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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 
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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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Chapterr  2 

Thee Nature of Surround-induced Depolarizing Responses 
inn Goldfish Cones 

(Thiss chapter is based on the paper entitled: The Nature of Surround-induced Depolarizing 
Responsess in Goldfish Cones, D.A. Kraaij, H. Spekreijse, M. Kamermans, 2000. Journal of 
Generall  Physiology 115: 3-15) 

Abstract t 

Coness in the vertebrate retina project to horizontal and bipolar cells and the horizontal cells 
feedbackk negatively to cones. This organization forms the basis for the centre/surround 
organizationn of the bipolar cells, a fundamental step in the visual signal processing. Although the 
surroundd responses of bipolar cells have been recorded on many occasions, surprisingly the 
underlyingg surround-induced responses in cones are not easily detected. In this chapter, the 
naturee of the surround-induced responses in cones is studied. 

Horizontall  cells feed back to cones by shifting the activation function of the calcium 
currentt in cones to more negative potentials. This shift increases the calcium influx, which 
increasess the neurotransmitter release of the cone. In this chapter, we will show that under certain 
conditions,, in addition to this increase of neurotransmitter release, a calcium-dependent chloride 
currentt will be activated, which polarizes the cone membrane potential. The question is whether 
thee modulation of the calcium current or the polarization of the cone membrane potential is the 
majorr determinant for feedback-mediated responses in second-order neurons. 

Depolarizingg light responses of biphasic horizontal cells are generated by feedback from 
monophasicc horizontal cells to cones. It was found that niflumic acid blocks the feedback-
inducedd depolarizing responses in cones, while the shift of the calcium current activation 
functionn and the depolarizing biphasic horizontal cell responses remain intact. This shows that 
horizontall  cells can feed back to cones without inducing major changes in thee cone membrane 
potential.. This makes the feedback synapse from horizontal cells to cones an unique synapse. 
Polarizationn of the presynaptic cell (horizontal cell) leads to calcium influx in the postsynaptic 
celll  (cone), but due to the combined activity of the calcium current and the calcium-dependent 
chloridee current, the membrane potential of the postsynaptic cell will be hardly modulated, 
whereass the output of the postsynaptic cell will be strongly modulated. Since no polarization of 
thee postsynaptic cell is needed for these feedback-mediated responses, this mechanism of 
synapticc transmission can modulate the neurotransmitter release in single synaptic terminals 
withoutt affecting the membrane potential of the entire cell. 
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Introductio n n 

Thee photoreceptors (rods and cones) in the vertebrate retina respond with sustained 
hyperpolarizingg responses to stimulation with small spots of light. They have small receptive 
fieldss and feed into a network of horizontal cells (HCs) and bipolar cells (BCs). The HCs are 
stronglyy electrically coupled, have large receptive fields (Naka and Rushton, 1967; Norton et al., 
1968;; Baylor et al., 1971) and feed back negatively to the cones (O'Bryan, 1973; Verweij et al., 
1996;Kraaijett al., 1998). This feedback pathway forms the basis of the spectral coding of HCs 
(Fuortess and Simon, 1974; Stell and Lightfoot, 1975; Kamermans et al., 1991) and of the 
surroundd responses of BCs (Kaneko, 1970; Kaneko and Tachibana, 1981; Toyoda and Kujiraoka, 
1982).. Due to the spatial extension of the HC receptive fields, stimulation in the surround of a 
conee can induce depolarizing responses in cones (Baylor et al., 1971; O'Bryan, 1973; Lasansky, 
1981).. These surround-induced depolarizing responses are mainly carried by CI (Lasansky, 1981; 
Thoresonn and Burkhardt, 1991; Bames and Deschenes, 1992). 

Onn the other hand, it has recently been shown that HCs feedback to cones by modulating 
thee calcium current (ICa) in cones in a y-aminobutyric acid (GABA)-independent way (Verweij et 
al.,, 1996). Unfortunately, the neurotransmitter mediating this feedback signal from HCs to cones 
iss presently unknown. Consistent with this finding is the observation that the surround responses 
inn BCs do not seem to be GABA-mediated (Hare and Owen, 1996). Hyperpolarization of the 
HCss shifts the activation function of the 1̂  in cones to more negative potentials, which leads to 
ann increased calcium influx. This finding seems in conflict with the well-established Cl-
dependencee of the surround-induced responses in cones. Several authors ( Maricq and Korenbrot, 
1988;; Thoreson and Burkhardt, 1991; Barnes and Deschenes, 1992) have suggested that the 
surround-inducedd depolarizing responses in cones are mediated by a calcium-dependent chloride 
currentt (Ia(Cii)), which can be activated by a feedback-induced calcium influx. They suggested 
thatt such a pathway could become regenerative, under certain conditions, leading to the observed 
feedback-inducedd polarization of the cone membrane potential. 

Dependingg on the intracellular chloride concentration ([C\\) in cones (i.e., different 
chloridee equilibrium potentials (EC1)), surround stimulation would generate either depolarizing or 
hyperpolarizingg responses in cones. This suggests that with values of EC1 more positive than the 
restingg membrane potential, feedback from HCs would be negative, whereas with EC}  more 
negativee than the resting membrane potential, feedback from HCs would be positive. Estimates 
off  ECI in cones, reported in literature, range from values more positive than -40 mV (Thoreson 
andd Burkhardt, 1991) to values more negative than -50 mV (Kaneko and Tachibana, 1986a). 
Sincee the cone dark resting membrane potential is about -45 mV, these estimates of EC1 suggest 
thatt feedback from HCs can be either positive or negative, which is not consistent with the well 
establishedd antagonistic nature of the bipolar cell surround. 

Thee question now arising is whether the modulation of the 1̂  alone is enough to induce a 
feedbackk response in second-order neurons or whether depolarization of the cone is essential for 
transmissionn of the feedback signal to second-order neurons. In this study the role of CI and Ic,^, 
inn the negative feedback pathway from HCs to cones is studied and the relative contribution of 
thee cone depolarization and the modulation of the 1̂  on the feedback-mediated responses in 
second-orderr neurons is estimated. 
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Itt will be shown that the surround-induced responses are initiated by a feedback-induced 
calciumm influx in the cones, which can activate ICKQ,,. Since the conductance of the Ca-channels 
iss relatively small compared with the total conductance of the cell and laiCi) is hardly activated in 
thee dark, the membrane potential of the cone is nearly independent of feedback, whereas the cone 
neurotransmitterr release is strongly modulated by feedback. The consequence is that, as will be 
shown,, HCs can have depolarizing responses even in conditions where cones do not depolarize, 
whichh means that the feedback pathway from HCs to cones is electrically almost silent. 

Materiall  and methods 

Preparation n 

Goldfish,, Carassius auratus, (12 - 16 cm standard body length) were kept at 18 °C under a 12-
hourr dark, 12-hour light regime. Before the experiment, the fish was kept in the dark for 8  1 
min,, decapitated, and an eye was enucleated. This eye was hemisected and most of the vitreous 
wass removed with filter paper. The retina was isolated, placed receptor-side-up in a superfusion 
chamberr and supervised continuously (1.5 ml/min) with oxygenated Ringers solution (pH 7.8, 18 
°C).. This procedure was done under infrared light illumination (X = 920 nm) using infrared 
viewerss (Edmund Scientific, USA). 

Recordingg procedure 

Whole-cellWhole-cell patch-clamp recordings. The superfusion chamber was mounted on a microscope 
(Optiphot-X22 Nikon, Inc.). The preparation was illuminated with infrared light (X > 850 nm, 
wrattenn filter 87c; Eastman-Kodak Co.) and viewed with a 40x water immersion objective 
(numericc aperture, NA = 0.55; Nikon, Inc.), Hoffman modulation contrast optics and a video 
cameraa (Philips). Electrodes were mounted on a MP-85 Huxley/Wall-type micro-manipulator 
(Sutterr Instruments Co.) and connected to an integrating patch clamp (390OA; Dagan Co.). For 
thee data acquisition, control of the patch clamp and optical stimulator, an AD/DA convertor 
(CEDD 1401; Cambridge Electronic Design Ltd.) and an MS-DOS based computer system were 
used. . 
IntracellularIntracellular recordings. For the intracellular recordings from HCs the retina was mounted on an 
invertedd microscope (IMT-2; Olympus Co.), illuminated with an infra red light emitting diode 
(LEDD SFH 484-II, Telefunken), and viewed through a 2x objective of the microscope and a video 
cameraa (Philips). The recordings were made with a S7000A microelectrode amplifier with a 
S7071AA electrometer module (World Precision Instruments, Inc.). 

Dataa acquisition, control of the microelectrode amplifier, and of the optical stimulator 
weree done with an AD/DA convertor with a sample frequency of 1.0 kHz (CED 1401; 
Cambridgee Electronic Design Ltd.) and an MS-DOS based computer system. 

Opticall  stimulator 
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Whole-cellWhole-cell patch-clamp recordings. A 450-W xenon-lamp supplied two beams of light. Both 
beamss were projected through Uniblitz VS14 shutters (Vincent Associates), neutral density 
filterss (NG Schott), interference filters with a bandwidth of 8  3 nm (Ealing Electro-Optics Inc.), 
lensess and apertures. The 65-/im diameter spots were projected through the 40x water immersion 
objectivee and the 3000-jtm diameter spots were projected through the condenser (NA = 1.25) of 
thee microscope. 
IntracellularIntracellular recordings. The optical stimulator consisted of two beams from a 450-W xenon 
lightt source, projected through a monochromator (Ebert, USA), or interference filters with a 
bandwidthh of 8  3 nm (Ealing Electro-Optics Inc.) and a pair of circular neutral density filters 
(CND3,, Barr and Strout). The full-field light stimuli were projected onto the retina through a 2x 
objectivee lens (NA = 0.08) of an inverted microscope (IMT-2; Olympus Corp.). An intensity of 0 
logg corresponds to a photon flux density of 4.0 * 108 photons (im2 s"1. 

Patchh electrodes and pipette medium 

Whole-cellWhole-cell patch-clamp recordings. The patch pipettes were pulled from borosilicate glass 
(GC150TF-100 Clark) with a micropipette puller (P-87; Sutter Instruments Co.) and had 
impedancess between 5 and 10 MQ when filled with standard patch pipette medium and measured 
inn Ringers solution. The series resistance during the whole-cell recording was between 10 and 20 
MQ. . 

Thee standard patch pipette medium contained (mM): 20.0 KCL, 70.0 D-gluconic-K, 5.0 
KF,, 1.0 MgCl2, 0.1 CaCl2, 1.0 EGTA, 5.0 HEPES, 4.0 ATP-Na2, 1.0 GTP-Na3, 0.2 3':5'-cGMP-
Na,, 20 Phosphocreatine-Na;, 50 U/ml creatine phosphokinase. To change the CI equilibrium 
potential,, KC1 was exchanged for equimolar D-gluconic-K. The pH of the pipette medium was 
adjustedd to 7.25 with KOH. All chemicals were obtained from Sigma-Aldrich. 
IntracellularIntracellular recordings. Microelectrodes were pulled with a micropipette puller (P-80-PC; 
Sutterr Instruments Co.) using aluminosilicate glass (o.d. = 1.0 mm, i.d. =0.5 mm; Clark), and 
hadd impedances ranging 100-200 MQ when filled with 4 M KAc. The intracellular voltages were 
amplifiedd (WPI S7000A; World Precision Instruments, Inc.), recorded on paper (Graphtec 
Linearcorder),, and sampled using an MS-DOS based computer system and an AD/DA converter 
(CEDD 1401, Cambridge Electronic Design). 
LiquidLiquid junction potential. The liquid junction potential was measured with a patch electrode 
filledd with pipette medium and positioned in a pipette medium containing bath. The reference 
electrodee was a patch electrode filled with 3 M KC1. After the potential was adjusted to zero, the 
bathh solution was replaced with Ringers solution. The resulting potential change was considered 
too be the junction potential and all data were corrected accordingly. All results presented in this 
chapterr are obtained - 15 min after whole-cell configuration was achieved, unless otherwise 
indicated. . 

Classification n 

Coness were selected visually and the voltage light responses to 500-ms flashes of 65-fim spots 
withh seven different wavelengths and various intensities were recorded. Cells with a maximal 
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responsee of - 450, 550 and 650 nm were classified as short, middle, and long wavelength-
sensitivee cones, respectively. Upon classification, only white stimuli of either 65-/*m or 3000-jim 
weree used. 

Horizontall  cells were searched for by penetrating the retina with a microelectrode, while 
stimulatingg the retina with alternating 550- and 650-nm full- field stimuli. Subsequently, the HCs 
weree classified based on their spectral properties as described by Norton et al. (1968). 

Ringerss solution 

Thee Ringers solution contained (mM): 102.0 NaCl, 2.6 KCI, 1.0 MgCl2, 1.0 CaCl2, 28.0 
NaHC03,, 5,0 glucose and in some cases 0.1 niflumic acid, and was continuously gassed with -
2.5%% CO; and 97.5% 02 yielding a pH of 7.8. All chemicals were obtained from Sigma-Aldrich. 

Results s 

Cll  dependence of the cone light response 

Figuree 2.1. shows the light responses of three cones to 500-ms flashes of 65-jum white spots at 0, , 
100 and 20 min after the whole-cell configuration was achieved. The responses of the three cones 
shownn in this figure (rows), were recorded with a different intracellular CI-concentration ([Cl]i) . 
Thee voltage responses of the cones to 65-/im spot stimuli were always hyperpolarizing 
irrespectivee of [Cl];. For low [CI]; the response characteristics hardly depend on the recording 
timee (upper two rows), but for high [Cl], (bottom row) response amplitude reduced with time and 
thee dynamics of the light offset response slowed down dramatically. After 20 min whole-cell 
configuration,, the light response disappeared almost completely in high [Cl]j conditions. This 
reductionn of the conee light response was always found for [Cl]; higher than 30 mM (n = 25). This 
experimentt shows that the light responses of cones are sensitive to [Cl];. Since stable light 
responsess could only be recorded with [Cl], below 30 mM, this indicates that, under 
physiologicall  conditions, [Cl]|has to be at least below this value. 
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Too test whether the effect of [CI], on the light responses involves the phototransduction 
pathway,, the conductance change induced by intracellular Cl-perfusion was compared with the 
conductancee change evoked by light stimulation. Directly after achieving whole-cell 
configuration,, [Cl] j wil l hardly be influenced by the [CI] of the pipette medium. However, after 
somee time [Cl] j wil l become equal to the [CI] of the pipette medium. The difference between the 
I-VV relation of the cone after about 20 min in whole-cell configuration (late I-V relation) and the 
I-VV relation of the same cone directly after achieving whole-cell configuration (early I-V relation) 
wil ll  yield the I-V relation of the high [Cl] rmodulated current. I-V relations were determined with 
aa voltage ramp protocol that started at -80 mV and ended 100 ms later at -50 mV. The top panel 
off  figure 2.2. shows the I-V relation of a cone recorded with a high chloride containing pipette 5 
minn (A) and 20 min (B) after achieving the whole-cell configuration. Next, the difference 
betweenn both I-V relations (5 and 20 min) was determined (curve © in the bottom panel). The 
curvee marked @ represents the data of a cone recorded with a low [CI]; , showing that for low 
[Cl] jj  conditions the conductance is invariant with time, whereas for high [CI] , conditions the 
conductancee reduced with time. The dashed lines are extrapolated I-V relations. The reversal 
potentiall  of the high [Cl],-blocked current (curve ®) is around -5 mV. The I-V relation of the 
light-modulatedd current was also determined. Curve (3) indicates the difference between the I-V 
relationss determined when the cone was stimulated with a small spot and when the cone was in 
thee dark, using the same voltage ramp protocol as before. In this cell, light stimulation closes a 
currentt which reversed around -5 mV, which is equal to the reversal potential of the Cl-
modulatedd current. Since the two I-V relations, marked with ® and (S> are from the same cell, 
thesee results suggest that high [CI]; leads to the closure of the light-modulated conductance in 
cones.. Similar results were found in 7 cells. 

Chapterr 2 27 7 



Potentiall  (mV) 

FigureFigure 2.2. The I-V relation change 
afterafter the whole-cell configuration 
waswas achieved. The top panel shows 
thethe I-V relation, from -80 toOmV, 
ofof a cone recorded with a 50 mM 
Cl-containingCl-containing pipette (Ea = -30 
mV)mV) at 5 (A) and 20 min (B) after 
achievingachieving whole-cell 
configuration.Theconfiguration.The solid lines 
representrepresent the I-V relations at both 
timetime points. The dashed lines are 
thethe extrapolated linear component 
ofof the I-V relations at both time 
points.points. The bottom panel shows the 
differencedifference between the I-V 
relationsrelations of that cone at 22 and 2 
minmin whole-cell configuration from 
-80-80 to -57 mV (Solid line 0). Solid 
lineline ® shows the difference 
betweenbetween the I-V relations from -80 
toto -57 mVofthe cone when 
stimulatedstimulated with an intense white 
65-fim65-fim spot and the I-V relation of 
thethe cone in dark. Solid line ® 
representsrepresents the difference between 
thethe I-V relations from -80 to -57 
mVofamVofa cone recorded with 24 mM 
[CIJi[CIJi  pipette solution (Ea = -45 
mV)mV) at 26 and 5 min in whole-cell 
mode. mode. 

TheThe dashed lines are the extrapolated linear component of the I-V relations in the various 
conditions.Figureconditions.Figure 2.2. The I-V relation change after the whole-cell configuration was achieved. 
TheThe top panel shows the I-V relation, from -80 to 0 mV, of a cone recorded with a 50 mM Cl-
containingcontaining pipette (ECI = -30 mV) at 5 (A) and 20 min (B) after achieving whole-cell 
configuration.configuration. The solid lines represent the I-V relations at both time points. The dashed lines 
areare the extrapolated linear component of the I-V relations at both time points. The bottom panel 
showsshows the difference between the I-V relations of that cone at 22 and 2 min whole-cell 
configurationconfiguration from -80 to -57 mV (Solid line (D). Solid line ® shows the difference between the I-
VV relations from -80 to -57 mVofthe cone when stimulated with an intense white 65-nm spot 
andand the I-V relation of the cone in dark. Solid line ® represents the difference between the I-V 
relationsrelations from -80 to -57 mV of a cone recorded with 24 mM [Cljj  pipette solution (Ea = -45 
mV)mV) at 26 and 5 min in whole-cell mode. The dashed lines are the extrapolated linear component 
ofof the I-V relations in the various conditions. 
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Cll  dependence of the surround-induced response in cones 

Manyy of the surround-induced responses in cones reported in literature were measured with 
intracellularr electrodes. Those responses were depolarizing and seemed to depend on the 
intracellularr CI concentration. Since in those experiments the intracellular CI concentration could 
onlyy be controlled to a limited extent, the next set of experiments in this study deals with the CI 
dependencee of the surround-induced responses in cones. 

