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Chapterr 1 

Generall introduction 

Inn this thesis the spectral and temporal properties of cone and horizontal cell interactions are 
described.. These cells are essential for the visual system, because photoreceptors convert light 
intoo a neuronal signal and the horizontal cells play a prominent role in the gain adjustment of 
photoreceptorss to the light intensity of the surround. 

Inn the introduction the current morphological and functional characteristics of the outer 
retinaa of the goldfish will be summarized. In Chapter 2 to 5 the results of my research dealing 
withh the interactions between cones and horizontal cells will be presented and in chapter 6 I will 
discusss these findings in a more general perspective. 

1.. The eye 

Thee eye is the most distal part of the visual system. The teleost fish eye is adapted to vision in 
waterr and differs in many aspects from the eyes of terrestrial vertebrates that are adapted to 
visionn in air. The teleost fish eye, presented in figure 1.1.B, is characterized by a weak sclera, a 
flatt cornea and an almost globular lens. In the fish eye, focusing of the image on the retina is 
achievedd by moving the lens with a retractor muscle. In the mammalian eye, presented in figure 
1.1.. A, the comea is exposed to air and contributes to about two-third of the refractive power of 
thee eye; the other one-third is due to the lens. The ciliary muscles around the lens can modify its 
shapee to focus the image on the retina. The pigmented iris prevents light from entering the eye 
otherwisee than via the lens. In fish, the diameter of the pupil is rather fixed and the lens protrudes 
throughh the pupil. In the mammalian eye, adjustment of the pupil diameter compensates for rapid 
changess of light intensity on the retina. The chamber between lens and retina contains the 
vitreouss body, which is a gel-like substance of eye fluid, cells and fibres. The inner part of the 
posteriorr eye wall is formed by the retina, the pigment epithelium and the choroid tissue, which 
containss the blood vessels. 

Thee pigment epithelium absorbs the light that passed the retina, regenerates retinal 
photopigmentss and modulates the amount of light entering the retina by dispersing and 
condensingg pigment granules in the cell bodies. Especially in fish, this adaptation is accompanied 
byy retinomotor movements of photoreceptor outer segments into and out of the pigment 
epitheliumm (Ali and Wagner, 1975; Pierce and Besharse, 1988; Kohier et al., 1990). 

Thee retina is a neural tissue which transforms optical signals into trains of nerve 
impulses.. Light that enters the eye passes the retinal layers (from ganglion cells to 
photoreceptors)) before it reaches the photopigments in the outer segments of the photoreceptors. 
Inn the photoreceptors the entering light is absorbed by photopigments and converted into a 
neuronall  signal. 

Thee brightness of light stimuli may vary over a range of about 10 log units given to 

Chapterr 1 5 5 



severall  adapting actions of the retina. In conditions of low (scotopic) illumination, the retina is 
veryy sensitive to light, but the quality of the perceived image is poor. In these conditions, the 
signal-to-noisee ratio of the neuronal signal is improved by spatial- and temporal integration. In 
daylightt (photopic illumination), sufficient photons are available to construct a neural image with 
aa high spatial, temporal and spectral resolution. The retinal adaptation is achieved by various 
intracellular,, extracellular and network mechanisms. Some of these adaptational processes act 
withinn a few milliseconds, while other mechanisms need several minutes to become effective. 

ligamentum m 
retinaa conjunctiva suspensorium lentis 

FigureFigure 1.1. Schematic view of the anatomy of the human eye (A) and the teleost eye (B). The 
dotteddotted outlines of the lenses indicate accomodation changes for vision at shorter distance (from 
DijkgraafDijkgraaf 1978). 

1.1.. The retina 

Thee retina of teleost fish, presented in figure 1.2., is a layered neuronal structure, about 250 fim 
thick,, in which at least seven different cell types can be distinguished. The photoreceptors are 
situatedd at the distal part of the retina with their outer segments between the protuberances of the 
pigmentt epithelium cells. The outer nuclear layer (ONL) is formed by the photoreceptor cell 
bodies,, which are anchored in the external limiting membrane (ELM). The photoreceptor 
terminalss are located in the outer plexiform layer (OPL). 

Photoreceptorss are sensitive to light and transmit information about the absorbed light to 
thee neurons of the adjacent inner nuclear layer (INL). This layer contains the horizontal, bipolar 
interplexiformm and amacrine cells. Together with the photoreceptors, the horizontal and bipolar 
cellss form the so called outer retina. Horizontal cells are involved in lateral interactions within 
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thee outer retina, whereas bipolar cells transmit the signal in longitudinal direction to the amacrine 
andd ganglion cells. 

