells in the Xeno 
puss retina: A role for endogenous dopamine. Vis Neurosci 5: 405-413, 1990. 

Wuu SM. Synaptic transmission in the outer retina. Annu Rev Physiol 56: 141-168, 1994. 
Yangg X-L, Tomqvist K, and Dowling JE. Modulation of cone horizontal cell activity in 

thee teleost fish retina. I. Effects of prolonged darkness and background illumina 
tionn on light responsiveness. J Neurosci 8:2259-2268, 1988. 

Yangg X-L and Wu SM. Effects of prolonged light exposure, GABA, and Glycine on hori 
zontall  cell responses in tiger salamander retina. J Neurophysiol 61: 1025-1035, 
1989. . 

80 80 



Bibliography Bibliography 

Yangg X-L and Wu SM. Effect of GABA on horizontal cells in the tiger salamander retina. 
VisionVision Res 10: 1339-1344,1993. 

Yauu KW. Phototransduction mechanism in retinal rods and cones. Invest Ophthalmol Vis 
SciSci 35: 9-32, 1994. 

Yazullaa S. Evoked efflux of [3H]GABA from goldfish retina in the dark. Brain Res 325: 
171-180,, 1985. 

Yazullaa S and Kleinschmidt J. Dopamine blocks carrier-mediated release of GABA from 
retinall  horizontal cells. Brain Res 233: 211-215, 1982. 

Yazullaa S and Kleinschmidt J. Carrier-mediated release of GABA from retinal horizontal 
cells.. Brain Res 263: 63-75, 1983. 

Yazullaa S and Studholme KM. Light adaptation affects synaptic vesicle density but not 
thee distribution of GABAA receptors in goldfish photoreceptor terminals. Micros 
copycopy research and technique 36: 43-56, 1997. 

Yazullaa S and Studholme KM. Differential distribution of Shaker-like and Shab-like K+-
channell  subunits in goldfish retina and retinal bipolar cells. J Comp Neurol 396: 
131-140,, 1998. 

Yazullaa S, Studholme KM, Vitorica J, and De Bias AL. Immunocytochemical localization 
off  GABAa receptors in goldfish and chicken retinas. J Comp Neurol 280: 15-26, 
1989. . 

81 81 





Samenvatting Samenvatting 

Nederlandsee samenvatting 
Waaromm zien wij bij een ondergaande zon een witte deur in het oranje schijnsel toch als 
wit?? Omdat er een soort witbalans, een mechanisme van kleurconstantie, in onze ogen 
zitt die ervoor zorgt dat we in staat zijn om kleuren te interpreteren, onafhankelijk van de 
omgevingsverlichting.. Dit mechanisme berust op een onderlinge communicatie tussen de 
eerstee twee cellagen van het netvlies, de fotoreceptoren en de horizontaal cellen en is het 
onderwerpp van dit proefschrift. 

Overr het algemeen wordt aangenomen dat cellen op twee manieren met elkaar 
kunnenn communiceren, via chemische of via elektrische synapsen. Bij de chemische 
communicatiee tussen twee cellen wordt een elektrisch signaal, i.e. een potentiaal ver-
schill  over de membraan in de ene cel, omgezet in de afgifte van een chemische stof, 
dee neurotransmitter. Deze omzetting van een elektrisch naar een chemisch signaal wordt 
gereguleerdd door calcium, wiens concentratie in de cel afhankelijk is van het potentiaal 
verschill  over de membraan. De afgegeven neurotransmitter diffundeert vervolgens naar 
dee andere cel, en bindt daar aan gespecialiseerde receptoren. Binding leidt tot het openen 
vann kanalen waardoor er ionen de cel in stromen. Dit leidt tot een potentiaal verandering 
vann deze cel. 

Bijj  elektrische communicatie tussen neuronen is daarin tegen geen neurotrans-
mitterr betrokken. In plaats daarvan is er een fysiek contact tussen cellen, de zogenaamde 
gap-junctions.. Het tot stand komen van deze verbinding vereist de aanmaak van bepaalde 
kanalen,, connexines. Als connexines van verschillende cellen in contact met elkaar 
komen,, ontstaat er een direct, elektrische verbinding. 

Ondankss de suggesties in de literatuur dat horizontale cellen met fotoreceptoren 
communicerenn via de neurotransmitter GABA, bleek uit directe metingen gedaan in ons 
labb dat dit niet het geval was. Dit tezamen met het ontbreken van de directe elektrische 
verbindingenn tussen de horizontaal cellen en de fotoreceptoren, suggereerde dat er iets 
speciaalss aan de hand was. 

Evidentiee voor een speciale vorm van communicatie werd geleverd door de aan-
wezigheidd van halve gap-junctions in de horizontaal cellen, gelokaliseerd tegenover de 
calciumm kanalen van de fotoreceptor. Stroom die door deze kanalen in de horizontaal 
cellenn loopt veranderd, heel lokaal de potentiaal van de buitenkant van de fotoreceptor. 
Hierdoorr gaat calcium de fotoreceptor in en vindt er afgifte van neurotransmitter plaats. 
Dee rol van halve gap-junctions en het moduleren van de potentiaal buiten de cel, in plaats 
vann de gebruikelijke verandering van de potentiaal binnen in de cel onderscheiden de 
communicatiee tussen horizontaal cellen en fotoreceptoren van de twee algemeen geac-
cepteerdee manieren van cel-cel communicatie. 