Feedback-inducedd voltage responses can be measured when cones are saturated with a 
brightt 65-/im spot and stimulated with a full-fiel d stimulus (3000 /xm). Since feedback is most 
efficientt at potentials between -55 mV and -45 mV (Verweij et al.. 1996) and the bright 
saturatingg spot hyperpolarized the cones further than that potential range, a small inward current 
wass injected into the cones such that they depolarized again to their resting membrane potential 
betweenn -55 mV and -45 mV. By recording from a large number of cones with different 
intracellularr CI concentrations, the dependence of the surround-induced responses on CI was 
determinedd without interference of the strongly non-linear behavior and voltage dependence of 
thee feedback-induced currents. 

[CI] , , 

500 mM 

333 mM 

155 mM 

7mM M 

Ea a 

-200 mV ** n xi^^nw m 

-300 mV 

-500 mV 

-699 mV 

5000 ms 

TT -40 mV 

... -50 mV 

.. -60 mV 

TT -40 mV 

-500 mV 

,, -60 mV 

TT -40 mV 

-500 mV 

,, -60 mV 

,, -40 mV 

-500 mV 

.. -60 mV 

FigureFigure 2.3. Voltage light responses of cones with various [Cl] t to 550-nm, 500-ms flashes of 
3,000-fim3,000-fim surround fields. Hyperpolarizing responses are found with Ea above -50 mVand 
depolarizingdepolarizing responses are found with Ea below -50 mV. The scaling, timing, [Cl J,, and 
calculatedcalculated Ea are indicated in the figure. 

Chapterr 2 29 9 



Figuree 2.3. (top) shows the surround-induced response of a cone with an [CI], of 50 mM. 
Inn this condition, surround stimulation induces a large depolarizing response. The bottom trace of 
figuree 2.3. shows the response of a cone with an [CI]; of 7 mM. In that condition the surround-
inducedd response is a small hyperpolarizing response. If this response was generated by a 
residuall  light sensitivity of the cone, the response should become larger with hyperpolarization, 
butbut at -60 mV surround-induced responses were absent (not shown), indicating that these 
hypeipolarizingg responses were due to feedback. The two traces in between show the surround-
inducedd responses of a cone with intermediate [Cl]j . This figure illustrates that surround 
stimulationn of cones with high [CI], evokes depolarizing responses, whereas hyperpolarizing 
responsess are generated in cones with low [CI],. With an [CI], of 15 mM, surround stimulation 
inducess no polarization. This [Cl]j yields a calculated equilibrium potential for CI (EC1) of - 50 
mV. . 

Figuree 2.4. shows the mean amplitude of the surround responses of 34 cones as function 
off  E( l . As can be seen, the response amplitude becomes zero with EC1 around -50 mV, slightly 
moree negative than the mean resting membrane potential, which was -46.3  8.3 mV (mean
SD)) under these experimental conditions. At EC] values more negative than -50 mV the surround 
responsess are hyperpolarizing, and at EC1 values more positive than -50 mV the surround 
responsess are depolarizing. This shows that the amplitude and polarity of the surround-induced 
responsess varies with Ec„  suggesting that these responses are mediated mainly by chloride ions. 

ii  i , i 1 1 1 1 1 1 — — i 

-700 -60 -50 -40 -30 -20 

Calculatedd ECI (mV) 

FigureFigure 2.4. Mean sustained response amplitudes of surround-induced light responses in cones as 
functionfunction of the calculated Ea. The error bars indicate the SEM. The number of cells used for 
eacheach data point is indicated near each data point. 
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Onn some particular occasions, surround-induced responses can become regenerative. 
Figuree 2.5. shows the surround-induced responses of a cone with Ea at -20 mV. Sometimes the 
conee membrane potential did not hyperpolarize after the surround stimulus was turned off 
(arrow).. In this continued depolarized condition, surround stimulation did not induce a 
significantt further depolarization (star). Similar results were obtained in 14 cones as long as EC] 

wass more positive than -30 mV indicating that in those conditions, surround simulation can 
triggerr a regenerative process, which depolarizes the cones to the reversal potential of the current 
underlyingg the surround-induced response (i.e., the CI current). These spontaneous depolarizing 
responsess were never found immediately after achieving whole-cell configuration, indicating that 
underr physiological conditions En is more negative than -30 mV. It has been suggested that a 
possiblee source of this regenerative behaviour of the surround-induced responses is the combined 
activityy of the ICa and Ic,(Ca) (Thoreson and Burkhardt, 1991; Barnes and Deschenes, 1992). To 
testt this, the currents induced by surround stimulation were studied. 

-200 mV 

-300 mV 

-400 mV 
5000 ms n n 

FigureFigure 2.5. Surround-induced depolarizing responses in a cone with fCIJ( - 50 mM. 
OccasionallyOccasionally die cone depolarized spontaneously or remained depolarized for a long time (\). 
InIn this depolarized condition, only small surround-induced responses could be measured (#). 
TheThe scaling and surround stimulus are indicated in the figure. 
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Feedback-inducedd current in cones 

Surroundd stimulation induces an initial inward current, usually followed by a slowly developing 
current.. The I-V relation of a cone without and with the full-field stimulus is shown in figure 
2.6.A.. Surround stimulation only induces significant changes in the I-V relation in the range 
betweenn -20 and -60 mV. Previously it was shown that this change in I-V relation is due to a shift 
inn the activation function of the calcium current to more negative potentials (Verweij et al., 
1996).. In our experimental conditions, the surround-induced 1̂  was ~ 10 pA at -46 mV, while the 
light-modulatedd current was about ~ 100 pA, showing that, at that potential, the feedback-induced 
changess in the 1̂  are relatively small. The initial surround-induced current triggers a slowly 
developingg current. The sign of this slowly developing current depends strongly on EC]. This 
currentt is outward when EC] is set at -40 mV (figure 2.6.B) and inward when EC1 is set at -20 mV 
(figuree 2.6.C). 100 jiM niflumic acid, a blocker of the I,-.,,̂ , (Barnes and Deschenes, 1992), 
blockss the slowly developing current (figure 2.6.D), while the initial inward current remained. 

Too exclude that niflumic acid might have affected the retinal network by affecting 
calcium-- and/or potassium channels in a nonspecific way, we tested whether the synaptic 
transmissionn between cones and HCs was still intact. Figure 2.7. shows the responses of a 
monophasicc horizontal cell (MHC) in the isolated goldfish retina to full-field white light stimuli 
off  various intensities before (left), during (middle), and after (right) application of 100 fiM 
niflumicc acid. Figure 2.7. shows that, although the surround-induced slowly developing current 
inn cones is blocked by niflumic acid, the MHC resting membrane potential and the MHC light 
responsess are hardly affected (n = 4). 
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FigureFigure 2.6. (A) Cone I-V relations with and without surround stimulation. The cone was held at -
7777 mVand ramped in 500 ms to -7 mV. The I-V relation depicted with the solid line was 
determineddetermined when the cone was illuminated with a 20-am saturating white spot and the I-Vcurve 
depicteddepicted with the dotted line was determined when the cone was illuminated with a 20-[im 
saturatingsaturating white spot plus a 3,000-um white spot stimulating the cone surround. (B) Current 
tracestraces of a voltage-clamped cone, clamped at -58 mV and stepped for 2,000 ms to -43 mV, to -38 
mVmV and to -33 mV. During this protocol, the cone was continuously saturated with an intense 
whitewhite spot, while a 3,000-urn fid I-field of 550 nm was illuminating the cone surrounding for 500 
ms.ms. In this cone the [CI],  was 22 mM, which results in a calculated Ea of-40 mV. Surround 
stimulationstimulation induced an inward current, followed by a secondary slowly developing outward 
currentcurrent above -38 mV. (C) Current traces of a voltage-clamped cone, clamped at -58 mV and 
steppedstepped for 2,000 ms to -43 mV, -38 mVand -33 mV. During this protocol, the cone was 
continuouscontinuous saturated with an intense white spot, while a 3,000-fim full-field of 550 nm was 
illuminatingilluminating the cone surrounding for 500 ms. In this cone, the [CI],  was 50 mM, which results 
inin a calculated Ea of-20 mV. Surround stimulation induced an inward current, followed by a 
secondarysecondary slowly developing inward current above -40 mV. (D) Current traces of a voltage-
clampedclamped cone, clamped at -58 m V and stepped for 2,000 ms to -43 in V, to -38 m V and to -33 m V. 
DuringDuring this protocol the cone was continuous saturated with an intense white spot, while a 
3,000-fim3,000-fim fid I-field of 550 nm was illuminating the cone surrounding for 500 ms. In this cone, the 
[CI],[CI],  was 22 mM, which results in a calculated Ea of-40 mV, and 100 fiM niflumic acid was 
addedadded to the Ringers solution. Surround stimulation induced only an initial inward current, 
withoutwithout a slowly developing secondary current. 
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FigureFigure 2.7. Monophasic horizontal cell responses to 500 ins full-field white light stimuli of five 
intensities.intensities. (Left) Responses in control Ringers solution before application of niflumic acid. 
(Middle)(Middle) Responses are recorded in a 100-p.M niflumic acid-containing Ringers solution. (Right) 
ResponsesResponses again in control Ringers solution after application of niflumic acid. 

Summarizing:: surround stimulation generates a fast inward current (ICa) and, secondary to 
this,, a slowly developing current, whose presence depends on the activation of the calcium 
current.. Furthermore, this secondary current can be blocked by niflumic acid and its sign depends 
onn the [Cl]j , features which are characteristic for IG(Ca). Thus the results presented so far suggest 
thatt the surround-induced voltage responses of cones are carried by Ia<ca)- If  t m s is indeed the 
case,, then it should be possible to block the surround-induced voltage responses by niflumic acid. 
Figuree 2.8. shows the surround-induced voltage responses of a cone with Ea at -30 mV before 
(left)) during (middle), and after (right) application of 100 /xM niflumic acid. Niflumic acid had 
noo large effect on the resting membrane potential of the cones, indicating that Ic,(Ca) is only 
slightlyy activated at physiological membrane potentials. Before application of niflumic acid the 
conee depolarized -15 mV in response to surround stimulation. This response could be blocked 
completelyy by niflumic acid and recovered slightly. Similar results were obtained in all nine cells 
testedd this way. 
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FigureFigure 2.8. Surround-induced light responses of current-clamped cones to 500-ms flashes of a 
3,000-fim3,000-fim surround field (Ea = -20 mV). In control conditions (left), surround stimulation 
inducedinduced depolarizing responses, in 100 fxM niflumic acid these responses were absent (middle), 
andand after wash the depolarizing responses recovered slightly (right). 

Thee results presented so far show that niflumic acid can effectively block the surround-
inducedd depolarizations in cones, without affecting the feedback-induced modulation of the 1 .̂ 
Thee question now arising is whether the cone depolarization or the modulation of the ICa is most 
importantt for feedback-induced responses in second-order neurons, such as the biphasic 
horizontall  cells (BHCs). The depolarizing responses of the BHCs, due to red light stimulation, 
aree thought to be generated by feedback from the MHCs to the middle wavelength-sensitive 
coness (Fuortes and Simon, 1974; Stell et al., 1975; Stell, 1976; Kamermans et al., 1991). Figure 
2.9.. A shows the responses of a BHC to flashes of 500 ms with wavelengths ranging from 500 to 
7000 nm in 50-nm steps. The neutral point, the wavelength where the hyperpolarizing response 
changess into a depolarizing response, is close to 650 nm. If niflumic acid blocks feedback, then 
thee depolarizing response to 700 nm should be blocked and the neutral point should shift towards 
longerr wavelengths. Figure 2.9.B shows the responses to 650 and 700 nm before and during 
niflumicc acid application. As it becomes clear from this figure, niflumic acid does not block the 
depolarizingg light responses and does not shift the neutral point of the BHC. Although minor 
changess in the response amplitude were seen occasionally, the feedback-induced responses in 
BHCss were never blocked in all cells tested (n=5), whereas the feedback-induced depolarizations 
inn cones were always blocked completely. This experiment shows that depolarization of the 
coness is not essential for the transmission of a feedback response to second-order neurons. 
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FigureFigure 2.9. (A) Light responses of a biphasic horizontal cell, in normal Ringers solution, to 500 
msms full-field light stimuli with wavelengths ranging from 500 nm to 700 nm in 50-nm steps. (B) 
BiphasicBiphasic horizontal cell responses to 500-ms full-field light stimuli of 650 nm and 700 nm. (Left) 
DepolarizingDepolarizing light responses in control Ringers solution. (Right) Depolarizing light responses 
recordedrecorded in a 100-fiM niflumic acid containing Ringers solution. 

Estimationn of the CI  equilibriu m potential under  physiological conditions 

Soo far we have shown: (a) that the size and the sign of the surround-induced responses in cones 
dependd on [CI],, (b) that these responses are carried by IQ(Q|) and (c) that the feedback-induced 
depolarizingg responses in cones are not essential for depolarizing responses in BHCs. To 
quantifyy the role of the IaiCa) in this synapse further, it is essential to know the value of Ec, under 
physiologicall  conditions. With an EC1 more positive than the resting membrane potential, cones 
wil ll  depolarize due to surround stimulation. This depolarization may amplify the effect of the 
feedbackk signal received by the cones on the cone output. On the other hand an Ec, more negative 
thann the resting membrane potential wil l make cones hyperpolarize due to surround stimulation, 
whichh may lead to a reduction of the effect of the feedback signal on the second-order neurons. 
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FigureFigure 2.10. Current traces of two voltage-clamped cones, clamped at -77 mV and stepped for 
2,0002,000 ms to -25 mV, -15 mV, and -5 mV. (Left) Ea was -50 mV. Above -25 mV, an outward 
currentcurrent is present that generates a tail current. (Middle) Ea was -20 mV. In this condition at -25 
mVmV a slowly activating inward current developed. At -15 mV this current reversed became 
outwardoutward and generated large tail currents. (Right) Current traces of the same cone are 
presented,presented, but now with 100 fxM niflumic acid added to the Ringers solution. Both the slowly 
developingdeveloping current and tail currents were completely blocked. 

Inn voltage-clamp experiments the properties of Icl(Ca) can be examined rather easily, since 
Icl(Ca)) has three distinct properties: (a) it is a slowly developing current which depends on EC1; (b) 
itt can generate slow tail currents, and (c) it can be blocked by niflumic acid (Barnes and 
Deschenes,, 1992). In figure 2.10., the current traces of two voltage-clamped cones are shown. 
Thesee cones were clamped at -77 mV and stepped for 2,000 ms to -25 mV, -15 mV, and -5 mV 
respectively.. In the left panel of figure 2.10., EC1 was -50 mV. Stepping the cone membrane 
potentiall  to the depolarized potentials yields slowly developing outward currents, preceded by an 
inwardd current. Small tail currents are visible when the membrane potential is hyperpolarized 
backk to -77 mV. Similar results were found in 20 cones. With Ec, at - 20 mV (middle), the 
propertiess of the slowly developing current change strongly. Now stepping from -77 mV to -25 
mVV yields a slowly developing inward current and a large tail current after returning to -77 mV. 
Thiss was found in all 15 cones tested in this way. This slowly developing current could be 
blockedd by 100 ^M niflumic acid (right). Note that in this condition both the slowly developing 
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currentt and the tail currents are absent, excepting a small transient tail current in the first 50 ms. 
Al ll  four cells tested this way behaved similarly. These experiments show that goldfish cones 
havee a slowly developing current that depends on EC1 and can generate tail currents. This current 
cann be used for the estimation of the physiological value of EC1. 

Thee rationale for the next set of experiments is that, immediately after achieving whole-
celll  configuration, the pipette solution wil l not yet have diffused into the cell and at that moment 
EC)) wil l still have a value close to the physiological one, whereas after 20 min the cell interior 
wil ll  have been perfused with the pipette solution and thus EC1 in the cones wil l have the value of 
Eaa in the pipette. As shown in figure 2.10., the sign of Ia(Ca) depends strongly on the value of EC1, 
andd thus can be used to estimate the physiological En. When Icl(Cal is outward, EC1 is more 
negativee than the clamp potential, and when Ic,lCa) is inward, Ec, is more positive than the clamp 
potential.. Due to the nature of Ia,cai> t n i s method is limited to conditions where the intracellular 
calciumm concentration ([Ca],) is sufficiently high to activate Ia(Ca) This happens at potentials 
abovee -40 mV, which means that we can only determine EC1 exactly when EC1 is more positive 
thann -40 mV. 
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22 min 

Ec l =-50mV V 
222 min 

2000 pA 

EC11 = -20 mV 
22 min 
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ECII = -20 mV 
211 min 

= - = = 
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-500 mV 
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FigureFigure 2.11. Time dependence ofICIICa) in 
conescones with two different [CI],.  The cones 
werewere held at -75 mV and stepped to -50, -
40,40, -30, and -20 mV. For both values of 
EEaa the current responses are given at 2 
minmin and > 20 min after whole-cell 
configurationconfiguration was achieved. With Ea at -
2020 mV, the slowly developing current 
becamebecame inward after an -21-min whole-
cellcell configuration (*"),  while it remained 
outwardoutward when Ea was -50 mV. 