Thee inner retina consists of interplexiform and amacrine cells at the most distal part, and 
moree the ganglion cells proximally. The latter form the ganglion cell layer (GCL) and contact the 
bipolar,, interplexiform and amacrine cells in the inner plexiform layer (IPL). 

Thee Muller cells are the glia of the tissue and span the whole retina. They maintain the 
homeostasiss of several metabolites and provide chemical insulation of the neurons and their 
axons.. Amacrine and interplexiform cells are responsible for the lateral interactions in this part of 
thee retina, while the ganglion cells transmit the visual information to the brain via their axons, 
whichh are bundled in the optic nerve. 

 Cone 

Horizontall  cell 

 Bipolar cell 

Interplexiformm cell 

Amacrinee cell 

IPL IPL 

 Ganglion cell 

FigureFigure 1.2. Schematic cross-section of the retina (from Dowling and Ehinger, 1978). 
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1.1.1.. Photoreceptors 

Alll  photoreceptors have a common structure. They consist of an outer segment, an inner 
segment,, a perikaryal region, containing the nucleus, and a synaptic terminal. The 
phototransductionn system of a photoreceptor is located in the outer segment. Traditionally, the 
photoreceptorss are classified depending on the shape of their outer segments. Rods have 
elongatedd cylindrical outer segments, which contain a stack of disk-like photopigment vesicles. 
Thee cones, on the other hand, have a shorter conical outer segment, filled with parallel folded 
membranee layers. These layers are oriented perpendicular to the direction of the incident light 
andd contain the photopigments. (Fain and Matthews, 1990; Wagner, 1990; Bowmaker, 1991). 

Rodss are very sensitive to light of short- and middle-wavelengths and are mainly used for 
scotopicc and mesopic vision. Cones are less sensitive to light than rods and can be classified 
physiologicallyy and morphologically. The physiological classification is based on the wavelength 
att which the maximal absorption of incident light by the photopigments is achieved. This value is 
calledd Xmjx. 

Goldfishh are tetrachromats, which means that they have four spectrally different cone 
types.. They are most sensitive to ultraviolet (360 nm), short- (455 nm), middle- (540 nm) and 
long-wavelengthh (625 nm) stimuli, being called the UV-, S-, M-, and L-cones, respectively 
(Marks,, 1965; Harosi and MacNichol, 1974; Stell and Harosi, 1976; Harosi, 1976; Hawryshyn 
andd Beauchamp, 1985; Neumeyer, 1986; Neumeyerand Arnold, 1989; Bowmaker, 1991). 

Thee morphology an the spectral sensitivity of the cones are correlated. In general, large 
doublee or single cones are most sensitive to middle- or long-wavelength stimuli, small cones are 
mostt sensitive to short-wavelength stimuli, and the smallest miniature cones are most sensitive to 
ultraviolett light, figure 1.3. (Marc and Sperling, 1976; Stell and Harosi, 1976; Hashimoto et al„ 
1988). . 

However,, the overlap between the morphological classifications and the spectral cone 
typess is not complete, causing some doubts on these relations [see for a review (Kamermans and 
Spekreijse,, 1995)]. In addition, cones can be connected to each other via gap junctions or tiny 
protrusions,, the telodendria, which can diminish slightly the functional separation of the different 
conee types (Kraft and Burkhardt, 1986; Kolb and Lipetz, 1991). 

Thee cones form invaginating ribbon synapses with the horizontal cells (HCs). A ribbon 
synapsee is an electron-dense sheet in the presynaptic axon terminal containing several vesicles 
withh an arciform density at the end of the ribbon. Short-wavelength sensitive cones have few 
ribbonsribbons (1-6), long-wavelength sensitive cones have many ribbons (3-12) and middle-wavelength 
sensitivee cones have an intermediate number of ribbons (3-9) (Scholes, 1975; Stell and Harosi, 
1976). . 
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FigureFigure 1.3. Scale drawing of the various morphological cone types in the goldfish retina. LD is 
thethe long double cone (principal member of double cone; L-cone); SD is the short double cone 
(M-cone);(M-cone); LSR is the long single cone (L-cone); LSG is the long single cone (M-cone); SS is the 
shortshort single cone; MLS is the miniature long single cone; MSS is the miniature short single cone 
andand ELM is the external limitting membrane. The outer segments are clear, the inner segments 
andand the nuclei are stippled (from Stell and Harosi, 1976). 

Thee light sensitivity of a photoreceptor depends on the absorption spectrum of its 
photopigmentt in the outer segment and the phototransduction efficacy of the cone. This means 
thatt the light absorption of the photopigment depends on the wavelength of the light, whereas the 
ratee of activation of the photopigment depends on the amount of light absorbed, and not on the 
wavelengthh of the light. This principle, which is called univariance, is illustrated in figure 1.4. 
(Rushton,, 1972). This figure shows that an L-cone responds very similarly to light stimuli of 
differentt wavelengths, as long as the intensity of the stimulus is adjusted according to the spectral 
sensitivityy of the cone. 