Inn hoofdstuk 2 geef ik evidentie voor de betrokkenheid van halve gap-junctions 
inn het terugkoppelsignaal van horizontaal cellen naar fotoreceptoren. Carbenoxolone, 
eenn blokker van gap-junctions, blokkeert alle fenomenen die door het terugkoppelsig-
naall  van horizontaal cellen naar kegeltjes worden geïnitieerd. Theoretisch zouden de 
halvee gap-junctions op vele manieren betrokken kunnen zijn in de communicatie tussen 
horizontaall  cellen en fotoreceptoren. Een aanwijzing dat inderdaad de stroom door deze 
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kanalenn ervoor zorgt dat de neurotransmitter afgifte van de fotoreceptoren verandert, 
wordtt geleverd door te laten zien dat andere kanalen die ook dicht bij de calcium kanalen 
vann de fotoreceptoren zitten, ook de neurotransmitter afgifte kunnen moduleren. 

Ondankss de eerder gemaakte conclusies dat cobalt de communicatie tussen 
horizontaall  cellen en fotoreceptoren blokkeert door zijn antagonistische werking op de 
GABAA receptoren, laat ik in hoofdstuk 3 zien dat, in de goudvis, cobalt ook als antago-
nistt van de halve gap-junctions werkt. Het blokkeren van de GABA receptoren van de 
fotoreceptorenn had niet tot effect dat de communicatie tussen horizontaal cellen en fotore-
ceptorenn geblokkeerd werd. De resultaten in dit hoofdstuk laten direct zien dat terugkop-
pelingg via de halve gap-junctions gaat en dat GABA geen fundamentele rol speelt in deze 
communicatie. . 

Nuu resteerde de vraag welke rol het aanwezige GABAerge systeem in deze 
synapss dan wel vervult. Hoofdstuk 4 behandelt die vraag en laat zien dat GABA de ster-
ktee van de communicatie tussen horizontaal cellen en fotoreceptoren reguleert. De wijze 
waaropp dit gebeurd is uniek. De stroom die door de GABA gemedieerde kanalen van 
dee fotoreceptoren loopt, levert een deel van de stroom die door de halve gap-junction 
kanalenn van de horizontaal cellen loopt. Dit leidt tot een reductie van de stroom die 
verantwoordelijkk is voor de verandering in de neurotransmitter afgifte van de fotorecep-
toren.. Metingen aan de snelheid van dit proces laten zien dat verandering in GABA con-
centratiee in de buitenste retina langzaam gebeurt. Het feit dat de GABAtransporters op de 
horizontalee cellen op enige afstand van de GABA receptoren van de fotoreceptor geloka-
liseerdd zijn, is hier consistent mee. Transporters roteren 9-13 keer per seconde en trans-
porterenn per cyclus 1 molecuul GABA over de membraan. Het is niet moeilijk om in te 
zienn dat, indien het extracellulaire volume groot is, de extracellulaire GABA concentratie 
maarr heel langzaam zal veranderen. 

Naastt het bestuderen van deze GABAerge modulatie van de sterkte van de com-
municatiee tussen horizontaal cellen en fotoreceptoren, hebben we, in hoofdstuk 5, naar 
eenn snellere modulatie gekeken. Licht stimulatie leidt tot het hyperpolariseren van foto-
receptorenn doordat het activeren van het in de fotoreceptoren aanwezige pigment, via 
secondd messengers leidt tot het dichtgaan van kation kanalen. Terwijl het licht nog aan-
wezigg is zorgt een terugkoppelsysteem in de fotoreceptoren zelf ervoor dat een gedeelte 
vann deze kanalen weer open gaat. Dit heeft een depolarizatie van een paar mV tot gevolg. 
Dezee geringe polarizatie blijkt drastische gevolgen te hebben voor het effect dat negatieve 
terugkoppelingg van horizontaal cellen naar fotoreceptoren heeft op de lichtresponsen van 
dee neuronen van het buitenste deel van de retina. Doordat negatieve terugkoppeling de 
activatiee functie van de calcium stroom verschuift en het feit dat de calcium stroom sterk 
niett lineair is, leidt een depolarizatie van een paar mV, tot het 3 keer effectiever worden 
vann feedback. 

Inn hoofdstuk 6 worden de resultaten van de vorige hoofdstukken, die geleid 
hebbenn tot het ophelderen van het mechanisme van kleurconstantie, nogmaals kritisch 
onderr de loep genomen, en vergeleken met de resultaten van andere onderzoekers. Ook 
wordtt hier ingegaan op de aanwijzingen die er zijn dat deze speciale manier van com-
municatiee wellicht op andere plaatsen in de hersenen ook aanwezig zou kunnen zijn. 
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