Figuree 2.11. shows the results of two experiments in which the effect of [Cl]j on the sign 
off  Icuca) w a s studied as a function of time. Since the size of I Q ^ vary between cones, the cells 
mayy not be compared with each other, but changes in IcljCa) with time in one individual cell can 
bee used to estimate EC1. Figure 2.11. (top) shows the current traces of a cone clamped at various 
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potentialss with EC) at -50 mV at 2 and 22 min after achieving whole-cell configuration. In this 
condition,, at both moments in time, a slowly developing outward current can be seen at -40 mV 
andd above. In both conditions, small tail currents are present. The overall response to the voltage 
stepss does not seem to change dramatically over time. This behavior was observed in all 29 cells 
testedd this way. With Ecl at -20 mV, on the other hand, the responses to the same voltage steps 
stronglyy change with time (bottom). Two minutes after achieving the whole-cell configuration, 
onlyy a very small slowly developing outward current can be observed and the tail currents are 
veryy small. However, at 21 min, a voltage step to -40 mV induces a large slowly developing 
inwardd current, and returning to -75 mV generates a very large tail current. This indicates that EC) 

hass changed strongly during the 20 min whole-cell configuration. In all 55 cones tested directly 
afterr achieving whole-cell configuration, voltage steps to -40 mV never induced a slowly 
developingg inward current and mostly induced a slowly developing outward current. These 
resultss indicate that the physiological Ea is around or more negative than -40 mV. 

Sincee this method to estimate EC) has a limited resolution, and works only in the range 
wheree IcltCa) is activated, a second method for the determination of EC] is needed. Therefore, a 
secondd estimate of EC1 was made using the tail currents. The experiments of figure 2.10. show 
thatt the tail currents can be almost completely be blocked by 100 /iM niflumic acid, indicating 
thatt these currents are carried by Ia^,. Figure 2.12. shows the current traces of a cone filled with 
aa 33 mM Cl-containing pipette solution 8 min after the whole-cell configuration was achieved. 
Thee cone was clamped at -77 mV, stepped to -20 mV for 500 ms and successively clamped for 
4000 ms to various potentials more negative than -50 mV. The step to -20 mV activates the IQ, and 
IcKCajj  and the subsequent step to negative potentials induces the Ip^-dependent tail current. For 
thee estimation of the reversal potential of the tail current, no potentials above -50 mV were used 
becausee at these potentials the activation of the calcium current interferes with the measurements. 
Too correct for a possible remaining leak current that might be present in the potential range 
betweenn -100 and -50 mV, the difference between the tail current measured 50 ms and 300 ms 
afterr the step from -20 mV to the negative potentials (gray bars), was used to determine the 
reversall  potential of the tail current. In this way, an estimate of the size of the tail current was 
obtainedd for various potentials. In the insert this estimate is plotted as a function of the potential. 
Thee dotted line is a linear curve fitted through the data points using the linear regression 
algorithm.. The intersection with the x axis gives the reversal potential of the tail currents. Since 
thee tail currents are mainly carried by CI, this value is an estimate of ECI. 

Figuree 2.12.B shows the estimates of EC1 for 11 cells with the [CI] in the pipette being 33 
mMM  (•) and 2 cells with [CI] in the pipette being 7 mM (o) as function of time. At 2 min, the 
estimatee yields values of -55  7 mV (n=5). This value is independent of the [CI] in the pipette. 
Forr low [CI] (o), EC1 does not change very much, whereas for high [CI] (•), EC1 becomes -33  4 
mVV (n=5) after 30 min and approaches its calculated Ec, value of -30 mV. This experiment 
showss that the physiological value of E a is approximately -55 mV and shifts in time with the 
[CI]] in the pipette. With Ecl around -55 mV surround stimulation will not induce a substantial 
polarizationn of the cone membrane potential as indicated by figure 2.3. 
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FigureFigure 2.12. (A) An example of 
aa tail current measurement, 8 
minmin after achieving whole-cell 
configuration.configuration. The cone was 
recordedrecorded with a 33-mM Cl-
containingcontaining patch pipette, 
clampedclamped at -77 mV, stepped to -
2020 mV for 500 ms, and 
successivelysuccessively clamped for 400 
msms to various potentials. The 
stepstep to -20 mVactivates Ia(Caj 

andand the step to the various 
potentialspotentials induces the Ca-
dependentdependent tail current. 
ForFor the estimation of the 
reversalreversal potential of the tail 
current,current, no potentials above -50 
mVmV were used, because at these 
potentialspotentials the activation of the 
llCaCa interferes with the 
measurements.measurements. The difference 
betweenbetween the mean current for 
5050 ms, measured 50 ms and 300 
msms after the step from -20 mV to 
thethe various clamp potentials 
(from(from -100 up to -50 mV) was 
usedused to determine Ea by 
assumingassuming that the tail current 
reversesreverses at Ea, in that condition 
thethe difference between the mean 
currentcurrent at 50 ms and 300 ms is 

(B)(B) Estimation ofEa using the tail-current measurements. The measured Ea's are shown for 11 
cellscells with [CI]  in the pipette being 33 mM (•) and for 2 cells with [CI] in the pipette being 7 mM 
(O),(O), at various moments after achieving the whole-cell configuration. At 2 min, the estimated Ea 

yieldsyields values of approximately -55 mV'for both values of [CI]. For the low [CI], Ea becomes 
moremore negative with time and for the high [CI], Ea becomes more positive with time. 
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Discussion n 

Inn this chapter we have shown that: (a) high [Cl]s reduces the direct cone light response, (b) 
surround-inducedd polarizations in cones are due to the activation of the 1̂  and the Ia(Ca), (c) EC) is 
approximatelyy -55 mV under physiological conditions, and (d) the effect of negative feedback 
fromm HCs to cones on second-order neurons is still present even when the cones do not 
depolarizee during surround stimulation. 

Cl-dependencee of the direct light response in cones 

Highh [Cl]j decreases and slows down the direct light response in cones by closing the light-
modulatedd conductance (figure 2.1.), presumably by an interaction of CI with the 
phototransductionn cascade. Since the light-modulated conductance has a reversal potential 
aroundd 0 mV, one would expect that the cone should hyperpolarize during perfusion with high 
[Cl]-containingg solutions. This was however not found (see figure 2.1.). To account for this 
apparentlyy contradictory finding, one needs to consider the effect of the change in [Cl]j on the 
Ice,.. The perfusion of the cell with high [CI], will have two opposing effects: (a) it will close the 
light-modulatedd conductance which will tend to hyperpolarize the cone and (b) it will shift EC1 in 
thee cones gradually to more positive potentials, which will ultimately lead to a depolarization of 
thee cone. The overall effect might be a relatively minor change in the cone membrane potential 
togetherr with a strong reduction in light response. Attwell and co-workers (Attwell et al., 1983) 
reportedd that also with 3 M potassium acetate-filled electrodes the light responsiveness reduced 
withh time. This indicates that the Cl-effect on the phototransduction, as described here, might be 
aa more general feature of anions. 

Thee feedback pathway from horizontal cells to cones 

Surroundd stimulation hyperpolarizes the HCs, which in turn shifts the 1̂  activation function in 
coness to more negative potentials (Verweij et al., 1996). This shift will increase the Ca influx 
leadingg to an increase in [Ca]; and finally to activation of Ic!(Ql). Depending on Ec„  this will lead 
too either a hyperpolarizing or depolarizing response of the cones. Since HCs feed back to cones 
negatively,, one could argue that cones should depolarize to surround stimulation. Therefore ECI 

shouldd be more positive than the resting membrane potential. Indeed, for turtle cones, some 
evidencee exists that EC1 might be more positive than the resting membrane potential (Thoreson 
andd Burkhardt, 1991). However, others found in turtle that EC1 is more negative than the resting 
membranee potential (Tachibana and Kaneko, 1984; Kaneko and Tachibana, 1986a). This 
negativee value of Ec was also found in other species (Miller and Dacheux, 1983; Wu, 1986) and 
iss in complete agreement with the findings presented in this chapter. The question addressed in 
thiss chapter is whether cone polarizations are essential for feedback-induced responses in second 
orderr neurons. We showed that, when the modulation of latCa) in cones is blocked by niflumic 
acid,, negative feedback-mediated responses in second-order neurons are still present. This means 
thatt the polarization of the cone by negative feedback is less important than the direct modulation 
off  the IQ,. 
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Thiss makes the feedback synapse from HCs to cones a very unique synapse. Polarization 
off  the presynaptic cell (HC) leads to Ca influx in the postsynaptic cell (cone). Since the Ca 
conductancee is small relative to the total conductance of the cone, modulation of the 1̂  will 
hardlyy polarize the cone. Moreover, the depolarizing effect of the 1̂  on the cone membrane 
potentiall  will be counteracted by the activation of Ici(Ca)> which tend to hyperpolarize the cone. As 
aa result, the membrane potential of the postsynaptic cell is hardly modulated, whereas the output 
off  the postsynaptic cell is strongly modulated. This mechanism of synaptic transmission is 
restrictedd to one synaptic terminal and does not integrate the input to the whole neuron. It is an 
openn but very intriguing question whether such synapses are also present elsewhere in the central 
nervouss system. 

Consequencess for  surround responses in bipolar  cells 

Thee consequence of this type of synaptic transmission is that, in the cones, the information about 
thee stimulus within their receptive field is visible in the membrane potential, whereas the 
informationn about the stimulus outside the receptive field of the cones, but inside the receptive 
fieldd of the HCs expresses itself mainly in changes in [Ca], in the synaptic terminal of the cones, 
withoutt affecting their cone membrane potential. Consistent with this finding is the work of Hare 
andd Owen (1996), who studied the effect of the GABA analogue D-ami no valeric acid (AVA) on 
thee surround responses of BCs in tiger salamander. They found that AVA blocked the surround 
responsess of BCs without any obvious effect on the cone membrane potential. This result could 
meann two things: (a) HCs feed directly into BCs via an AVA-sensitive pathway or (b) feedback 
fromm HCs to cones does not modulate the cone membrane potential (Hare and Owen, 1996). In 
vieww of the results presented in this chapter, the later interpretation seems more likely. 

Takenn together, it seems that the polarization of the cone membrane potential is not a 
goodd estimate of the output of the cones. Therefore, determining the transfer function of this 
synapsee by describing the postsynaptic potential changes as function of the presynaptic potential 
wil ll  not yield the function governing the complete signal flow between cones and HCs. This calls 
forr a re-evaluation of the data concerning the transfer-functions of cones to HCs and BCs. 

Functionall  role of the Ca-dependent Cl-current 

Thee results presented in this chapter indicate that IQJQ,, can have a large effect on the cone 
membranee potential when EC1 is more positive than -30 mV. However, under physiological 
conditions,, EQ was estimated to be about -55 mV. As indicated by figure 2.3., with Ep at this 
potential,, surround stimulation hardly modulates the cone membrane potential. Furthermore, the 
niflumicc acid experiments have shown that blocking I Q ^ hardly effects the cone and HC resting 
membranee potential or the cone and HC light responses. This illustrates that in the dark Ic ,^ is 
hardlyy activated. Since light stimulation will hyperpolarize the cones, this suggests that 1^^, will 
neverr be activated substantially. This seems counter intuitive because in the dark the Ca influx is 
large.. However, there are conditions in which Ic ,^ could be activated. First one has to realize 
thatt although the Ca influx is large, in the dark it is not maximal. Depolarizing a cone further 
thann the dark membrane potential will substantially increase the Ca influx and might activate 
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IcKCaii  Such depolarizations might occur at light offset, when cones can generate depolarizing 
light-offf  transients. In that condition, I^Q,, might be activated and will yield a hyperpol arizing 
influencee on the cone membrane potential that terminates the depolarizing light-off transients. 
Therefore,, the role of I^Q,, seems to be to prevent the cone from large depolarizations. 

Anotherr condition in which IQ ,^ could be activated is when only the surround of a cone 
iss stimulated with, for instance, an annular stimulus. In that condition, the central cone will 
remainn at its dark-membrane potential, but the activation function of the IQ, will be shifted to 
moree negative potentials. This will induce a larger Ca influx that might become large enough to 
activatee Ia(Ca) For this cone, the increased 1̂  tends to depolarize the cone, whereas the increased 
Ici(ca)) n as t ne opposite effect on the cone. The overall result might be that the cone membrane 
potentiall  in that condition is hardly modulated by feedback, whereas the glutamate release is 
increased.. The functional consequence is that the driving force for the modulation of the cGMP-
gatedd channel in the outer segment is not affected by negative feedback, making the gain of the 
lightt response of the cones independent of surround stimulation. Similar effects can be found in 
thee spectral domain as well. For instance, short wavelength-sensitive cones stimulated with a red 
backgroundd do not respond, but will receive a feedback signal from the HCs (Kraaij et a!., 1998). 
Also,, in this condition the activation function of the IQ, in the cones shifts to more negative 
potentials,, leading to an increase in the Ca influx, which tends to depolarize the cone, whereas 
thee activation of I^Q,, counteracts this depolarization. 

Inn turtle, on the other hand, it has been suggested that EC1 is more positive than the dark 
restingg membrane potential. Although this a controversial point which has not been settled at all, 
nextt the effect of a positive value of EC1 on the feedback pathway will be discussed. When Ea is 
positive,, activation of I^Q,, will depolarize the cones, which in turn will activate the voltage-
dependentt Ca channels and amplify the feedback signal in the cones. This makes [CI],, at least in 
thesee species, an effective tool to modulate the efficiency of the feedback signal. In this respect, it 
wouldd be very interesting to study whether EC] in goldfish cones can vary with, for instance, the 
adaptationall  state of the retina. 

Possiblee other  Cl-dependent processes in the cone terminal involved in feedback 

Niflumicc acid is known to be a rather nonspecific Ia(Ca) blocker. Could this nonspecific action of 
niflumicc acid have interfered with our analysis? A direct action of niflumic acid on the IQ, can be 
ruledd out, because the synaptic transmission between cones and HCs remains intact during 
niflumicc acid application, as shown in figure 2.9. Various reports have shown that GABA-gated 
CII  channels are located in the cones (Tachibana and Kaneko, 1984; Kaneko and Tachibana, 
1986a;; Yazulla et al., 1989). Can our results be explained by the assumption that niflumic acid 
blockss the GABA-gated CI channels in cones? It has been shown that surround stimulation does 
nott modulate the GABA-gated chloride channels in cones (Verweij et al., 1996). Since GABA is 
nott involved in the generation of the surround-induced depolarizing responses in cones, a 
possiblee block of the GABA-gated channels by niflumic acid cannot account for the present 
results. . 

Anotherr possible mechanism by which feedback could activate a chloride current is by 
activatingg the glutamate transporter, which is associated with a chloride conductance (Eliasof and 
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Werblin,, 1993; Picaud et al., 1995; Arriza et al., 1997). Because glutamate is released in a Ca-
dependentt manner, an increase of the IQ, in cones would increase the release of glutamate. Picaud 
ett al. Picaud et al. (1995) showed that the glutamate released by the cones can increase the CI 
conductancee of the glutamate transporters in that cone. If the surround-induced CI current is 
mediatedd by the glutamate transporter, then niflumic acid should block the glutamate transporter. 
Thiss is not the case because niflumic acid did not affect the HC responses significantly, whereas 
blockingg the transporter with dihydrokainate (DHK) or DL-threo-p-hydroxyaspartate (PHA) 
inducess a considerable change in HC response dynamics (Eliasof and Werblin, 1993; 
Vandenbrandenn et al., 1996). 

Inn summary, we conclude that the underlying current for the surround-induced 
depolarizingg responses is most likely Ia(Car We based this conclusion on mainly four findings: (a) 
Thee surround-induced currents depend strongly on EC], (b) these CI currents only activate after 
sufficientt activation of the 1̂  (c) these currents generate slow tail currents and (d) the slowly 
developingg surround-induced currents in cones can be blocked by niflumic acid. Finally, in 
literaturee a number of papers have shown that in various species cones have an laiCa) with similar 
propertiess as described in this chapter (Maricq and Korenbrot, 1988; Barnes and Hille, 1989; 
Barness and Deschenes, 1992; Yagi and MacLeish, 1994). 

Depolarizingg cone responses due to full-fiel d stimulation 

Sometimes,, cones also depolarize during full-field (Baylor and Fuortes, 1970; Lasansky, 1981; 
Burkhardtt et al., 1988; Piccolino, 1995). The responses were mostly recorded with KC1- or KAc-
filledd microelectrodes and are identified as responses generated via feedback from HCs to cones. 
Thesee results are confusing, because full-field stimulation will hyperpolarize all cones, and 
consequentlyy all HCs should hyperpolarize. The depolarizing responses of cones during full-field 
stimulationn would imply that the effect of the feedback signal on the cone membrane potential 
hass become stronger than the initial cone response. This cannot be true for all the cones, because 
underr such condition the HCs would not remain hyperpolarized. To account for these results, one 
hass to consider the effect of CI on the various response components. The depolarizing responses 
off  cones due to full-field stimulation were mostly recorded with Cl-containing electrodes. In this 
condition,, the feedback responses in the cones are enhanced due to the positive value of EQ. 
Furthermore,, the direct light responses of the cones reduce over time with EC1 more positive than 
-300 mV, suggesting that high [CI] in the cones inhibits the phototransduction pathway. Similar 
observationss have been made by Lasansky (1981) with KCl-filled electrodes and by Attwell et al. 
(1984)) with KAc-filled electrodes. In conclusion: the depolarizing responses of cones due to full-
fieldfield stimulation seems to be due to artificially high anion concentrations in the cones recorded 
from,, which enhances the feedback-induced membrane potential changes and reduces the direct 
lightt responses. 

Conclusion n 

Thee sequence of events during surround stimulation can be summarized as follows: surround 
stimulationn leads to hyperpolarization of HCs, which shifts the calcium current activation 
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functionn of the cones to more negative potentials. This induces a Ca influx, leading to an increase 
inn glutamate release. Since the Ca conductance is relatively small compared to the total 
membranee conductance of the cone, this Ca influx will only slightly depolarize the cone. Under 
physiologicall  conditions, this modulation of the Ca influx will be too small to activate IcUCa) 

substantially.. The result is that the cone membrane potential is hardly modulated by feedback, 
whilee the cone's glutamate release is strongly modulated by feedback. Thus, feedback-mediated 
responses,, such as the depolarizing responses in the BHC due to red light stimulation and the 
surroundd responses of BCs, remain present in the absence of depolarizing cone responses. 
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Chapterr  3 

Thee Open- and Closed-Loop Gain-Characteristics 
off  the Cone/Horizontal Cell Synapse in Goldfish Retina 

D.A.. Kraaij, H. Spekreijse and M. Kamermans (Journal of Neurophysiology, 84: 2000; in press) 

Abstract t 

Underr constant light-adapted conditions, vision seems to be rather linear. However, the processes 
underlyingg the synaptic transmission between cones and second-order neurons (bipolar cells and 
horizontall  cells) are highly nonlinear. In this chapter the gain-characteristics of the transmission 
fromm cones to horizontal cells are described with and without negative feedback from horizontal 
cellss to cones. Furthermore, the gain-characteristic of the transmission from horizontal cells to 
coness is characterized. It is shown that (1) the gain-characteristic from cones to horizontal cells is 
stronglyy nonlinear without feedback from horizontal cells, (2) the gain-characteristic between 
coness and horizontal cells becomes linear when feedback is active, and (3) horizontal cells feed 
backk to cones via a linear mechanism. In a quantitative analysis, it will be shown that negative 
feedbackk linearizes the synaptic transmission between cones and horizontal cells. The 
physiologicall  consequences are discussed. 