Thee physiological effect of light on the photoreceptor is specified in the action spectrum. 
However,, due to experimental limitations, the spectral sensitivity of the four goldfish cone types 
hass never been determined directly. Therefore, as an estimate of the functional spectral 
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sensitivity,, the absorption spectra of the photopigments have been determined via 
microspectrophotometryy (Marks, 1965; Harosi and MacNichol, 1974; Stell and Harosi, 1976; 
Harosi,, 1976; Bowmaker et al., 1991) and some other indirect methods such as chromatic 
adaptationn and silent substitution experiments (Van Dijk and Spekreijse, 1984). Kaneko and 
Tachibanaa (1985) determined the physiological effect of light stimuli on L-, M- and a few S-
cones,, but a complete description of the cone action spectra is not available. Since the cones form 
thee input of the retinal network, it is important to know the spectral properties of these 
photoreceptors.. Therefore we determined the functional cone action spectra with a direct method, 
presentedd in chapter 5. 

4588 nm 536 nm 665 nm 
00 log -0.7 log -0.8 log 

FigureFigure 1.4. Light responses of an L-cone to 150-ms flashes of200-[im spots. The wavelengths of 
thethe stimulus were 458, 536 and 665 nm. The intensities were adjusted such that the light 
responsesresponses were rather similar. The timing of the light stimulus is indicated by the bars. 

Phototransductionn and light adaptation 

Inn contrast to most neurons, photoreceptors respond to light with sustained hyperpolarizing 
responses.. These responses are generated by a cascade of events, starting with the absorption of a 
photonn by the photopigment. The activated photopigment catalyzes the formation of a complex 
off  guanosine triphosphate (GTP) and transducin. This complex activates cyclic guanosine 
monophosphate-phosphodiesterasee that causes rapid breakdown of cyclic guanosine 
monophosphatee (cGMP). The reduction of the cGMP concentration in the outer segment makes 
cGMP-modulatedd non-selective cation channels close, leading to hyperpolarization of the 
photoreceptorr (Lamb, 1986; Pugh and Lamb, 1990; Yau, 1994). This hyperpolarization evokes a 
decreasee of the tonic glutamate release from the photoreceptor synaptic terminal (Kaneko and 
Shimazaki,, 1976). 

Afterr activation of the photopigment molecule by light it bleaches, which reduces the 
photon-catchingg efficiency (Shapley and Enroth-Cugell, 1987; Ripps and Pepperberg, 1987). 
Thiss process is called photochemical adaptation (Dowling, 1987; Burkhardt, 1994). 

Anotherr type of photoreceptor adaptation depends on the calcium concentration in the 
outerr segment. Calcium can enter the outer segment through the cGMP-gated channels, 
inhibitingg the activity of the cGMP synthesizing enzyme, guanylate cyclase, as well as reducing 
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thee affinity of cGMP for the cGMP-gated cation channels (Yau, 1994). 
Thiss negative feedback pathway can be summarized as follows: In the dark the cGMP 

concentrationn in the outer segment is high and the cGMP-gated channels are open. Consequently, 
thee influx of calcium ions is high, which causes heightening of the calcium concentration in the 
outerr segment. The high calcium concentration suppresses the cGMP production and reduces the 
cGMP-gatedd conductance. In contrast, in bright light, the cGMP breakdown is high, resulting in a 
loww cGMP concentration in the outer segment. Consequently the conductance of the cGMP-gated 
channelss is low, resulting in a small calcium influx. This results in a low calcium concentration 
inn the outer segment, causing a minimal inhibition of the cGMP production and increasing the 
conductancee of the cGMP-gated channels. Due to these two types of adaptation, the sensitivity of 
thee cone is adjusted to the brightness of the light stimulus, resulting in an increase of its dynamic 
range. . 
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FigureFigure 1.5. Stimulus intensity - response relations for light flashes applied to a cone in the dark 
oror on a steady background illumination. Responses evoked by increments and decrements are 
givengiven by positive and negative signs, and scaled relative to the maximum hyperpolarizing 
responseresponse in the dark (V^J, which was 24.1 mV. The numbers on the right indicate the intensity 
ofof the background illumination in log units. The recording was made intracellularly from a turtle 
conecone in an eyecup-slice preparation, with intact photoreceptor-pigment epithelium interaction 
(from(from Burkhardt, 1994). 
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Figuree 1.5. presents the sensitivity changes caused by sustained light stimulation. The 
numberss at the top of each curve indicate the intensity of the sustained stimulus in log units. The 
curvess show the normalized voltage responses to a short decrease or increase of the light stimulus 
intensityy to the values indicated on the x-axis. The responses are normalized to the response 
evokedd by a bright flash in the dark. A sustained light stimulus can shift the cone intensity-
responsee curve to higher light intensities over a range of about five log units. 