Introductio n n 

Thee cone synaptic complex offers a unique opportunity to study the properties of synaptic 
transmissionn in the retina, since the stimulus of the presynaptic cell is well defined and since in 
thiss synapse both the pre- and postsynaptic signals can be recorded rather easily. Given the 
nonlinearityy of the processes involved in neurotransmitter release (Witkovsky et al., 1997), one 
wouldd expect that the transfer functions are highly nonlinear. However, under constant light 
conditions,, the visual system seems to be rather linear (see, for instance, Van der Tweel and 
Reits,, 1998). A quantitative description of the transfer functions between cones and second-order 
neuronss is essential for understanding the effects of the non linearities in the first step of visual 
signall  processing for the visual system as a whole. Various studies have addressed this question. 
However,, in most of these studies either salamander, toad or xenopus was used (Yang and Wu, 
1996;; Wu, 1998; Belgum and Copenhagen, 1988; Witkovsky et al„  1997; Fatk, 1988). In 
contrastt to fish, the horizontal cells (HC) in these animals have a parallel rod and cone input, 
whichh complicates the analysis. Also fish and turtle retinae have been used (see, for instance, 
Normannn and Perlman, 1979), but in those studies, the feedback signal could not be separated 
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accuratelyy from the direct light response of the cones. 

Thee feedforward synapse 

Thee basic scheme of the events in the synapse between cones and second-order neurons can be 
formulatedd as follows. In the dark, cones rest at about - 45 mV (Kraaij et al., 1998). At that 
potential,, the voltage-dependent Ca channels in the cone synaptic terminals are activated, causing 
aa continuous Ca influx, resulting in a continuous glutamate release. During light stimulation, 
coness hyperpolarize and consequently the voltage-dependent Ca channels close, which leads to a 
reductionn in Ca influx and to a reduction of glutamate release (Ayoub et al., 1989; Copenhagen 
andd Jahr, 1989; Witkovsky et al., 1997). HCs, one of the postsynaptic cell types, have a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionicc acid (AMPA)-type glutamate receptors (Lasater and 
Dowling,, 1982; Slaughter and Miller, 1983; Zhou et al., 1993) and due to the continuous release 
off  glutamate by the cones, they rest in the dark at about -35 mV. During light stimulation, the 
glutamatee release by photoreceptors decreases and consequently the AMPA-type glutamate 
channelss in the HC membrane close, leading to hyperpolarization of the HCs. Also, the bipolar 
cellss (BCs) receive input from the cones, and depending on the type of glutamate receptor 
(ionotropicc or metabotropic) these cells will hyperpolarize or depolarize in response to light 
(Shiellss et al., 1981; Ashmore and Copenhagen, 1983; Kaneko and Saito, 1983; Saito and 
Kaneko,, 1983; Attwell et al., 1987a; Nawy and Copenhagen, 1987). 

Thee feedback synapse 

Besidess this "feedforward" pathway, HCs feed back to cones by directly modulating the calcium 
currentt (1 )̂ in the cones (Verweij et al., 1996). This pathway forms the basis for the surround 
responsee of the BCs (Kaneko, 1970; Saito and Kujiraoka, 1988; Hare and Owen, 1992). HC 
hyperpolarizationn leads to a shift of the calcium current activation function to more negative 
potentials,, which results in an increase in Ca influx and consequently to an increase in glutamate 
release,, which makes this pathway a negative feedback pathway. Since the 1̂  is very small in 
relationn to the total conductance of the cones (Verweij et al., 1996; Kamermans and Spekreijse, 
1999;; Kraaij et al., 2000a), negative feedback hardly modulates the cone membrane potential, 
whereass it strongly modulates the synaptic output of the cone. This means that the signal 
transmittedd across this type of synapse is not primarily coded in membrane potential, but in 
changess in Ca concentration in the cone synaptic terminal. Therefore, the transfer functions of 
thiss synapse determined by measuring the pre- and postsynaptic membrane potentials as was 
donee by (amongst others) Normann and Perlman (1979), Belgum and Copenhagen (1988) and 
Wuu (1991, 1993, 1998) does not adequately describe the signal flow over this synapse. 

Nonlinearityy of synaptic transmission 

Thee synaptic transmission between photoreceptors and second order neurons has been reported to 
bee highly nonlinear (Attwell etal., 1987b; Akopian et al, 1997; Witkovsky et al., 1997; Wu, 
1998)) and to depend on the activation of L-type-like Ca channels. These channels do not 
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desensitizee at all and are activated at potentials more positive than -60 mV (Verweij et al., 1996). 
Bothh properties make these channels very suitable for their role in sustained synaptic 
transmissionn across the cone/HC synapse because they can maintain a continuous Ca influx at the 
resting-membranee potential of the cones. In the range of physiological membrane potentials, the 
I cc has an exponential behavior which might underlie the nonlinearity of the synaptic 
transmissionn (Witkovsky et ah, 1997). 

Onn the other hand, various papers have shown that the modulation response of HCs is 
linearlyy related to the modulation depth of the light stimulus, even for large modulation depths 
(Spekreijsee and Norton, 1970; Sakai et al., 1997a; Sakuranaga and Naka, 1985; Chappell et al., 
1985;; Naka et al., 1988). In other words, the transfer function from cones to HCs seems to be 
linear.. Given the Ca dependence of the glutamate release, a special mechanism would be required 
too linearize the synaptic transmission. This mechanism has not yet been described. 

Rationale e 

Thee aim of this chapter is to describe the gain-characteristics between the cones and HCs in 
goldfishh retina. One has to realize that the cone/HC network is a closed-loop network. Cones 
feedd into the HC network and HCs feed back to the cones. In previous studies, dealing with the 
transferr functions of the cone/HC synapse, this fact has been ignored but, as will be shown, it has 
significantt effects on the gain-characteristics. Unfortunately, at this moment, no pharmacological 
toolss are available to open the loop between cones and HCs by blocking the feedback pathway. 
Therefore,, another method was used to separate the feedforward from the feedback signal. Since 
thee negative feedback signal is slower than the feedforward signal, the initial part of the HC 
responsee is dominated by the feedforward signal (Piccolino et al., 1981; Wu, 1994; Kamermans 
andd Spekreijse, 1999; Fahrenfort et al., 1999). This enables us to determine the open-loop 
feedforwardd gain-characteristic. The sustained part of the response contains both the feedforward 
andd the feedback signal (Piccolino et al., 1981; Wu, 1994; Kamermans and Spekreijse, 1999). 
Thatt transfer function gives therefore the closed-loop gain, which describes the behavior of the 
systemm when it is adapted to the background illumination and is modulated around that 
illuminationn level. 

Materiall  and Methods 

Preparation n 

Goldfishh (Carassius auratus; 12-16 cm) were kept at 20 °C under a 12-h-light, 12-h-dark regime. 
Beforee the experiment the fish was kept in the dark for 8  1 min to facilitate the isolation of the 
retinaa from the pigment epithelium, while keeping the retina still light adapted. Under dim red or 
infraredd light illumination (X = 920 nm), the fish was decapitated and an eye was enucleated and 
hemisected,, and the retina was removed. Animal handling and experimental procedures were 
reviewedd and approved by the ethical committee for animal care and use of the Faculty of 
Medicinee of the University of Amsterdam, acting in accordance with the European Community 
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Councill  directive of 24 November 1986 (86/609/EEC). 
Whole-cellWhole-cell patch-clamp recordings. The retina was placed with the receptor side upwards, in a 
superfusionn chamber, mounted on a microscope (Optiphot-X2; Nikon Inc.), illuminated with 
infraredd light (X > 850 nm wratten filter 87c; Eastman-Kodak Co.) and viewed with a 40x water 
immersionn objective (numeric aperture, NA = 0.55 Nikon Inc.), Hoffman modulation contrast 
opticss and a video camera (Philips). The superfusion chamber was continuously perfused at a rate 
off  about 1.5 ml min' with oxygenated Ringers solution. Electrodes were mounted on a MP-85 
Huxley/Wall-typee micro-manipulator (Sutter Instruments Co.) And connected to an integrating 
patchh clamp (3900A; Dagan Corp.). For the data acquisition, control of the patch clamp and 
opticall  stimulator, an AD/DA convenor (CED 1401; Cambridge Electronic Design Ltd.) and an 
MS-DOSS based computer system were used. 
IntracellularIntracellular recordings. For the intracellular recordings from HCs the superfusion chamber was 
mountedd on an inverted microscope (IMT-2; Olympus Co.), the retina was illuminated with an 
infraa red light emitting diode (LED SFH 484-11, Telefunken), and viewed through a 2x objective 
off  the microscope and a video camera (Philips). The recordings were made with a S7000A 
microelectrodee amplifier with a S7071A electrometer module (World Precision Instruments, 
Inc.). . 

Dataa acquisition, control of the microelectrode amplifier, and of the optical stimulator 
weree done with an AD/DA convenor with a sample frequency of 1.0 kHz (CED 1401; 
Cambridgee Electronic Design Ltd.) and an MS-DOS based computer system. 

Opticall  stimulator 

Thee optical stimulator used has been described in chapter 2. In short, it consisted of two light 
beamss from a 450-W xenon light-source, projected through electronic shutters (electronic 
Uniblitzz VS14, Vincent associates), neutral density filters (NG Schott), neutral density wedges 
(Barrr and Strout), band-pass interference filters with a bandwidth of 8  3 nm (Ealing Electro-
Opticss Inc.), monochromators (Ebert), and lenses and apertures. Throughout the chapter white 
lightt stimuli of 0 log corresponds to an intensity of 4.0 * 103 cd m"2 s~'. 

Electrodes s 

Inn the experiments involving HCs, intracellular recording techniques were used, whereas in the 
experimentss involving cones, patch-clamp recording techniques were used. For the intracellular 
experimentss microelectrodes were pulled with a pipette puller (P-80-PC; Sutter Instruments Co.), 
usingg alluminosilicate glass (AF100-53-15; Sutter Instruments Co.), and had impedances ranging 
betweenn 80-200 MQ when filled with 4 M KAc. For the patch-clamp experiments, the electrodes 
weree pulled from borosilicate glass (GC150TF-10, Clark) with a Sutter puller (P-87 pipette 
puller,, Sutter Instruments). 

Liqui dd junction potential 
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Thee liquid junction potential was measured with a patch electrode filled with pipette medium, 
positionedd in a pipette medium containing bath. Then the potential was adjusted to zero and the 
bathh solution was replaced with Ringers solution. The resulting potential change was considered 
too be the junction potential and all data were corrected accordingly. 

Ringerss solutions and pipette medium 

Thee Ringers solution contained (mM): 102.0 NaCl, 2.6 KC1, 1.0 MgCl2, 1.0 CaCl2, 28.0 
NaHC03,, 5.0 glucose, and was continuously bubbled with approximately 2.5% C02 and 97.5% 
022 yielding a pH of 7.8. The pipette medium contained (mM): 20.0 KC1, 70.0 D-gluconic-K, 5.0 
KF,, 1.0 MgCl2, 0.1 CaCl2, 1.0 EGTA, 5.0 HEPES, 4.0 ATP-Na2, 1.0 GTP-Na„  0.2 3':5'-cGMP-
Na,, 20 phosphocreatine-Na2, and 50 U/ml creatine phosphokinase. The pH of the pipette medium 
wass adjusted to 7.25 with KOH. All chemicals were obtained from Sigma-Aldrich. 

Statistics s 

Thee mean amplitude of the responses is given as mean  standard error of the mean. Statistical 
significancee was tested using a t-test with a significance level of 0.05. 

Celll  classification 

Coness were selected under visual control and classified according to their spectral sensitivity 
(Kraaijj  et al., 1998). Only long, middle, and short wavelength-sensitive cones were found. HCs 
weree classified based on their spatial and spectral properties, as described by Norton et al. (1968). 
Inn the present study only monophasic HCs (MHCs) were used. These HCs hyperpolarize over the 
wholee visible spectrum. 

Results s 

First,, the gain-characteristics of the feedforward pathway will be determined: one in the "open-
loopp mode" and one in the "closed-loop mode". To obtain these functions, the R/log I relations of 
coness and MHCs were determined early in the response (between 34 and 46 ms after stimulus 
onset)) to obtain the gain-characteristic without the influence of feedback ("open-loop mode") and 
inn the sustained phase of the response (between 434 and 494 ms after stimulus onset) to obtain 
thee gain-characteristic in the "closed-loop mode". These time-windows were chosen such that the 
earlyy window did not include the peak response of the HCs but still yielded a relatively large 
amplitude,, while the late window was positioned in the sustained phase of the response. Figure 
3.1.. shows the light responses of an M-cone to 500-ms flashes of full-field white light stimuli of 
variouss intensities. The response amplitude increases with stimulus intensity and the slope of the 
onset-responsee becomes steeper with intensity (see insert). For the highest intensities, the cone 
responsee starts to saturate, which leads to an elongation of the response. The R/log I relations of 
thee initial and the sustained light responses of six cones were determined with 500-ms flashes 
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presentedd at an inter-stimulus interval of at least 5 s. Since the maximal response amplitude and 
thee sensitivity of the cones varied slightly between individual cones, the initial and the sustained 
lightt responses were normalized to the maximal sustained response amplitude of each cone and 
shiftedd along the intensity axis such that the intensity needed to obtain the half-maximal 
sustainedd light response (K) equals 1 cd m'2 s '. These normalized R/log I curves were averaged, 
interpolatedd in steps of 0.02 log units and scaled back to the mean maximal sustained light 
response.. The initial (solid curve ®) and the sustained R/log I relations (solid curve (D) for these 
sixx cones are shown in figure 3.2. Hil l functions (eq. 3.1.) were fitted through the R/log I curves 
(dashedd curves). The slope factor (n) of the R/log I relation of the sustained response was 0.69. 
Sincee the R/log I relation of the initial response ® did not reach a plateau phase, the fitted values 
off  n (0.34) and K (2041 cd m ' V ) for this relation are meaningless. However, since this fitted 
curvee does describe the experimental curve adequately in the intensity range between -2 log to +3 
log,, this curve wil l be used later in this chapter for further analysis. 
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FigureFigure 3.1. Light responses of an M-
conecone to 500-ms full-field white light 
flashesflashes with intensities indicated in 
thethe figure. The stimulus intervals 
werewere at least 5 s. The scaling, timing, 
andand log intensities are indicated in 
thethe figure. Insert: normalized cone 
responseresponse onset for various intensities 
ofof the same cone as illustrated in the 
mainmain figure, showing that the slope at 
lightlight onset becomes steeper with 
intensity. intensity. 
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FigureFigure 3.2. Mean intensity-response relations of six cones. The solid line, markedas (D, 
representsrepresents the normalized, mean, interpolated amplitude of the initial light response (between 36 
andand 46 ms after light onset) as a function of the relative stimulus intensity. The solid line, marked 
asas 0, represents the normalized mean, interpolated amplitude of the sustained cone light 
responseresponse (between 434 and 494 ms after light onset) as a function of the relative stimulus 
intensityintensity of the same cones. The dashed lines are Hill equations (eq. 3.1.) fitted through the data 
points. points. 
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Thee feedforward signal 

Nextt the responses of the HCs were studied using a similar protocol as for the cones. To 
circumventt the spectrally coded pathways in the outer plexiform layer, only full-fiel d white light 
stimulii  and MHCs were used in these experiments. Note that all spectral cone types, respond 
equallyy to white light. Therefore, the input to the MHC can be considered as one cone class for 
whitee light stimuli. Figure 3.3. gives the responses of an MHC to white light stimuli of 500 ms 
withh an inter-stimulus interval of at least 10 s. The stimulus intensity was increased in steps of 
0.200 log units over a range of 3.00 log units. Again, the response amplitude increased with 
intensity,, but in contrast to the cones, the shape of the HC response changes strongly with 
intensity.. For the middle intensities, a pronounced rollback is present in the HC response (figure 
3.3.,, arrow). The R/log 1 relations of six MHCs were normalized to the maximal sustained 
responsee amplitude of each HC and shifted along the intensity axis, such that K for the sustained 
responsess was 1 cd m"2 s~'. Then the R/log I curves were averaged, interpolated in steps of 0.02 
logg units, and scaled back to the mean sustained response amplitude. Figure 3.4. gives the mean 
R/logg I relation of the initial (34 - 46 ms; curve ®) and the sustained (434 - 494 ms; curve <D) HC 

responses. . 
-1.00 log 

0.00 log 

i U-J / / 

1.00 log 

\ . . 
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FigureFigure 3.3. Light responses 
ofof an MHC to 500-ms white 
lightlight flashes with intensities 
indicatedindicated in the text. The 
inter-stimulusinter-stimulus intervals were 
atat least 10 s. The scaling, 
timing,timing, and intensities are 
indicatedindicated in the figure. The 
arrowarrow points to the rollback 
inin the MHC response. 
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FigureFigure 3.4. Mean intensity-response relations of six MHCs. The solid line, marked as (D, 
representsrepresents the normalized mean interpolated amplitude of the initial light response (between 36 
andand 46 ms after light onset) as a function of the relative stimulus intensity. The solid line, marked 
asas ®, represents the normalized mean interpolated amplitude of the sustained light response 
(between(between 434 and 494 ms after light onset) as a function of the relative stimulus intensity for the 
samesame MHCs. The dashed lines are Hill equations (eq. 3.1.) fitted through the data points. 

Hil ll  functions (eq. 3.1.) were fitted through both the R/log I relations (dashed curves). 
Thee Hil l coefficient of the initial and the sustained relation were 0.57 and 0.89, respectively, and 
thee K value of the initial R/log I relation was 1.22 cd m'2 s"1. 
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Conee membrane potential (mV) 

Figuree 3.5. The "open-
loop""  (A) and "closed-
loop""  (B) gain-
characteristicc functions 
fromm cones to HCs 
(solidd lines). This solid 
curvess are based on the 
measuredd R-log(I) 
relationss of figures 3.2. 
andd 3.4. and the dashed 
liness are the gain-
characteristicc functions 
basedd on the fitted 
curvess of figures 3.2. 
andd 3.4. The open-loop 
gain-characteristicc is 
highlyy nonlinear, 
whereass the closed-
loopp gain-characteristic 
iss nearly linear. 

Conee membrane potential (mV) 

Byy assuming that the mean absolute sensitivities for the sustained light responses of the 
coness and the HCs are equal for white light, the intensity can be factored out, obtaining the gain-
characteristicc of the cone/HC synapse in the "open-loop mode" (figure 3.5.A) and in the "closed-
loopp mode" (figure 3.5.B). One could argue that such an assumption is not necessary, since 
simultaneouss recordings from HCs and cones could have been made. However, one has to realize 
thatt HCs receive input from hundreds of cones, directly or indirectly via the gap-junctions. The 
coness projecting to one HC do have different spectral sensitivities and do not necessarily have 
thee same response shape and/or adaptational state. Therefore, we have chosen to determine the 
meann intensity-response curves of the cones and HCs and use these curves to calculate the gain-
characteristics. . 
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Normann and Perlman (1979) showed that the sensitivity of the cones was about 0.5 log 
lesss than that of the HCs, whereas Fuortes and Simon (1974) showed that HCs were slightly less 
sensitivee than the cones. These experiments indicate that there is not a large difference between 
thee sensitivities of cones and HCs. 

Figuree 3.5.A illustrates that the gain-characteristic in the open-loop mode is highly 
nonlinear,, whereas figure 3.5.B shows that the gain-characteristic in the closed-loop mode is 
almostt linear. The solid lines show the gain-characteristics based on the interpolated R/log I 
curvess of the figures 3.1. and 3.3. and the dashed lines show the gain-characteristics based on the 
fittedd Hil l functions of the figures 3.2. and 3.4. 

Onee can define the gain of the signal transmission from cones to HCs as the slope of the 
gain-characteristics.. This definition of gain differs from the one used by Shapley and Enroth-
Cugelll  (1987). In those studies, gain is defined in millivolt s per quanta. In the present study, gain 
iss defined as millivolt s postsynaptic response per millivolt s presynaptic response. 

Fromm figure 3.5., it is clear that in the open-loop mode the gain is high for depolarized 
conee membrane potentials and low of hyperpolarized cone membrane potentials. In the closed-
loopp mode, on the other hand, the gain is almost independent of cone polarization. 

-700 -60 -50 -40 -30 -20 -10 0 

Holdingg potential (mV) 

FigureFigure 3.6. The 
I-VI-V relation of a 
cone,cone, whose 
membrane membrane 
potentialpotential was 
rampedramped from -70 
toto 0 mV within 
500500 ms. At the 
samesame time, the 
conecone was 
saturatedsaturated with a 
65-/xww white spot 
andand in addition a 
3,000-jxm3,000-jxm white 
full-fieldfull-field stimulus 
ofof three 
intensitiesintensities was 
applied.applied. The full-
fieldfield stimuli shift 
thethe activation 
functionfunction of the lCa 

toto more negative 
potentialspotentials in an 
intensity-intensity-
dependent dependent 
manner. manner. 
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Sc, , 

Calciumm current of the cone (pA) 
Holdingg potential of the cone (mV) 
Reversall  potential of the 1^ (mV) 
Maximall  conductance of the calcium channels (nS) 
Potentiall  for half-maximal activation of the calcium current activation function (mV) 
Slopee factor of the calcium current activation function (mV) 

Thee feedback signal 

Upp to now the feedforward gain-characteristic from cones to HCs has been determined. To obtain 
aa complete description of the signal flow between cones and HCs, the gain-characteristic of the 
feedbackk pathway has to be derived. The HCs feed back to cones in a rather special way. 
Negativee feedback from HCs to cones shifts the activation function of the cone's 1̂  without a 
substantiall  change in the cone membrane potential. This shift in activation function in cones can 
bee determined directly. Plotting the shift in Ca-activation function as function of the HC 
membranee potential yields the gain-characteristic of the HC-cone feedback synapse. To isolate 
thee feedback signal in cones from the feedforward signal, cones were continuously saturated with 
aa 65-jim-diameter white spot of 0 log and at the same time the retina was stimulated with a full-
fieldd stimulus. During the full-field stimulation, the cone's holding potential was ramped from -
700 to 0 mV within 500 ms (figure 3.6.). This protocol was repeated for a series of intensities of 
thee full-field stimulus. The curves were leak-subtracted, and after leak subtraction eq. 3.2. was 
fittedd through the data points. In this equation is: Vm the holding potential of the cone, ECil the 
reversall  potential of the 1 ,̂ gc, the mean conductance of the calcium channels, KQ, the half 
maximall  activation potential of the IC;1, and nCa the slope factor of the 1 .̂ The curves of figure 
3.6.. were fitted with a set of parameters in which K^ was the only parameter which changed with 
intensity.. The mean values of Kca, nCa, gc, and ECa were -23.7  7.6 mV, 8.7 , 1.7 + 1.1 
nSS and 135  151 mV, respectively. In figure 3.7., Kc, is plotted as function of the stimulus 
intensity,, yielding the R/log I curve for the feedback signal. This relation could be fitted with an 
Hil ll  equation (eq. 3.1.) with a Hill coefficient of 0.73 (n=9). The gain-characteristic of the 
feedbackk signal is the relation between the HC membrane potential and the shift in the cone 
calciumm current activation function. Since both the feedforward and the feedback R/log I relation 
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couldd bc determined in the same cone, the difference in intensity needed to obtain the half-
maximall  response amplitude for both the feedforward and the feedback signals could be 
determinedd without any additional assumptions. The absolute values of K for the feedforward 
andd the feedback signal were 9.3  0.4 (n=9) and 9.2  0.5 (n=9) log cd m'2 s"\ respectively. This 
differencee of 0.1 log between both K-values does not differ significantly from zero. 

-3.00 -2.0 -1.0 0.0 1.0 2.0 3.0 

Relativee intensity (log units) 

FigureFigure 3.7. The feedback-induced mean shift of the calcium current activation function as a 
functionfunction of the relative full-field stimulus intensity. The filled circles represent the feedback-
inducedinduced shift in the activation function of the ICa in nine cones. The solid line shows the best 
fittingfitting Hill equation (eq. 3.1.) through these data points, and the dotted lines show the 95 % 
probabilityprobability interval of this function. 

Havingg both the R/log I curves of the sustained HC response (figure 3.4.) and of the 
feedbackk signal (figure 3.7.), the intensity was factored out, and the gain-characteristic of the 
feedbackk pathway was obtained (figure 3.8.). The solid line is the gain-characteristic based on the 
interpolatedd data and the dashed line is the one based on the fitted Hill-equation. This gain-
characteristicc is almost linear, showing that in this range of the HC potentials, the gain of the 
feedbackk pathway (millivol t shift in cone calcium current activation function per millivol t HC 
polarization)) is nearly independent of the HC membrane potential. Only the gain-characteristic of 
thee sustained part of the responses was determined, because the feedback signal is almost absent 
inn the initial phase of the response. 

Thee effect of feedback on the output of the cones 
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Thee effect of feedback on the output of the cones 

Thee shift in half-activation potential of cone's 1^ wil l affect the output of the cones. The question 
noww arising is, whether we can obtain an estimate of the change in cone output due to feedback 
fromm HCs This estimate is an important parameter, since feedback from HCs to cones is thought 
too be the source of the surround response of the BCs (Kancko, 1970; Kaneko, 1973; Saito and 
Kujiraoka,, 1988). Full-field light stimuli hyperpolarize the cones, which leads to 
hyperpolarizationn of the HCs and consequently to a shift in the activation function of the 1^ in 
coness to more negative potentials. This causes an increase in the glutamate release by the cones. 
Duee to this increased transmitter release, HCs wil l depolarize slightly. This depolarization is the 
secondaryy depolarizing phase or rollback in the HC response (see figure 3.2.) ( Piccolino et al., 
1981;; Kamermans and Spekreijse, 1995; Fahrenfort et al., 1999)) and was used as an estimate of 
thee effect of feedback on the output of the cones. 
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FigureFigure 3.8. The gain-characteristic from HCs to cones. This is the feedback-induced shift of the 
calciumcalcium current activation function as a function of the sustained MHC membrane potential. The 
solidsolid line is based on the data points of the sustained part of the response in the figures 3.4. and 
3.7.,3.7., whereas the dashed line is based on the fitted curves of the sustained part of the response in 
thethe figures 3.4. and 3.7. 
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Inn figure 3.9.A the mean R/log I relation of the sustained response of 4 MHCs is given 
andd in figure 3.9.B the difference between the peak and the plateau phase of the response of the 
samee HCs is plotted as a function of intensity. Both curves are obtained after normalization of the 
intensityy of the sustained R/log I curves. This figure indicates that the rollback in the HC 
responsee is maximal in the middle intensity range (K = 1 cd m"2 s"1), suggesting that negative 
feedbackk is small at low and high intensities and maximal in the middle intensity range. This is a 
unexpectedd result, since the R/log I relations of the cone, of the HC and of the feedback signal 
measuredd in cones are monotonie relations. In the discussion, a hypothesis accounting for these 
seeminglyy contradictory observations will be presented. 
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FigureFigure 3.9. Intensity-response 
relationrelation for the rollback in the 
responseresponse of four MHCs. A: The 
meanmean R/log I relation of the 
MHCMHC sustained (between 434 
andand 494 ins after light onset) 
response.response. The curves were 
normalized,normalized, shifted along the 
intensityintensity axis such that the half-
maximalmaximal response amplitude 
equaledequaled 1 cd m2 s', and scaled 
backback to the mean maximal 
responseresponse amplitude. B: The 
differencedifference between the peak and 
thethe plateau phase of the 
responseresponse of the same four 
MHCsMHCs as a function of the 
relativerelative stimulus intensity. 
TheseThese curves were shifted along 
thethe intensity axes similarly as 
thethe curves in A. 
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Discussion n 

Inn this chapter, we have determined the R/log I curves from cones, from HCs, from the feedback 
signall  in the cones and the effect of the feedback on the HC responses. Based on these curves, the 
gain-characteristicss from cones to HCs, and from HCs to cones were derived and the efficiency 
off  the feedback signal was estimated. 

Thee feedforward gain-characteristics 

Itt was found that the "open-loop" synaptic transmission from cones to HCs is nonlinear. 
Althoughh littl e data about the transmission between cones and second-order neurons is available, 
ourr data are consistent with the data concerning the transmission between rods and second-order 
neuronss {Belgum and Copenhagen, 1988; Falk, 1988; Yang and Wu, 1996; Wu, 1998; 
Witkovskyy et al., 1997; Akopian et al„  1997). All these studies show a strong nonlinearity. This 
nonlinearityy can be accounted for by the shape of the calcium current I-V relation of the cones in 
theirr physiological membrane potential range. Our results are, however, not in agreement with 
thee work of Naka and co-workers (Naka et al., 1974; Naka and Ohtsuka, 1975; Naka and 
Carraway,, 1975; Sakuranaga and Naka, 1985; Sakai et al., 1997b; Sakai et al., 1997a; Sakai et 
al.,, 1997c) who found that cone to HC synaptic transmission is linear. When discussing this point 
onee should realize that the two sets of data are based on different sets of experiments. The 
conclusionn that the transmission is nonlinear is mainly based on HC flash responses recorded in 
thee dark or on a dim background light, whereas the later conclusions are based on "white-noise" 
modulatedd stimuli. Sakai et al. (1997a, b, c) suggested that in the "white noise" stimulus used in 
theirr experiments high frequencies are less prominent compared to the flash stimuli used by 
others.. Another difference is that the experiments of Sakai et al. were performed under a relative 
steady-statee condition, as opposed to the experiments with flash stimuli. As obvious from figure 
3.5.,, negative feedback from HCs to cones linearizes the gain-characteristic from cones to HCs. 
Sincee feedback has a longer time constant than the feedforward signal, this linearization will be 
mostt prominent in steady state conditions. This might be the reason for the discrepancy between 
thee white noise experiments and the flash experiments. For full-field, low-frequency stimuli, the 
transmissionn between cones and HCs will be rather linear, whereas for high frequencies and 
smalll  spots it is likely to be nonlinear. 
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FigureFigure 3.10. The "open-
loop"loop" (A) and "closed-loop" 
(B)(B) gain-characteristics from 
conecone to HC for different 
sensitivitiessensitivities of the HCs. The 
solidsolid lines are the curves 
fromfrom figure 3.5. The dashed 
andand dotted lines are the gain-
characteristicscharacteristics for different 
valuesvalues ofK as indicated in 
thethe figure. The open-loop 
gain-characteristicgain-characteristic remains 
highlyhighly nonlinear and the 
closed-loopclosed-loop gain-
characteristiccharacteristic remains nearly 
linearlinear for the different values 
ofK. ofK. 

Inn this analysis the assumption was made that the mean absolute sensitivity of the 
sustainedd light response of the cones and MHCs are equal for white light. To investigate the 
dependencee of the gain-characteristics on this assumption, the K of the HC was varied from +0.5 
logg to -0.5 log in steps of 0.25 log. The resulting gain-characteristics are presented in figure 3.10. 
Inn (A), the gain-characteristics based on the early responses are plotted and in (B), the gain-
characteristicss of the sustained responses are plotted. As it becomes clear from this figure, the 
generall  conclusion that feedback linearizes the gain-characteristics holds for almost a range of
0.55 log units variation in K. This range is about the reported range of sensitivity differences in 
literaturee (Fuortes and Simon, 1974; Normann and Perlman, 1979). 
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Thee feedback gain-characteristic 

Thee gain-characteristic of the feedback signal turns out to be almost linear. It was not possible to 
polarizee HCs with light far enough to show the saturation of the feedback signal other than due to 
thee saturation of the HC response. Thus, in the range of physiological membrane potentials, HCs 
feedd back to the cones in a linear manner. The finding that HCs feed back linearly to the cones is 
consistentt with the finding that HCs feedback to cones via an electrical feedback mechanism 
(Kamermans,, personal communication). 

Thee estimates of the gain-characteristic for large HC hyperpolarizations is less reliable 
thann for small HC hyperpolarizations, because to hyperpolarize HCs strongly, high light 
intensitiess were needed, which could have adapted the cones and HCs, introducing an additional 
variable.. Briefer flashes could not be used in these experiments because the feedback and the HC 
responsee would not have been in their sustained phase. Taken together, HCs feed back to the 
coness in a linear way, at least in the physiological membrane potential range of the HCs. 
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FigureFigure 3.11. (A) Schematic calcium 
currentcurrent I-V relations with various 
strengthsstrengths of feedback. The effect of 
feedbackfeedback on the light-induced change 
inin the lCa is illustrated. During small 
spotspot stimulation, the cone 
hyperpolarizes,hyperpolarizes, which causes a 
reductionreduction of the ICa (solid arrow). This 
reductionreduction is exponentially related to 
thethe intensity. However, for full-field 
stimulistimuli in addition to 
hyperpolarizationhyperpolarization of the cone 
membranemembrane potential, the calcium 
currentcurrent activation function shifts to 
moremore negative potentials. The result is 
thatthat the relation between reduction of 
thethe lCa and the cone membrane 
potentialpotential becomes more linear 
(dashed(dashed arrow). (B): Cone to HC 
gain-characteristicgain-characteristic based on the data 
ofof the figures 3.2., 3.7., and 3.8. The 
solidsolid line represents the "open-loop" 
andand the dashed line the "closed-loop" 
gaga in - ch a racteristic. 
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Thee question which arises is how a linear feedback function can linearize the nonlinear 
open-loopp gain-characteristic. The responsible mechanism is illustrated schematically in figure 
3.11.A.. In the open-loop mode, the 1̂  does not shift with stimulus intensity. The result is that the 
gain-characteristicc from cones to HCs is dominated by the nonlinearity of the IQ, (solid arrow). 
However,, in the closed-loop mode, the ICa does shift. The higher the intensity, the more the 
calciumm current activation function will have shifted to more negative potentials. The result is 
thatt the gain-characteristic from cones to HCs in the steady state becomes linear (dashed arrow). 
Basedd on this mechanism, one could simulate the open- and closed-loop gain-characteristics. 
Startingg with the mean R/log I curves of the early and late cone responses, the mean R/log I curve 
off  the feedback signal, and the estimate of the IQ, (E^ = +135 mV, KCa = -27.5 mV, nCa = 6.5), 
onee can calculate the early and late R/Log I curves of the 1 .̂ The maximal feedback-induced 
shiftt in the activation function of the IQ, was 10 mV. The parameters chosen do not differ 
significantlyy from the estimated values. To translate the 1̂  into the HC membrane potential, one 
hass to make some assumptions about the glutamate release and the glutamate receptors on the 
HCs.. It was assumed that the glutamate concentration in the cleft is linearly related to the 1̂  
(Witkovskyy et al, 1997), that the glutamate receptors on the HCs have a cooperativity of 2, and 
thatt the glutamate receptors on the HCs are activated for about 55 % in the dark (Gaal et al., 
1998).. Since the IQ, ranged from -10.5 to about zero calcium current units, to obtain such 
activationn in the dark, the dissociation constant ( K QJ had to be about -9 calcium current units. 
Too transform the 1̂  into glutamate concentration and finally into the HC membrane potential, eq. 
3.3.. and 3.4. were used. 