Duringg light adaptation the outer segments of photoreceptors can also move in the 
pigmentt epithelium, optimizing their position according to the light conditions. The 
photoreceptorr outer segment and cell body are connected by the myoid, which contains actin and 
myosinn filaments. These filaments enable elongation and contraction of the myoid during dark-
lightt adaptation. In the light the cone myoid shortens, whereas the rod myoid elongates. In the 
dark,, opposite changes are observed and as a result the cones are located behind the rod outer 
segmentss (Ali and Wagner, 1975; Malchow and Yazulla, 1986; Wagner, 1990). This process is 
calledd retinomotor movement and is controlled by the actual state of illumination, and by 
endogenouss circadian rhythms (Kohier et al., 1990). 

1.1.2.. Horizontal cells 

Thee horizontal cells are localized proximal to the photoreceptors. They have elongated cell 
bodiess and large dendritic trees, located in narrow layers (Cajal, 1972; Stell, 1967; Kaneko, 
1970).. Goldfish has four different horizontal cell types. One is rod-driven and three are cone-
driven.. The three cone-driven horizontal cell types depicted in figure 1.6. can be classified 
dependingg on their morphological properties as HI, H2 and H3 cells (Stell et al., 1975; Stell and 
Lightfoot,, 1975). The HI cells have large cell bodies and relatively small dendritic fields; The 
H22 cells have smaller cell bodies and larger dendritic fields; The H3 cells have the smallest cell 
bodiess and the most extensive dendritic trees (Stell and Lightfoot, 1975). There is a distinct 
morphologicall  difference between the HI and the H3 cells, but the difference between the H2 
andd the other two horizontal cell types is less strict. 
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FigureFigure 1.6. Morphological classification of cone-driven horizontal cells in the goldfish retina. 
Top:Top: schematic view of the position of the horizontal HI, H2 and H3 cells in the retina. Bottom: 
organizationorganization of the dendritic fields, seen in the plane of the retina (from Stell, 1975). 

Thee cone-driven horizontal cells can also be classified based on their spectral sensitivity 
(figuree 1.7.). Monophasic horizontal cells (MHCs) hyperpolarize to light of all wavelengths of 
thee visible spectrum, biphasic horizontal cells (BHCs) hyperpolarize to short- and middle-
wavelengthh stimuli and depolarize to long-wavelength stimuli, and the triphasic horizontal cells 
(THCs)) hyperpolarize to short- and long-wavelength stimuli and depolarize to middle-
wavelengthss (MacNichol and Svaetichin, 1958; Norton et al., 1968). There seems to be a relation 
betweenn the morphological and physiological classification of the cone-driven horizontal cells. 
Thee MHC, BHCs and THCs correspond to the HI , H2 and H3 cells respectively. However, since 
thee morphological horizontal cell classes overlap, this correspondence may not be absolute. 
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FigureFigure 1.7. Spectrally classification of cone-driven horizontal cells in the goldfish retina. MHC 
isis the monophasic horizontal cell spectrum. This cell hyperpolarizes to all stimulus wavelengths 
inin the visible spectrum. The BHC is the biphasic horizontal cell spectrum. This cell 
hyperpolarizeshyperpolarizes to short- and middle-wavelength stimuli, but depolarizes to long-wavelength light 
stimuli.stimuli. THC is the triphasic horizontal cell spectrum. This cell hyperpolarizes to short- and 
long-wavelengthlong-wavelength stimuli, whereas it depolarizes to middle-wavelength stimuli (from Spekreijse 
andand Norton, 1970). 

Modelss accounting for the spectral characteristics of the horizontal cell responses 

Thee HI cells contact all cones in their dendritic field, whereas the H2 cells contact only the short 
doublee (SD), long single (LS), short single (SS), miniature long single (MLS), miniature short 
singlee (MSS) in their dendritic field. The H3 cells contact only a few cones in their dendritic 
field,, namely the short single (SS), miniature long single (MLS) and the miniature short single 
(MSS).. Based on these observations it has been suggested that HI cells contact the S-, M-, and 
L-cones,, that the H2 cells contact the S- and M-cones and that the H3 cells contact only S-cones. 
Thesee dendritic contacts can be divided in central contacts, which have been assumed to mediate 
thee cone to horizontal cell transmission (feedforward), and lateral contacts which have been 
assumedd to mediate the transmission from horizontal cells to cones (feedback). The Hl , H2 and 
H33 cells make central contacts with L-, M-, and S-cones, respectively. HI cells make lateral 
contactss with M-, and S-cones; H2 cells make lateral contacts with S-cones; and the H3 cells 
makee no lateral contacts (Stell and Lightfoot, 1975; Steil et al., 1975; Stell, 1976; Steil et al., 
1982;; Stell et al., 1994; Kamermans and Spekreijse, 1995). 