II 2 2 

__ lCa 

CatCat 7 n 

'' CCa*4a a*4a 

Where:: gMl = Ca current conductance of the HC 
IQ,, = Ca current of the HC 
KQ,, = Potential for half-maximal activation of the HC Ca current 

64 4 Cone/HC-synapsee gain characteristics 



22 .E + 2 .E 

V &cat&cat cat °ns ns „ „ ^ 
MLML S +2 

oo cal ons 

Where:: VHC = Membrane potential of the horizontal cell (mV) 
gcaii = Cation conductance (= 1.0) 
Ecatt = Reversal of the glutamate modulated conductance {= 0 mV) 
gnss = Lumped non-synaptic conductance (= 0.5) 
Enss = Lumped reversal potential of the non-synaptic conductance (= -65 

mV) ) 

Figuree 3. ll.B shows the normalized HC membrane potential as function of the cone-
membranee potential. The simulated open-loop gain-characteristic is highly nonlinear (solid line) 
andd the simulated closed-loop one is almost linear (dashed line). Since the capacitance of the 
HCss is not included in this model, only the shape of the gain functions and not the absolute 
amplitudee can be estimated. Therefore, only the shape of the early and late gain functions can be 
compared.. The resemblance between the figures 3.5. and 3.11.B is striking. For the gain 
functionss of figure 3.5. it was assumed that the sustained response amplitude of the cones and of 
thee MHCs are equally sensitive for white light. For the gain-characteristic of figure 3.1 l.B, on the 
otherr hand, only assumptions were made about the relation between the 1 ,̂ the glutamate 
receptorr on the HC, and the relative value of the glutamate conductance in the HC. The resulting 
curvess are almost identical. 

Thiss analysis depends strongly on the estimation of the 1̂  in the cones. In this study, we 
determinedd the I-V relation of the 1^ using a leak subtraction protocol. The same strategy was 
usedd by, for instance, Taylor and Morgans (Taylor and Morgans, 1998). Wilkinson (1996) 
studiedd the properties of the Ca channel in isolated salamander cones. She also found that the 
half-maximall  activation potential of the IQ, in cones in isolated retina is relative negative. Known 
L-typee Ca-channel blockers, such as nisoldipine and nefedipine, were only partly effective in 
blockingg the 1 .̂ Similar results were obtained by us (unpublished observations). Since blocking 
orr reducing the 1̂  in cones in the isolated retina will lead to hyperpolarization of HCs, and thus 
too the modulation of the activation function of the 1̂  in the cones, an estimate of the half-
activationn potential of the IQ, of the cones in the isolated retina cannot be made using these 
pharmacologicall  tools. Therefore, we had to rely on the leak subtraction protocol. 

Feedbackk efficiency is the largest for  middle-range intensities and for  full-fiel d stimuli 

Thee size of the secondary depolarization in the HCs was taken as an estimate of the effect 
feedbackk has on the output of the cones. The intensity-response relation of the secondary 
depolarizationn is a bell-shaped curve which peaks around 1 cd m'2 s"1 (figure 3.9.B). This result is 
surprisingg given the finding that the feedback gain-characteristic is linearly related to the HC-
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membranee potential and that the R/log I function of HCs is sigmoidal. How then can the effect of 
feedbackk on the cone output be bell-shaped? 

Basically,, figure 3.9.B shows the change in HC response as function of intensity due to 
thee feedback-induced change in the 1^ in cones. It suggests that, at high intensities, feedback is 
reduced.. As it is clear from figure 3.7., the feedback-induced shift in the ICa increases 
monotonicallyy with intensity. However, does the effect of this shift on the output of the cone also 
increasee monotonically with intensity? Cones release glutamate in a Ca dependent manner and 
thee release is linearly related to the 1^ (Witkovsky et al., 1997). This means that the size of the ICa 

iss a first approximation of the glutamate release by the cones. Based on the initial R/log I curve 
off  the feedback-induced shift in L^ in the cones (figure 3.8.) and the parameters of the IQ, in 
coness in the dark (figure 3.6.), one can calculate the relation between the change in ICu and the 
lightt intensity of the surround stimulus for various cone membrane potentials (figure 3.12.). 
Figuree 3.12. shows that for depolarized cone membrane potentials (solid line), the feedback-
inducedd change in the ICa is much larger than for hyperpolarized cone membrane potentials 
(dashedd lines). The efficiency of the feedback signal to modulate the cone output depends 
stronglyy on the cone membrane potential (i.e., high efficiency at depolarized cone membrane 
potentialss and low efficiency at hyperpolarized cone membrane potentials). 

II  ' i ' i ' i ' i ' i ' i ' I Figure 3.12. Simulated 
00 - ,___. •_- _ _ - feedback-induced change of 

^^*N.. -s^" •*.*" - - . „ _ the ICafor various cone 
rr \ . \ >. membrane potentials. At 

-55 - \ \ ""* — __ __ _ ^ - depolarized cone membrane 
\\ \ potentials, the same 

\\ \ feedback-induced change in 
_""•'' \ Ss-. . 1 calcium current activation 

—^^ I I \ ~~" function results in a larger 
-455 mV \ change in Ca influx than at 

—— — -50mV \ hyperpolarized potentials. 
—— — • -55mV \ Feedback is most efficient at 

_2oo - -60mV ^S*N_. " depolarized cone membrane 
** potentials. 

-3.00 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 

Relativee intensity (log units) 

Thee bell-shaped curve can now be accounted for in the following way. Two opposing 
processess are functioning. The first is that the feedback-induced change in the ICa increases with 
intensity,, and the second one is that with hyperpolarization of the cone the effect of the shift of 
thee calcium current activation function on the output of the cone reduces because the cone 
membranee potential comes in a less steep part of the calcium current I-V relation. Low-stimulus 
intensitiess yield small cone and HC responses and consequently feedback from HCs to cones will 
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hardlyy shift the calcium current activation function. Therefore, the effect of feedback on the cone 
outputt will be small. High-stimulus intensities, on the other hand, evoke large cone and HC 
responses,, and thus, feedback from HCs to cones will shift the calcium current activation 
functionn substantially. However, because the cones are hyperpolarized the effect of this shift will 
havee littl e effect on the conee output. Thus, at high intensities, feedback will hardly influence the 
outputt of the cones. Only in the middle intensity range the HC response is large enough to 
generatee a substantial shift in the calcium current activation function and since the cone will not 
havee been hyperpolarized much, this shift will result in a substantial change in the 1̂  and thus in 

conee output. 
Wuu (1991a) concluded that feedback in salamander retina was most prominent in the 

middle-intensityy range. However, his analysis was based on the assumption that HCs feedback to 
coness via a GABA-ergic pathway. In his analysis, he argued that hyperpolarization of the cones 
drivess the cone membrane potential closer to the reversal potential of the GABA-gated CI 
current.. This makes the modulation of the GABA-gated channel less effective in modulating the 
conee membrane potential. At least in goldfish, HCs do not feed back to the cones by modulating 
aa GABA-gated channel (Verweij et al., 1996). As shown in this chapter, the potential dependence 
off  the feedback response in the cones can be fully attributed to the nonlinearity of the 1̂  in the 
cones. . 

Bipolarr  cell surrounds 

Inn this chapter, we have indicated that the strength of the feedback signal from HCs to cones 
dependss strongly on the cone-membrane potential. This would mean that the surround response 
off  the BCs depends strongly on the membrane potential of the cones driving the BCs. Is there 
evidencee for such a feature of the BC-surround? Skrzypek and Werblin (1983) stimulated cones 
withh a small spot of different intensities and flashed an annular stimulus in addition. At low 
intensitiess of the center spot, the annulus-induced response was very small, presumably, as 
suggestedd by the authors, due to scatter from the annulus to the center. For middle intensities of 
thee center spot, the annulus-induced response increased due to the reduction of the scatter. For 
highh intensities of the center spot, the surround response disappeared, which is completely 
consistentt with the data presented in the present chapter. 

Forr full-field stimuli, this means that the feedback-mediated signal in BCs is maximal in 
thee middle intensity range. However, one has to realize that this only holds for full-field stimuli. 
Thee BC-surround response due to annular stimulation without direct stimulation of the center 
wil ll  be maximal for the highest intensity, which is confirmed by the experiments of Saito and co-
workerss (Saito ett al., 1981), among others. 
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Chapterr  4 

Thee Dynamic Characteristics of the Feedback Signal 
fromm Horizontal Cells to Cones in the Goldfish Retina 

Maartenn Kamermans, Dick Kraaij, Henk Spekreijse (submitted) 

Abstract t 

Wee examined the dynamic properties of the microcircuitry formed by the cones and the 
horizontall  cells in the goldfish retina. Cones project to horizontal cells and horizontal cells feed 
backk to cones via a relatively slow negative feedback pathway. We determined the timeconstant 
off  the feedback signal and of the feedback-induced responses of second order neurons. We found 
thatt the feedback signal had a timeconstant of around 80 ms, whereas the timeconstants of the 
feedback-inducedd responses of the second order neurons ranged from 36 to 116 ms. This range of 
timeconstantss can be accounted for by the non-linearity of the calcium current in the cones. For 
depolarizedd cones the feedback-mediated response has about the same timeconstant as the cone 
directt light response, whereas for hyperpolarized cones the timeconstant of the feedback-
mediatedd response is considerably larger. Furthermore, we show for the first time that there is no 
delayy in the feedback pathway. Due to the interaction of the direct light response and the 
feedbackk response of the cone, an apparent delay can occur in the horizontal cell responses. 
Thesee results illustrate that, due to the non-linearity of synaptic processes, responses generated 
viaa longer pathways can appear to be equally fast or even faster than the responses generated via 
aa shorter pathway. 

Introductio n n 

AA spot projected onto the vertebrate retina generates two types of signals: (1) a center signal, that 
iss transfered from cones to ganglion cells via bipolar cells and finally to the rest of the visual 
system,, and (2) an opposite surround signal, generated via a negative feedback pathway from 
horizontall  cells (HCs) to cones. This organization plays a prominent role in contrast 
enhancementt (Dowling, 1987) and color constancy (Kamermans et al., 1998). The feedback 
pathwayy is assumed to be much slower than the feedforward pathway (Piccolino et al., 1981; Wu, 
1994;; Kamermans et al., 1996; Kamermans and Spekreijse, 1999; Fahrenfort et al., 1999) and it 
hass been suggested that this signal pathway contains a pure delay of 25 ms (Spekreijse and 
Nortonn 1970). Since no direct measurements of the dynamic features of the feedback signal from 
HCss to cones are available in literature, the aim of this study is to generate these data for 
goldfish. . 
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Thee events taking place in this first synapse can be summarized as follows. Cones project 
too HCs via a calcium-dependent, glutamatergic pathway. Light stimulation hyperpol arizes cones, 
leadingg to a hyperpolarization of HCs. HCs feed back to cones by modulating the calcium current 
(Ic)) in cones via a unique electrical feedback mechanism (Verweij et al. 1996; Kamermans et al. 
2000).. This modulation of the 1̂  can be measured directly in the cones and results in an increase 
off  the glutamate release. This feedback mechanism forms the basis for the surround responses of 
thee bipolar cells (BCs) and the spectral coding of the HCs. The effect of the feedback-induced 
increasedd glutamate release can be recorded most accurately in HCs. For instance in the 
monophasicc horizontal cell (MHC) (Spekreijse and Norton 1970; Steil et al. 1975; Kamermans et 
al.. 1991) response, a depolarizing rollback in the sustained light response is present, which can 
bee attributed to negative feedback from HCs to cones (Piccolino et al. 1981; Wu 1994; 
Kamermanss and Spekreijse 1999; Fahrenfort et al. 1999). Furthermore, the depolarizing response 
off  the biphasic HCs (BHC) to red light stimulation is due to negative feedback from HCs to 
coness (Stell and Lightfoot 1975; Kamermans et al. 1991). Since in this neural network the 
responsee properties of the cones, the feedback signal in the cones and the resulting change in the 
conee output can be measured directly, we can obtain a description of the dynamic properties of 
bothh the feedforward and feedback signals flowing across the first synapse of the visual system. 
Wee determined (1) the timeconstant of the feedback pathway and (2) the delay in the feedback 
pathwayy in order to estimate the relative timing of the feedforward- and the feedback-mediated 
responsess in the outer retina. 

Materiall  and Methods 

Preparation n 

Goldfish,, Carassius auratus, (12 - 16 cm standard body length) were kept at 18 °C under a 12 
hourr dark, 12 hour light regime. Before the experiment, the fish was kept in the dark for 8  1 
minn to facilitate the isolation of the retina from the pigment epithelium, while keeping the retina 
stilll  light adapted. Under infra red illumination (X = 920 nm) the fish was decapitated, and one 
eyee was enucleated. This eye was hemisected and most of the vitreous was removed with filter 
paper.. The retina was isolated, placed receptor-side-up in a superfusion chamber and superfused 
continuouslyy (1.5 ml/min) with oxygenated Ringers solution (pH 7.8, 18 °C). 

Forr the whole-cell recordings of the photoreceptors, the superfusion chamber was 
mountedd on a microscope (Optiphot-X2 microscope; Nikon, Inc.). The preparation was 
illuminatedd with infrared light (A > 850 nm, wratten filter 87c; Eastman-Kodak Co.) and viewed 
withh a Nikon 40x water immersion objective (numeric aperture, NA = 0.55; Nikon, Inc.), 
Hoffmann modulation contrast optics and a video camera (Philips). Electrodes were mounted on a 
MP-855 Huxley/Wall-type micro-manipulator (Sutter Instruments Co.) and connected to an 
integratingg patch clamp (3900A; Dagan Corp.). 

Forr the intracellular recordings from HCs, the retina was illuminated with an infra red 
lightt emitting diode (LED SFH 484-11, Telefunken) and viewed through a 2x objective of an 
invertedd microscope (HMT-2; Olympus, Corp.) and a video camera (Philips). The recordings were 
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madee with a S7000A microelectrode amplifier with a S7071A electrometer module (World 
Precisionn Instruments, Inc). 

Dataa acquisition, control of the patch clamp, the microelectrode amplifier, and of the 
optica]]  stimulator were done with a CED 1401 AD/DA converter with a sample frequency of 1.0 
kHzz (Cambridge Electronic Design Ltd.) and an MS-DOS based computer system. 

Opticall  stimulator 

Thee optical stimulator with the Nikon microscope consisted of a 450-W xenon-lamp (Osram) 
whichh supplied two beams of light. These were projected through Uniblitz VS14 shutters 
(Vincentt associates), neutral density filters (NG Schott), bandpass interference filters with a 
bandwidthh of 8  3 nm (Ealing Electro-Optics Inc.), lenses and apertures. The 20-, 65- and 250-
fimfim spots were projected through the 40x objective of the microscope and light stimuli of 3,000-
fimfim were projected through the condenser (NA = 1.25). Throughout this chapter, for 
monochromaticc light stimuli, an intensity of 0 log corresponds to a photon flux density of 1.0 * 
1099 photons fxm'2 s'1, and for white light stimuli, an intensity of 0 log corresponds to a photon 
fluxx density of 4.0 * 103 candela m'2 s"1. The optical stimulator with the Olympus 
microscopee consisted of two light beams from a 450-W xenon light-source (Osram). These were 
usedd to project light spots of various sizes, wavelengths and intensities onto the retina. In one 
stimuluss channel the wavelength was controlled by a monochromator (Ebert) and in the other one 
byy interference filters (Ealing Electro-Optics Inc.). The intensity of each channel was controlled 
byy a pair of circular neutral density filters (CND3, Barr and Strout). The light stimuli were 
projectedd onto the retina through the epifluorescence channel of the microscope. 

Patchh electrodes and pipette medium 

Thee patch pipettes were pulled from borosilicate glass (GC150TF-10; Clark) with a micropipette 
pullerr (P-87; Sutter Instruments Co.) and had impedances between 5 - 10 MQ when filled with 
standardd patch pipette medium and measured in Ringers solution. The series resistance during the 
whole-celll  recording was between 10 - 20 MQ. 

Thee standard patch pipette medium contained (mM): 20.0 KC1, 70.0 D-gluconic-K, 5.0 
KF,, 1.0 MgCl2, 0.1 CaCl2, 1.0 EGTA, 5.0 HEPES, 4.0 ATP-Na2, 1.0 GTP-Na3, 0.2 3':5'-cGMP-
Na,, 20 phosphocreatine-Na:, 50 U/ml creatine phosphokinase. The pH of the pipette medium 
wass adjusted to 7.25 with KOH. All chemicals were obtained from Sigma-Aldrich. 

Microelectrodes s 

Intracellularr microelectrodes were pulled on a micropipette puller (P-80-PC; Sutter Instruments 
Co.)) using aluminosilicate glass (o.d. = 1.0 mm, i.d. = 0.5 mm; Clark), and had impedances 
rangingg from 80 to 200 MQ when filled with 4 M KAc. 

Liqui dd junction potential 
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Thee liquid junction potential was measured with a patch electrode, filled with pipette medium, 
andd positioned in a pipette medium containing bath. The reference electrode was a patch 
electrodee filled with 3 M KC1. After the potential was adjusted to zero, the bath solution was 
replacedd with Ringers solution. The resulting potential change was considered to be the junction 
potentiall  and all data were corrected accordingly. All results presented in this chapter were 
obtainedd -15 min after whole-cell configuration was achieved. 

Estimatingg the timeconstant 

Ann exponential function (eq. 4.1.) was fitted through the responses using Levenberg-Marquardt 
iterations.. These calculations were done with Origin 5.0. 

R(t)R(t) =R(t0) +Rm(l -exp( - ^ ) (4-i.) 

R(t)) = 
ROo)) = 
Rmm = 
tt  = 

to o 
T;; = 

Responsee amplitude (mV or pA) 
Membranee potential when the response starts (mV or pA) 
Maximall  response amplitude (mV or pA) 
Timee (ms) 
Timee at which the light response starts (ms) 
Timeconstantt (ms) 

Results s 

First,, the various signals studied will be defined. The feedback signal is the feedback-induced 
shift'inn the activation function of the 1̂  of the cones. The feedback response in a cone is defined 
ass the feedback-induced change in the 1̂  in a voltage-clamped cone. The feedback-induced 
responsee in HCs is the change in HC membrane potential which can be attributed to the 
feedback-inducedd change in 1̂  in cones. 
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FigureFigure 4.1. (A) Response 
ofof an MHC to a 500-ms 
flashflash of a 3,000-fim spot 
ofof 550 nm light. The 
rollbackrollback (arrow) in the 
HCHC response has a 
timeconstanttimeconstant of about 120 
ms.ms. (B) Response of a 
BHCBHC to a 500 ms flash of 
aa 3000 nm spot of 700 
nm.nm. The timeconstant of 
thethe depolarizing response 
isis about 35 ms. The 
scalingscaling and timing are 
depicteddepicted in the figure. 
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Thee timeconstant of the feedback-induced responses in HCs 

Thee effect of negative feedback from HCs to cones can be measured in HCs. Figure 4.1. shows 
twoo examples of these feedback-induced responses. (A) gives the response of an MHC to a 550 
nmm full-field stimulation. The response consists of a fast hyperpolarizing phase and a slower 
feedback-inducedd rollback (arrow). In the 20 cells analyzed this way the mean timeconstant was 
1166  6 ms, indicating that feedback is slow indeed. On the other hand, (B) shows that the 
depolarizingg response of a BHC to 700 nm full-field stimulation is fast. This stimulus activates 
thee long wavelength cones (L-cones) strongly, whereas it hardly stimulates the middle 
wavelengthh sensitive cones (M-cones). This depolarizing response is generated via negative 
feedbackk from the MHCs to the M-cones and is subsequently forwarded to the BHCs. In the 6 
BHCss analyzed this way, the mean timeconstant was 36  8 ms (n=6). Therefore these 
experimentss show that feedback is fast. 
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Althoughh the number of synaptic transitions is equal for both feedback-mediated HC 
responsess (cone -> MHC -» cone -» MHC versus cone •* MHC -> cone •* BHC), the difference 
inn timeconstant of the resulting response is considerable (116 versus 36 ms). To account for this 
difference,, one has to realize that: (1) the stimulus wavelength was 700 nm for the BHC and 550 
nmm for the MHC response and (2) the cones receiving the feedback signal were hyperpolarized in 
thee case of figure 4.1.(A) and relatively depolarized in the case of figure 4.1.(B). One could argue 
thatt the timeconstant of the feedback response of the cones could be either wavelength or voltage 
dependent.. These two possibilities will be tested. 
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FigureFigure 4.2. (A) Feedback-
inducedinduced response of an 
M-coneM-cone clamped at -45 
mV,mV, which was 
continuouslycontinuously saturated 
withwith an intense white spot 
ofof 65 pm and stimulated 
forfor 500 ms with a 3,000-
fimfim white spot. The 
scalingscaling and timing are 
shownshown in the figure. (B) 
MeanMean timeconstants of 
thethe feedback response of 
77 cones clamped at -47 
mm V, which were 
continuouslycontinuously saturated 
withwith an intense white spot 
ofof 65 fim and in addition 
stimulatedstimulated for 500 ms 
withwith a 3,000-pm 550 nm 
spotspot of increasing 
intensity.intensity. (C) Mean 
timeconstantstimeconstants of the 
feedbackfeedback responses of 5 
conescones clamped at -47 m V, 
whichwhich were continuously 
saturatedsaturated with an intense 
whitewhite spot of 65 pm and 

inin addition stimulated for 500 ms with a 3,000-pm spot of various wavelengths with the same 
intensity.intensity. (D) Feedback responses of a voltage-clamped M-cone, which was continuously 
saturatedsaturated with an intense white spot of 65 pm and stimulated for 500 ms with a 3,000-pm 550 
nmnm spot. The clamp potentials of the cone are given in the figure. An exponential function was 
fittedfitted through these responses for 6 cones and the mean timeconstants are plotted as function of 
thethe holding potential in (E). 
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Thee timeconstant of the feedback-induced change in the ICa in cones 

Feedbackk can be measured in cones most effectively when a cone is voltage-clamped around -45 
mV,, saturated with a small bright spot (65 um) and stimulated with a full-field stimulus. This 
inducess a small inward current, figure 4.2.(A) with a timeconstant of about 90 ms, which has 
beenn identified as an increased ICa (Verweij et al. 1996; Kamermans and Spekreijse 1999; Kraaij 
ett al. 2000a). The mean timeconstant of this response is 87  4 ms (n=18). By changing the 
intensityy or wavelength of the full-field stimulus, the dependence of the timeconstant on the 
stimuluss intensity and wavelength was studied. Figure 4.2.(B) shows the intensity dependence of 
thee timeconstant and illustrates that it is independent of the stimulus intensity. Likewise figure 
4.2.(C)) shows that the timeconstant of the feedback signal is also rather independent of the 
stimuluss wavelength. These two experiments rule out that the difference in feedback responses in 
HCss is caused by something else. Figure 4.2.(D) gives the (normalized) feedback response in a 
conee clamped at various potentials. At -37 mV the timeconstant is about 30 ms, whereas at -52 
mVV the timeconstant is 110 ms. Figure 4.2.(E) presents the relation between the timeconstant and 
thee holding potential of six cones and illustrates that the timeconstant increases with 
hyperpolarization. . 
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Potentiall  (mV) 
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-555 -50 -45 -40 -35 -30 
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FigureFigure 4.3. (A) SimulatedI-Vrelation 
ofof the ICa (eq. 4.2.) in a cone during 
stimulationstimulation with an intense 65-/um 
whitewhite spot (solid line) and during 
stimulationstimulation with a 3000 pm spot in 
additionaddition (dotted line). Negative 
feedbackfeedback from HCs to cones results in 
aa shift of the calcium current 
activationactivation function to more negative 
potentialspotentials (arrow I). This shift will 
induceinduce an increase of the ICa (arrow 
2).2). With a timeconstant of the 
feedbackfeedback signal of 80 ms, and holding 
potentialspotentials ranging from -60m V up to 
-30-30 m V, feedback-induced cone 
responsesresponses with timeconstants ranging 
fromfrom -140 to -30 ms could be 
simulatedsimulated (B). The voltage 
dependencedependence of the timeconstants from 
thesethese simulated responses (open 
circles)circles) are compared with the 
timeconstantstimeconstants of the measured 
feedback-inducedfeedback-induced cone responses 
fromfrom figure 4.2. (closed symbols) (C). 
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Howw can we account for the potential dependence of the timeconstant of the feedback 
response?? Negative feedback modulates the activation function of the IQ, in cones (the feedback 
signal).. This induces a change in the 1 ,̂ which can be measured as a feedback-induced inward 
currentt in the cones (the feedback response). The question now arises whether the timeconstants 
off  the various feedback responses in the cone can be accounted for with one timeconstant of the 
feedbackk signal. The relation between these two timeconstants was studied in a very simple 
model,, consisting of only a Ica (eq. 4.2.). The parameters for the 1̂  used for this simulation are 
givenn in table 1. These values are in the same range as the values determined and used by 
Verweijj  et al. (1996), Fahrenfort et al. (1999) and Kraaij et al. (2000b). Kraaij et al. (2000b) 
showedd that the half-maximal activation of the 1̂  (K) depends linearly on the HC membrane 
potential.. Figure 4.3.(A) gives the, with eq, 2, simulated 1̂  without (solid) and with (dotted) 
feedback.. Surround stimulation results in a shift of the calcium current activation curve to 
negativee potentials (arrow ®) and thus in an increase in the 1̂  (arrow ®). With a timeconstant of 
800 ms for the feedback signal, feedback responses could be simulated with timeconstants ranging 
fromm 30 ms for a holding potential of -30 mV to 150 ms for a holding potential of -60 mV, figure 
4.3.(B).. Figure 4.3.(C) gives the relation between the holding potential and the timeconstant of 
thee feedback response for the simulations (open dots) and the experiments, filled dots; taken 
fromm figure 4.2.(E). Since the two curves overlap nicely, this simulation illustrates the way by 
whichh the non-linearity of the 1̂  in the cones can account for the observed range of 
timeconstantss of the feedback responses in cones and thus eventually of the feedback-induced 
responsess in HCs. 

K QQ without feedback 

K ^^ with feedback 

n a. . 

go o 

fc-Ca fc-Ca 

-366 mV 

-488 mV 

3.77 mV 

InS S 

500 mV 

TableTable 1. Fitting parameters used for the simulation of the ICa, the feedback-induced cone 
responses,responses, and the potential dependence of the feedback timeconstant, shown in figure 4.3.(A), 
(B),(B), and (C) respectively. KCa is the potential for half-maximal activation of the calcium current 
activationactivation function. 
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'ca^m-^Sca-'ca^m-^Sca-
11 +exp( 

~"Ca ~"Ca 

(4.2.) ) 

Where: : 

V m m 

gCa a 

Calciumm current in cones (pA) 
Holdingg potential (mV) 
Reversall  potential of the calcium current (mV) 
Maximall  conductance of the calcium channels (nS) 
Potentiall  for half-maximal activation of the calcium current 
activationn function (mV) 
Slopee factor of the calcium current activation function (mV) 
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FigureFigure 4.4. Light 
responsesresponses of a BHC to 
full-fieldfull-field light stimuli of 
600,600, 650 and 700 nm 

forfor three intensities. 
TheThe dashed lines 
indicateindicate an exponential 
functionfunction fitted through 
thethe depolarizing phase 
ofof the response. The 
timeconstanttimeconstant of this 
partpart of the response 
increasesincreases with 
intensity'. intensity'. 

Evidencee for a potential-dependent feedback response can also be found around the 
neutrall  point (i.e., the wavelength where the BHC response changes from a hyperpolarizing into a 
depolarizingg response). Figure 4.4. shows the responses of a BHC to 600, 650 and 700 nm 
stimulii  for three stimulus intensities. It is obvious from this figure that the responses to 650 nm 
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becomee more and more transient with increasing intensity and that the hyperpolarizing part of the 
responsee is always earlier than the depolarizing part of the response. For higher intensities the 
hyperpolarizingg part of the response grows faster than the depolarizing part. To account for this 
onee has to take three factors into account: (1) hyperpolarization of a cone slows down the 
feedbackk response of the cone, (2) the efficiency of the feedback will become smaller at 
hyperpolarizedd cone potentials, and (3) increasing the stimulus intensity will speed up the cone 
responsee (Kraaij et al. 2000b). The increase in timeconstant can be seen in figure 4.4. where an 
exponentiall  function is fitted through the depolarizing component of the response of a BHC to 
6500 nm light for the three intensities used. The timeconstant of this component increases from 47 
mss to 101 ms. The combined effect of these three factors will be that with increasing intensity the 
hyperpolarizingg component of the response will become faster and that the depolarizing 
componentt will become slower and smaller. 
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FigureFigure 4.5. (A) Light responses of 
aa BHC to stimuli of three 
intensitiesintensities and six wavelengths. 
Short-Short- and middle-wavelength 
stimulistimuli evoked hyperpolarizing 
responses,responses, whereas long 
wavelengthwavelength stimuli induced 
depolarizingdepolarizing responses. (B) Light 
responsesresponses of a BHC to 600, 650 
andand 700 nm full-field light stimuli 
(gray),(gray), compared to the 500 nm 
wavelength-inducedwavelength-induced light 
responsesresponses of the same BHC 
(black).(black). The responses are scaled 
andand inverted such that they overlap 
thethe 500 nm light-responses. (C) 
RedrawRedraw of light onset responses of 
(B)(B) on an expanded time scale. 

6000 nm 650650 nm 700 nm 

Chapterr 4 77 7 



Delayy in the feedback responses in cones and the feedback-induced responses in HCs 

Next,, it was studied whether or not a pure delay of about 25 ms exists in the negative feedback 
pathwayy from HCs to cones as estimated by Spekreijse and Norton (1970). First, the timing of 
thee feedback-mediated responses in HCs was studied. The hyperpolarizing responses of BHCs in 
thee short and middle wavelength part of the spectrum are due to direct input from the cones, 
whereass the depolarizing responses to long and middle wavelengths are feedback-mediated. 
Figuree 4.5.(A) gives the responses of a BHC for various wavelengths at three intensities. To 
determinee whether a pure delay exists between the direct (hyperpolarizing) and the feedback-
mediatedd (depolarizing) responses, the depolarizing responses of the BHC due to 600, 650, and 
7000 nm stimulation were inverted and scaled such that they overlapped the hyperpolarizing 
responsess to 500 nm stimulation, figure 4.5.(B). Expansion of the time axis, figure 4.5.(C) shows 
thatt indeed a pure delay of about 25 ms between the 500 nm responses and the 650 nm responses 
exists,, as estimated by Spekreijse and Norton (1970). This delay reduces for longer and shorter 
wavelengths.. This was found in all 6 cells analyzed this way. 

.. _ Figure 4.6. The normalized onset phase 
'•** >»** l 'Nro ***fc of the direct light response of a cone to a 

\\ 65-fim spot (solid line) and of the 
\\ feedback response of the same cone 
\\ clamped at -45 m V (dotted line). This 
\ \\ ' " figure illustrates that the feedback 
\ \\ 100 ms response is not delayed relative to the 
\\ \ . direct light response. 

II ~ 

Next,, the delay of the feedback response in the cones was studied, and surprisingly no 
delayy was found between the light response of a cone (figure 4.6., solid trace) and the feedback 
responsee of the same cone (figure 4.6., dotted trace). This was found in all 15 cells tested. The 
resultss of figure 4.5.(C) and 4.6. seem to contradict each other. However, the main difference 
betweenn these two experiments is that during the experiment of figure 4.6. the cone recorded 
fromm was voltage-clamped, while during the experiment of figure 4.5. it was not. The 
depolarizingg responses of a BHC due to 650 and 700 nm stimulation are generated by feedback 
fromm MHCs to M-cones. However, M-cones are still sensitive to 650 nm light, figure 4.7.(A). 
Althoughh their responses are small for 665 nm stimulation, they still respond to long wavelength 
stimuli.. Thus for 650 nm stimuli M-cones hyperpolarize a few mV and the activation function of 
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thee cone ICa shifts to more negative potentials. Both processes have different amplitudes and 
timeconstants. . 

Thee combined effect of these two processes is simulated in figure 4.7.(B). With a 
timeconstantt of 80 ms for the feedback signal and of 30 ms for the M-cone light response (Kraaij 
ett al. 1998) and with the same parameters as used in the simulations of figure 4.3., the feedback 
responsess in the M-cone for various M-cone response amplitudes were simulated, figure 4.7.(B) 
andd (C). During these simulations K2 was -44 mV and the dark-resting membrane potential of the 
modell  cone was -45 mV. The solid traces in figure 4.7.(C) show the response without 
hyperpolarizationn of the M-cone. The dotted traces show the feedback-induced responses for 
differentt M-cone hyperpolarizations (indicated at the right of the figure). During about the first 
255 ms, the feedback response and the cone response tend to compensate each other and both the 
Caa influx and the glutamate release hardly change. However, due to the differences in amplitudes 
andd timeconstants of these two processes, the feedback-induced shift of the activation function 
wil ll  become the major effect after about 25 ms. The result is that the output of the cone will only 
changee significantly after about 25 ms, which induces an apparent delayed depolarizing BHC 
response.. This analysis confirms that the delay reduces for longer wavelengths, because 
stimulationn of the M-cone by 700 nm light is less effective than for 650 nm, and that for shorter 
wavelengthss the direct light response will become dominating, resulting in a hyperpolarizing 
transientt response at light onset (figure 4.4.). This simulation illustrates how an apparent delay 
cann occur in the cone output, without a genuine delay in the feedback input. 
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L-cone e 

M-cone e yy v* v \r v~ ~~ 200 mV 

10000 ms 

B B 

4166 nm 458 nm 496 nm 536 nm 582 nm 621 nm 665 nm 

0.00 mV 

2.00 mV 

Timee (ms) 

FigureFigure 4.7. (A) Responses of an L- (top) and an M-cone (bottom) to 65-pm stimuli of various 
wavelengthwavelength and intensities. (B) Simulation of the feedback response in an M-cone for long 
wavelengthwavelength stimuli. The timeconstant of the feedback signal in the cone is 80 ms and the 
timeconstanttimeconstant of direct light-response is 30 ms. The solid trace is the change in the ICa when the 
M-coneM-cone does not respond due to direct light stimulation (i.e., stimulation with deep red light). 
TheThe dotted traces indicate the changes in the ICa when the M-cone responses have the amplitude 
asas indicated on the right side of the figure. (C) The onset of the change in the ICa on an expanded 
timetime scale. 
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Discussion n 

Inn this study we showed that negative feedback from HCs to cones is strongly potential-
dependent.. Feedback to depolarized cones can be almost as fast as the cone responses 
themselves.. Secondly, we have shown that no pure delay of 25 ms in the negative feedback 
pathwayy from HCs to cones exists. This is in seemingly contrast to the depolarizing responses of 
BHCss to red light stimulation, which are delayed relative to the hyperpolarizing responses. With 
aa simple model we could account for both the potential dependence of the feedback signal in 
coness and the apparent delay in the BHC response to red light. 

Feedbackk or  feedforward inhibition ? 

Itt is generally assumed that depolarizing responses of the BHCs are generated via negative 
feedbackk to M-cones (see for instance Kamermans and Spekreijse 1995). It was argued that due 
too this feedback the depolarizing responses are expected to develop at a slower rate than to the 
hyperpolarizingg responses. As it becomes obvious from figure 4.1. this is not the case. Similar 
resultss have been obtained in turtle retina. Asi and Perlman (1998) argued that since the 
depolarizingg responses of the BHCs are too fast compared to the hyperpolarizing responses, the 
depolarizingg responses of BHCs can not be induced by feedback, but are due to a direct 
inhibitoryy input from the cones to the HCs. In this study we show that there is no need to dismiss 
thee feedback hypothesis. The non-linearity of the ICa, together with the unique electrical feedback 
mechanismm from HCs to cones (Kamermans et al. 2000) can adequately account of the different 
dynamicc features of the hyperpolarizing and the depolarizing responses of the BHCs. 