Basedd on these morphological observations, combined with physiological findings 
(Spekreijsee and Norton, 1970) a cascade model has been proposed (figure 1.8.A), accounting for 
thee horizontal cell responses (Stell, 1967; Stell and Lightfoot, 1975; Stell et al., 1975). This 
model,, consisting of feedforward and negative feedback connections, seems to be very attractive. 
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butt due to the uncertainty in the cone classification and due to the overlap between the cone-
drivenn horizontal cells it can not be excluded that some H3 cells contact L- or M-cones, or that 
somee H2 cells contact L-cones as well. Furthermore, the dynamics of the responses to middle and 
long-wavelengthh stimuli (Spekreijse and Norton, 1970) could not be explained by this model. 
Alsoo the responses of the horizontal cells to intense chromatic stimuli on adapting backgrounds 
indicatee that these cells receive input from all cone types. 

Therefore,, another model (figure 1.8.B) has been proposed (Kamermans, 1989). In this 
modell  all horizontal cell types receive input from and feed back to all cone types with the 
strengthh of the connections determining the spectral properties of the horizontal cells. Due to 
experimentall  limitations this model had never been tested directly. However, we recently 
developedd a technique that enabled us to measure the feedback-induced responses in cones. With 
thiss novel technique, the validity of both feedback models (Stell, 1967; Stell and Lightfoot, 1975; 
Steill  et al., 1975; Kamermans, 1989) was tested and the results are shown in chapter 5. 

FigureFigure J.8. The Stell model (A) and the Kamermans model (B) ofcone-HC connectivity. B, R and 
GG stand for S-cone, L-cone and M-cone, respectively. The arrows indicate sites of feedforward or 
feedbackfeedback interaction (see direction of the arrow). Strong connections are indicated by large or 
multiplemultiple arrows (from Kamermans, 1989). 

Horizontall cell connectivity 

Thee horizontal cell dendrites protrude deeply into the cone synaptic terminals, establishing 
invaginatingg contacts with them (Stell, 1967; Vandenbranden et al., 1996). Horizontal cells of the 
samee type are strongly electrically coupled by gap junctions, producing a sheet of lateral coupled 
cellss (Kaneko, 1971; Witkovsky et al., 1983; Teranishi et al., 1983). Due to this coupling, 
horizontall  cells have very large receptive fields, up to several millimeters in diameter, which is 
muchh larger than their dendritic fields of 50 - 100 fim (Naka and Rushton, 1967; Norton et al., 
1968;; Kaneko, 1971; Kaneko and Stuart, 1984). The receptive field size is not fixed, but is 
modulatedd during light- and dark adaptation (Witkovsky and Dearry, 1991) and background 
illuminationn (Weiler and Wagner, 1984; Umino et al., 1991; Baldridge and Ball, 1991). 
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Furthermore,, the horizontal cell receptive fields are larger for intense stimuli than for dim stimuli 
(Lamb,, 1976; Lankheet et al., 1990) and the receptive fields are also larger for long- than for 
short-wavelengthss (Verweij et al., 1995). These changes of the horizontal cell receptive field size 
aree not only modulated by the gap junction conductance, but also by changes in the membrane 
conductancee itself (Lamb, 1976) as well as the strength of the horizontal cell to cones feedback 
signall  (Kamermans, 1989; Kamermans and Spekreijse, 1995; Verweij et al., 1995). 

Alll  cone-driven horizontal cells possess long, thin axons with long and tubular axon 
terminalss (Stell, 1975; Weiler and Zettler, 1979; Kouyama and Watanabe, 1986; Marshak and 
Dowling,, 1987). These axon terminals are connected with each other via gap junctions, forming 
ann electrically coupled network (Van Dijk, 1985; Yagi, 1986; Kamermans, 1989; Teranishi, 
1983)) and might provide an additional input pathway to proximal amacrine cells (Kouyama and 
Watanabe,, 1986; Djamgoz et al., 1990). 

Inputt to the horizontal cells 

Horizontall  cells receive glutamatergic input from cones (Lasater and Dowling, 1982; Slaughter 
andd Miller, 1983; Zhou et al., 1993), GABA-ergic input from HCs (Marc et al., 1978; Schwartz, 
1982;; Schwartz, 1987; Kamermans and Werblin, 1992; Verweij et al., 1998) and dopaminergic 
inputt from interplexiform cells (Dowling and Ehinger, 1978). Dopamine acts on the Dl receptors 
off  the horizontal cell and causes a rise in intracellular cAMP concentration. This increases the 
glutamate-gatedd current (Knapp and Dowling, 1987), and induces the formation of finger-like 
protrusionss of horizontal cell dendrites in the cone synaptic terminal, which are called spinules 
{Weilerr and Wagner, 1984; Djamgoz et al., 1988; Kirsch et al., 1990). Furthermore, dopamine 
reducess the horizontal cell coupling by closing the gap junctions (Buskirk, 1981; Teranishi et al., 
1984)) (Negishi et al., 1983; Piccolino et al., 1984; Lasater and Dowling, 1985; Mangel and 
Dowling,, 1985; Lasater, 1987; DeVries and Schwartz, 1989; McMahon, 1994), the GABA-
releasee (Yazulla and Kleinschmidt, 1982), and the GABA-sensitivity of the horizontal cells 
(Kamermanss and Werblin, 1992; Yang and Wu, 1993a; Dong and Werblin, 1994). Although 
somee horizontal cells in the amphibian and fish retinae are sensitive to glycine (Stockton and 
Slaughter,, 1991; Gilbertson et al., 1991; Zhou et al., 1993; Wu and Dowling, 1980), this is not 
thee case in the carp (Lasater and Dowling, 1982). 

Outputt of the horizontal cells 

Manyy reports indicate that MHCs use GABA as their neurotransmitter (Marc et al., 1978; Lam et 
al.,, 1979; Lam et al., 1980). MHCs can release GABA (Marc et al„  1978; Schwartz, 1982; 
Schwartz,, 1987; Yazulla and Kleinschmidt, 1983; Ayoub and Lam, 1984; Ayoub and Lam, 1985; 
O'Brienn and Dowling, 1985; Yazulla, 1986). It has been suggested that also BHCs and THCs 
mightt release GABA (Van Haesendonck and Missotten, 1992), but physiological evidence exists 
thatt only MHCs release GABA (Verweij et al., 1998). Furthermore, it has been shown that cones 
havee GABA receptors (Yazulla et al., 1989), carrying the negative feedback signal from 
horizontall  cells to cones (Tachibana and Kaneko, 1984; Kaneko and Tachibana, 1986a; Wu, 
1991a).. This has been confirmed in experiments with GABA and its antagonists, which showed 
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thatt the spectral coding of BHCs and THCs could be modulated by GABA and its antagonists 
(Wuu and Dowling, 1980; Murakami et al., 1982a; Murakami et al., 1982b). However, other 
experimentss showed that a surround-induced feedback signal in cones was accompanied by a 
conductancee increase (O'Brien, 1973; Gerschenfeld and Piccolino, 1980; Lasansky, 1981), 
whereass hyperpolarization of the horizontal cell by light results in a decreased GABA release and 
shouldd decrease the GABA-gated conductance in cones (Marc et al., 1978; Schwartz, 1982; 
Schwartz,, 1987; Yazulla and Kleinschmidt, 1983). Recently it was shown that, in goldfish, 
negativee feedback from horizontal cells to cones is not GABA-ergic (Verweij et al., 1996; 
Kamermanss et al., 2000). The explanation of the aforementioned contradictory results, might be 
thee role of the calcium-dependent chloride current during feedback-mediated responses, will be 
discussedd in chapter 3 of this thesis. 

Thee role of GABA is not clear. Several studies showed that cones as well as HCs have 
GABA-gatedd chloride channels (Tachibana and Kaneko, 1984; Kaneko and Tachibana, 1986a; 
Wu,, 1991a; Eliasof and Werblin, 1989). The GABA sensitivity is most prominent in the dark-
adaptedd retina (Yazulla and Kleinschmidt, 1982; O'Brien and Dowling, 1985; Yazulla, 1985; 
Dongg and Werblin, 1994) and seems to act as a positive GABA-ergic pathway, which keeps the 
MHCss and BHCs cells depolarized close to their chloride equilibrium potential (Miller and 
Dacheux,, 1983; Djamgoz and Laming, 1987) reducing the light responses (Kamermans et al., 
1990;; Kamermans et al., 1991; Kamermans and Werblin, 1992; Verweij et al., 1996). Therefore, 
itt seems plausible that, in the outer retina, GABA plays a neuromodulatory role during light- and 
darkk adaptation. In the dark, the GABA sensitivity of cones and horizontal cells is increased and 
thee HI cells release GABA in a calcium-independent manner (Yazulla and Kleinschmidt, 1982; 
O'Brienn and Dowling, 1985; O'Brien and Dowling, 1985; Yazulla, 1985; Dong and Werblin, 
1994).. This will tend to polarize the cones to their chloride equilibrium potential, which seems to 
bee around - 55 mV (chapter 2). In that condition, GABA shunts the cone light responses and the 
feedback-mediatedd responses in horizontal cells. Consequently,, this will reduce the amplitude of 
thee cone-driven light responses in horizontal cells and bipolar cells (Tomqvist et al., 1988; Yang 
ett al., 1988a; Yang et al., 1988b; Yang and Wu, 1989a), resulting in a relative improvement of 
thee rod signal in bipolar and ganglion cells (Scholes and Morris, 1973; Saito et al., 1979; 
Raynauldetal.,, 1979). 

1.1.2.. Bipolar cells 

Bipolarr cells are a heterogeneous class of second order neurons which connect the photoreceptors 
inn the outer plexiform layer with the ganglion cells and the amacrine cells in the inner plexiform 
layerr (Kaneko, 1970). In the outer plexiform layer the dendrites of bipolar cells make 
invaginatingg contacts or basal junction contacts with photoreceptor synaptic terminals. The size 
off  the dendritic tree of bipolar cells in carp varies from 40 /im to 100 fim (Kaneko, 1970; 
Kaneko,, 1973), while the receptive field center of bipolar cells has a diameter of 300 - 900 jtm, 
whichh is nine times the dendritic field size. These large receptive fields can be explained by the 
presencee of electrical coupling of bipolar cells by gap junctions (Kujiraoka and Saito, 1986; Saito 
andd Kujiraoka, 1988). 

Thee bipolar cell somata are located in the inner nuclear layer and their size varies from a 
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feww /xm up to 10 /xm. The axon terminals of the bipolar cells are located in the inner plexiform 
layerr and make ribbon synapses with amacrine and ganglion cell dendrites (Witkovsky and 
Dowling,, 1969; Holmgren-Taylor, 1983). Similarly as the horizontal cell dendrites in the cone 
synapticc terminal, during light adaptation, spinule-like protrusions appear in the bipolar cell 
terminall  (Yazulla and Studholme, 1992). 

A A 

0.22 s 100 mV 

Spot t Annuluss 0.5 s 

FigureFigure 1.9. Light evoked bipolar cell responses in the carp retina. (A) Antagonistic responses of 
anan OFF center bipolar cell to a spot and an annulus. The horizontal bar indicates the timing of 
thethe light stimulus. (B) Double color opponent responses in the spectral range 420-700 nm. 
SpectralSpectral responses in both the center (spot) and the surround (annulus) of the receptive field are 
color-opponentcolor-opponent (from Kaneko and Tachibana, 1981; Djamgoz and Yamada, 1995). 

Classification n 

Thee nomenclature of the different bipolar cells in literature is mostly based on physiological 
parameterss (i.e.. their response to a light stimulus; depolarizing or hyperpolarizing), or 
morphologicall  properties, such as the location of their axon terminals in the inner plexiform 
layer,, the dendritic field dimensions or the connectivity with the photoreceptors. 

Thee bipolar cell light response can be separated in two main groups. A depolarizing 
responsee when the center of the receptive field is illuminated, which is called the on-center or 
depolarizingg bipolar cell response and another hyperpolarizing response when the center of the 
receptivee field is illuminated, which is called the off-center or hyperpolarizing bipolar cell 
response. . 

Thee bipolar cell receptive fields have a pronounced center-surround antagonism, most 
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probablyy generated by horizontal cell feedback to cones (Werblin, 1974; Marchiafava, 1978; 
Toyodaa andTonosaki, 1978; Toyoda and Kujiraoka, 1982; Murakami et al.. 1982a), with the 
restrictionn that a possible direct input from horizontal cells or amacrine cells could exist 
(Marshakk and Dowling, 1987; Wu, 1993). This assumes that responses to illumination of the 
center-- and of the surround of the receptive field wil l have an opposite sign (figure 1.9.B). 

Furtherr classification according to the spectral characteristics of their light responses 
yieldss three additional types called the spectrally uncoded bipolar cells, the spectrally opponent 
bipolarr cells and the spectrally double opponent bipolar cells (Kaneko, 1970; Kaneko, 1973; 
Kanekoo andTachibana, 1981; Kaneko and Tachibana, 1983). In general, the receptive field 
centerr and surround of a spectrally uncoded bipolar cell are both most sensitive to long or 
middle-wavelengths.. The receptive field center of a spectrally opponent bipolar cell is maximally 
sensitivee to long-wavelengths, whereas the surround is most sensitive to middle- and long-
wavelengths.. The receptive field center and the surround of spectrally double opponent bipolar 
cellss have a complicated structure. The center and the surround receptive fields have opposite 
signss for long- and middle- to short-wavelengths. 

Thee bipolar cells have also been classified depending on their morphological 
characteristicss (Stell et al., 1977; Ishida et al., 1980; Saito et al., 1985; Sherry and Yazulla, 
1993).. Figure 1.10. shows a summary of the results of a Golgi study on bipolar cell morphology 
inn the goldfish retina (Sherry and Yazulla, 1993). In this study, fifteen morphological bipolar cell 
typess were distinguished. The six bipolar cell types with the largest cell-bodies, usually the on-
centerr bipolar cells, receive probably input from both rods and cones and are called mixed 
bipolarr cells. The other nine bipolar cells are assumed to be exclusively cone-driven and are 
usuallyy the off-center bipolar cells. 

FigureFigure 1.10. Schematic drawing of the morphological types of bipolar cells in the goldfish 
retina.retina. The five bipolar cells on the left, and the one on the right, are thought to receive both rod 
andand cone input. The remaining bipolar cells are presumed to be driven exclusively by cones 
(from(from Sherry and Yazulla, 1993). 
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Inputt to the bipolar cells 

Inn general, glutamate is an excitatory neurotransmitter, which activates cation channels, resulting 
inn depolarization of postsynaptic neurons (Hille, 1992; Mayer and Westbrook, 1987). However, 
thee depolarizing bipolar cells hyperpolarize upon glutamate stimulation (Attwell et al., 1987a; 
Nawyy and Copenhagen, 1990; Schiller, 1992). The input from rods usually modulates a G-
proteinn coupled cation channel. This channel, with an equilibrium potential around 0 mV, is 
closedd by 2-amino-4-phosphonobutyrate (APB) and therefore is called the APB receptor 
(Slaughterr and Miller, 1981; Nawy and Copenhagen, 1990; Nawy and Jahr, 1990; Shiells and 
Falk,, 1990). When glutamate is released by rods it can bind with the G-protein coupled receptor, 
whichh activates a second-messenger pathway (Saito etal., 1978; Shiells et al., 1981; Nawy and 
Copenhagen,, 1987; Shiells and Falk, 1990). 

Besidess this APB receptor, depolarizing bipolar cells contain also another, usually cone-
driven,, glutamate receptor or transporter with a negative equilibrium potential (Saito, 1987). 
Stimulationn of this receptor or transporter with glutamate might increase the potassium and 
chloridee conductance, resulting in depolarization of the cell (Saito et al., 1978; Nawy and 
Copenhagen,, 1987; Nawy and Copenhagen, 1990; Grant and Dowling, 1995). 

Thee hyperpolarizing or sign preserving bipolar cells contain an AMPA-type glutamate 
receptor,, that opens non-specific cation channels (Kaneko and Saito, 1983; Attwell et al., 1987a), 
andd another not well characterized receptor, whose activation leads also to an increase of the cell 
membranee conductance and depolarization of the cell. These distinct glutamate receptors differ in 
theirr sensitivity to the glutamate receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNQX)) and kynurenic acid (Hensley et al., 1993; Kim and Miller, 1993). It seems that one of 
thesee receptor types is modulated by rods, and the other one by cones (Kim and Miller, 1993). 

Besidess these direct inputs from photoreceptors, bipolar cells presumably receive GABA-
ergicc input from amacrine cells, since bipolar axon terminals are sensitive to GABA (Kaneko and 
Tachibana,, 1987; Maguire et al., 1989; Kaneko et al., 1991; Matthews et al., 1994) and GABA-
ergicc amacrine cells form synapses with bipolar cell terminals (Marc, 1989; Yazulla et al., 1989). 
AA few glycinergic amacrine cells form also synapses with bipolar cell terminals (Marc, 1989). 
Thiss inhibitory input of the amacrine cells might result in more transient responses of bipolar 
cellss (Maguire et al., 1989; Werblin, 1991) and modify the bipolar cell receptive field properties, 
providingg lateral input (Kaneko and Tachibana, 1987; Djamgoz et al., 1989; Cook and 
McReynolds,, 1998). 

1.2.. Aim of this study 

Inn this thesis the mechanism, the gain transfer functions, the dynamic and spectral properties of 
thee cone-horizontal cell interactions in the goldfish outer retina are described. This description 
indicatess that the HC layers function as a global light detector for the whole visual system. 

Chapterr 2 highlights the role of chloride, the calcium-dependent chloride current and of 
thee calcium current in the surround-induced responses in cones, horizontal cells and bipolar cells. 
Thee gain and dynamic characteristics of the signal transfer across the first synapse are described 
inn chapter 3 and 4. The spectral coding of these various signals flowing across the first synapse 
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aree described in chapter 5, and chapter 6 summarizes the main results and discusses the 
consequencess of the obtained insights. 
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