Centerr  surround organization of the bipolar  cells 

Thee receptive fields of almost all neurons in the visual system have a center/surround 
organization.. Lateral inhibitory interactions are essential for this organization. One of the places 
wheree such lateral interactions take place is the outer retina. There, the HCs integrate the visual 
stimuluss over a large area and feed back negatively to the cones. It was generally assumed that 
thiss feedback signal is slower than the feedforward signal and has a delay relative to the 
feedforwardd signal. If that was true, the center/surround organization would be compromised 
whenn amoving spot is presented (Werblin 1991). At the leading edge, the surround would be 
compressedd and at the tailing edge the surround would be extended. This would suggest a 
differencee in contrast enhancement between the leading and the tailing edge of a moving spot. In 
otherr words, the spot would subjectively change its shape when it is moving. To the best of our 
knowledgee there are no psychophysical data supporting this prediction (Barbur et al. 1986; Burr 

1980). . 
Inn this chapter we have shown that due to the non-linearity of the ICa, the timeconstant of 

thee surround response can be of the same order as that of the center response. The result is that 
thee surround response of BCs will not lag the center response for a moving spot, retaining the 
integrityy of the center/surround organization of their receptive fields. This finding is consistent 
withh the results of Schellart and Spekreijse (1972) who showed that, in goldfish, the center and 
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thee surround responses of ganglion cells have equal dynamic properties. 
Thee results presented in this chapter illustrate why one should be careful in using the 

dynamicc features of neuronal responses as a measure for the pathway via which a response is 
generatedd Due to the non-linearity of the synaptic processes involved, responses generated via 
longerr path ways can be equally fast or even faster than responses generated via a shorter 
pathway. . 
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Chapterr  5 

Spectrall  Sensitivity of the Feedback Signal From Horizontal 
Cellss to Cones in Goldfish Retina 

(Thiss chapter is based on the papers entitled: Spectral sensitivity of the feedback signal from 
horizontall  cells to cones in goldfish retina, D.A. Kraaij, M. Kamermans and H. Spekreijse, 1998, 
Visuall  Neuroscience 15: 799-808 and The cone/horizontal cell network: a possible site for color 
constancy,, M. Kamermans, D.A. Kraaij and H. Spekreijse, 1998, Visual Neuroscience 15: 787-
797). . 

Abstract t 

Thee spectral sensitivity of cones in isolated goldfish retina was determined with whole-cell 
recordingg techniques. Three spectral classes of cones were found with maximal sensitivities 
aroundd 620 nm, 540 nm, and 460 nm. Ultraviolet-light sensitive cones were not found because 
ourr optical stimulator did not allow effective stimulation in thee ultraviolet range. The spectral 
sensitivityy of the cones closely matched the cone photopigment absorption spectra at the long 
wavelengthh side of the spectrum, but deviated significantly at shorter wavelengths. Surround 
stimulationn induced an inward current in cones due to feedback from horizontal cells. The 
spectrall  sensitivity of this feedback signal was determined in all three cone classes and found to 
bee broader than the spectral sensitivity of the cones recorded from, and to be spectrally 
nonopponent.. These data are consistent with a connectivity scheme between cones and horizontal 
cellss in which the three horizontal cell systems feed back to all cone systems and in which all 
horizontall  cell systems receive input from more than one cone system. Since the horizontal cells 
integratee in both the spatial and spectral domains, these properties make them very suitable for a 
rolee in color constancy. 

Introductio n n 

Goldfishh have four cone types (L-, M-, S-, and UV-cones) with absorption spectra peaking 
aroundd 620 nm, 540 nm, 440 nm and 360 nm, respectively (Marks, 1965; Harosi and MacNichol, 
1974;; Stell and Harosi, 1976; Harosi, 1976; Bowmaker et al., 1991). Cones have small receptive 
fieldss and feed into a network of horizontal cells (HCs) and bipolar cells (BCs). HCs are strongly 
electricallyy coupled and consequently have large receptive fields (Naka and Rushton, 1967; 
Nortonn et al., 1968; Baylor et al., 1971). They feed back negatively to the cones (O'Bryan, 1973; 
Verweijj  et al., 1996), forming the surround response of the BCs (Kaneko, 1970; Kaneko, 1973; 
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Saitoo and Kujiraoka, 1988). Goldfish have at least three spectral types of cone-driven HCs: 
monophasicc HCs (MHCs) which hyperpolarize over the whole visible spectrum, biphasic HCs 
(BHCs),, which hyperpolarize to short- and middle-wavelength stimuli and depolarize to long-
wavelengthh stimuli, and triphasic HCs (THCs), which hyperpolarize at short and long 
wavelengthss and depolarize at middle wavelengths (MacNichol and Svaetichin, 1958; Norton et 
al.,, 1968). This spectral coding of the HCs is thought to be generated by a network of 
feedforwardd and feedback connections between cones and HCs (Fuortes and Simon, 1974; Stell 
andd Lightfoot, 1975; Stell et al., 1975; Kamermans et al., 1991; Kamermans and Spekreijse, 
1995). . 

Modelss for  the spectral coding of HCs 

Inn 1975, Stell and Lightfoot proposed a cascade model for the cone/HC connectivity to account 
forr the spectral coding of the HCs in the light-adapted retina (Stell et al., 1975; Stell and 
Lightfoot,, 1975). This model predicts that the feedback signals in L- and M-cones have a MHC-
likee spectral sensitivity and in the S-cones have a BHC-like spectral sensitivity, figure 5.1.(A). 
Ann alternative model for the cone/HC connectivity was proposed by Kamermans et al. (1991) in 
whichh the connectivity was more global: all HCs feed back to all cone systems and all HCs 
receivee input from more than one cone system, yielding spectrally broad feedback signals in the 
cones,, figure 5.1.(B). Both the Stell model and the Kamermans model for the cone/HC 
connectivityy depend strongly on the spectral sensitivity of the feedback signals in the cones. 
Unfortunately,, no direct measurements of the spectral sensitivity of this feedback signal are 
available.. The aim of this study is to determine the spectral sensitivities of the cones and of the 
feedbackk signals in cones directly. 

Cones s 

B B 

Cones s 

MH C C 

FigureFigure 5.1. The left diagram (A) summarizes the contacts between L-, M-, and S-cones and the 
threethree cone-driven horizontal cells (MHC, BHC, THC) as proposed by Stell et al. (1975). Arrows 
indicateindicate the direction of the signal flow. The right diagram (B) summarizes the wiring of the 
cone/HCcone/HC system as proposed by Kamermans et al. (1991). Arrows indicate both the feedforward 
andand the feedback connections. 
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Materiall  and Methods 

Preparation n 

Goldfish,, Carassius auratus, (12 - 16 cm standard body length) were kept at 18 °C under a 12-h 
dark/12-hh light regime. The fish was kept in the dark for 8  1 min to facilitate the isolation of 
thee retina from the pigment epithelium while keeping the retina still light adapted. Under infrared 
illuminationn (X = 920 nm) the fish was decapitated, and an eye was enucleated. This eye was 
hemisectedd and most of the vitreous was removed with filter paper. The retina was isolated, 
placedd receptor-side-up in a superfusion chamber and supervised continuously (1.5 ml/min) with 
oxygenatedd Ringers solution (pH 7.8, 18 °C). 

Thee superfusion chamber was mounted on a Nikon Optiphot-X2 microscope (Nikon, 
Japan).. The preparation was illuminated with infrared light (k > 850 nm; Kodak wratten filter 
87c,, Rochester, NY) and viewed with a Nikon 40x water immersion objective (N.A. = 0.55), 
Hoffmann modulation contrast optics, and a video camera (Philips, The Netherlands). Electrodes 
weree mounted on a MP-85 Huxley/Wall-type micromanipulator (Sutter Instruments Company, 
Novato,, CA) and connected to a Dagan 3900A integrating patch clamp (Dagan Corporation, 
Mineapolis,, MN). For the intracellular recordings from HCs, the retina was viewed through a 
Nikonn lOx objective (N.A. = 0.30), and recordings were made with a WPI intra 767 amplifier 
(Worldd Precision Instruments, La Jolla, CA). Data acquisition, control of the patch clamp and of 
thee optical stimulator were done with a CED 1401 AD/DA convenor (Cambridge Electronic 
Designn Limited, U.K.) and a MS-DOS based computer system. 

Opticall  stimulator 

AA 450-W xenon-lamp supplied two beams of light. These were projected through electronic 
Uniblitzz VS14 shutters (Vincent associates, Rochester, NY), neutral density filters (NG Schott, 
Germany),, bandpass interference filters with a bandwidth of 8  3 nm (Ealing Electro-Optics 
Inc.,, South Natick, MA), lenses and apertures. Twenty, 60- and 250-um spots were projected 
throughh a 40x water immersion objective of the microscope. For HC recordings 1000-um spots 
weree projected through a lOx objective. For stimuli larger than 1000 um, the stimuli were 
projectedd through the condenser (N.A. = 1.25) of the microscope. Throughout the chapter a 
photonn flux density of 1.0 * 109 photons um"2 s"' corresponds to an intensity of 0 log. 

Electrodes s 

Thee patch-clamp electrodes were pulled from borosilicate glass (GC150TF-10 Clark, U.K.) with 
aa Sutter P-87 micropipette puller (Sutter Instruments Company, Novato, CA). The patch 
electrodess had impedances between 5-10 MÜ when filled with pipette medium and measured in 
Ringerss solution. The series resistance during the whole-cell recordings was 15-50 MQ. 

Thee intracellular electrodes were pulled from alluminosilicate glass (AF 100-53-15; 
Sutterr Instruments Company, Novato, CA) with a Sutter P-80/PC micropipette puller (Sutter 
Instrumentss Company, Novato, CA). These intracellular electrodes had impedances ranging 

Chapterr 5 85 5 



betweenn 100 - 200 MQ when filled with 3.0 M KC1. 

Liqui dd junction potential 

Thee liquid junction potential was measured with a patch electrode filled with the pipette medium, 
andd positioned in a pipette medium-containing bath. The potential was adjusted to zero and the 
bathh solution replaced with Ringers solution. The resulting potential change was considered to be 
thee junction potential and all data were corrected accordingly. 

Ringerss solutions and pipette medium 

Thee Ringers solution contained (mM): 102.0 NaCl, 2.6 KC1, 1.0 MgCl2, 1.0 CaCl2, 28.0 
NaHC03,, 5.0 glucose, and was continuously bubbled with approximately 2.5% C02 and 97.5% 
02,, yielding a pH of 7.8. The pipette medium contained (mM): 20.0 KC1, 70.0 D-gluconic-K, 5.0 
KF,, 1.0MgCl2,0.1 CaCl2, 1.0 EGTA, 5.0 HEPES, 4.0 ATP-Na2, 1.0 GTP-Na3, 0.2 3':5'-cGMP-
Na,, 20 phosphocreatine-Na2, 50 U/ml creatine phosphokinase and, in some cases, 0.2 % w/w 
Luciferr yellow CH-K2. The pH of the pipette medium was adjusted to 7.25 with KOH. All 
chemicalss were obtained from Sigma-Aldrich, St. Louis, MO. 

Recordingg procedure 

SpectralSpectral sensitivity of the cones. To determine the spectral sensitivity of cones, whole-cell 
recordingss were made under current-clamp (Ic = 0) conditions, while the retina was stimulated 
withh 500-ms flashes of various wavelengths and intensities. The interstimulus interval was 
alwayss more than 2500 ms. For each wavelength, the amplitude of the sustained light response 
betweenn 250 and 500 ms after light onset was plotted against the stimulus intensity and a Hill 
relationn (eq. 5.1.) (Naka and Rushton, 1966,a,b,c) was fitted through the data points using the 
least-squaree method. All curves could be fitted with the same Hill relation shifted along the log-
intensityy axis. This shift in stimulus intensity, relative to the stimulus wavelength for which the 
celll  was most sensitive, was defined as the relative sensitivity of the cone for that stimulus 
wavelengthh (S'(^))- All relative spectral sensitivity data are presented as mean  S.E.M. The 
absolutee sensitivity was defined as the mean relative intensity needed for a half maximal 
responsee with the most effective stimulus wavelength, summed with the absolute photon flux 
densityy of.0 * 109 photons u.m"2s"1. 
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I"+K(X)I"+K(X) n n 

where:: V(A,I) = The sustained response amplitude of the cone (mV) 
v

miuu = T n e maximal sustained response amplitude of the cone (mV) 
1(A)) = The stimulus intensity (photons (im2sA) 
K(i)) = The intensity needed for a half-maximal response (photons ^m'2 s') 
nn = The slope factor 

SpectralSpectral sensitivity of the feedback signal. To measure the feedback signal from HCs, the cone 
wass saturated with an intense white spot of 20- or 60-jim diameter and clamped at -45 mV for 
20000 ms. Five hundred ms after the cone was clamped, a 3000-/im spot was flashed on for 500 
ms.. All combinations of eight intensities and seven wavelengths were tested in this way, with 
interstimuluss intervals always exceeding 5000 ms. Under this condition, the light-induced 
responsee in a cone can be attributed completely to feedback from HCs to cones (Verweij et al., 
1996).. The sustained response amplitude (between 250 and 500 ms after light onset) was plotted 
againstt stimulus intensity for each stimulus wavelength. In contrast to the cone light response, we 
couldd not fit a single relation through the data points. Therefore, we determined both (1) the 
spectrall sensitivity and (2) the spectral responsiveness of the feedback signals in the three 

conetypes. . 
1.. For the spectral sensitivity measurements, the sustained response amplitude was 

plottedd against stimulus intensity. The relative spectral sensitivity (S'(A)) was 
definedd as the lateral intensity shift of the various wavelength curves at half-
maximall response amplitudes, relative to the wavelength curve to which the cell 
wass most sensitive (figure 5.8.). The maximal response amplitude was the largest 
responsee amplitude obtained in the measurements. S'(^) is given in log units. 
Increasingg the intensity further induced prolonged changes in the feedback 
characteristics,, which will not be discussed in this chapter. 

2.. For the spectral responsiveness measurements, the responses were normalized 
relativee to the maximal response amplitude for that intensity and plotted against 
wavelengthh for two or three stimulus intensities. 

Thee relative spectral sensitivity data and spectral responsiveness are presented as mean
S.E.M.. The significance between the spectral curves of the feedback signals in the various 
conetypess was tested with an ANOVA-test. 
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SpectralSpectral response properties of the HCs. It has been reported that HCs lose their spectral 
opponencyy in the dark-adapted retina (Weiler and Wagner, 1984; Wagner and Djamgoz, 1993). 
Thereforee intracellular recordings of the HC light responses to 3000-um spots of 500 ms at two 
intensitiess and seven wavelengths were made to test the spectral coding of the HCs. 

Results s 

-3.000 log v""  \T~ 

-2.600 log v ~ \ r - \ p \f- \ T 

-2.455 log 

-2.300 log 

-2.155 log 

-2.000 log \J~ 

-1.755 log 

-1.600 log 

100 mV 

11 500 ms 

4166 nm 458 nm 496 nm 536 nm 582 nm 621 nm 665 nm 

FigureFigure 5.2. Response 
propertiesproperties of an M-
conecone to light stimuli of 
sevenseven wavelengths, 
eacheach one at eight 
intensities.intensities. Scaling, 
timing,timing, stimulus 
wavelengthwavelength and 
intensitiesintensities are 
indicatedindicated in the figure. 
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Spectrall  sensitivity of the cones 

Figuree 5.2. shows the voltage light responses of an M-cone to 20-um light spots of various 
wavelengthss and intensities. The resting membrane potential of this cone was about -50 mV and 
thee maximum light response amplitude 13 mV. Figure 5.3. shows the log intensity/response 
relationss for the sustained part of this response for the seven wavelengths used. The solid lines 
aree the Hill curves fitted through the data points (see Material and methods). The relative shift of 
thesee curves for the different wavelengths was defined as the relative sensitivity of the cone, 
S\X). S\X). 

-4.0 0 -3.00 -2.0 -1.0 

Relativee intensity (log units) 
o.o o 

FigureFigure 5.3. Stimulus-
responseresponse relation of the 
sustainedsustained M-cone light 
responseresponse for seven 
wavelengths;wavelengths; all of them 
couldcould befitted with the same 
HillHill relation. The lateral shift 
ofof the curves gives the 
relativerelative sensitivity for that 
wavelength,wavelength, S '(A). 

AA total of 16 L-cones, 14 M-cones and 9 S-cones were studied. The mean resting 
membranee potential (Vresl), and the mean relative sensitivity were determined. The fitting 
proceduree yielded the mean maximal response amplitude (Vmax), and the mean slope factor (n) 
(Tablee 1). The mean absolute sensitivity of the S-cones is 2.0 * 105 photons urn"2 s1. The mean 
conee resting membrane potential, the mean maximal response amplitude, the mean slope factor 
andd the absolute sensitivity were not significantly different for the three cone systems studied. 
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-49.11 V 

13.22  6.0 mV 

0.855 3 

-1.33 log 

-49.55  6.5 mV 

13.77 2 mV 

0.866 0 

-0.11 log 

-52.99  4.2 mV 

10.00 1 mV 

0.799 1 

0.00 log 

TableTable 1: Properties of the cones 

Figuree 5.4. shows the mean spectral sensitivities of the L-, M-, and S-cones (squares), 
togetherr with the photopigment absorption curves obtained by Harosi (1976) (solid lines). 
Althoughh the spectral sensitivities of all cones follow the photopigment absorption curves 
reasonablee well at the long and middle wavelength side of their absorption spectrum, they deviate 
att the short wavelength side of their absorption spectrum for the L- and the M-cones. 

S-cones s M-cones s L-cones s 

4500 500 550 600 650 700 750 

Wavelengthh (nm) 

4500 500 550 600 650 700 750 450 500 550 600 650 700 750 

Wavelengthh (nm) Wavelength (nm) 

FigureFigure 5.4. Spectral sensitivity curves for the S-, M-, and L-cones. The squares represent the 
actionaction spectra determined in this study and the solid lines are the photopigment absorption 
curvescurves described by Harosi (1976). 

Spectrall  sensitivity of the feedback signal to the cones 

Photoreceptorss have small and HCs have large receptive fields. Consequently, one may 
expectt that small spot stimulation wil l yield predominantly the spectral sensitivity of the cone, 
whereass large spot stimulation wil l yield the spectral sensitivity of the cone studied, modified by 
thee spectral sensitivity of the feedback signal from the HCs. Therefore, the effect of spot size on 
thee cone spectral sensitivity of the light response was determined. The mean spectral sensitivities 
off  the L-, M-, and S-cone light responses to small- and large-spot stimuli are presented in figure 
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thee cone spectral sensitivity of the light response was determined. The mean spectral sensitivities 
off  the L-, M-, and S-cone light responses to small- and large-spot stimuli are presented in figure 
5.5.. No significant difference was found between the shape of the light responses or the spectral 
sensitivitiess of cones to small and large spots (n = 54). 

S-cones s M-cones s L-cones s 

4000 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700 

Wavelengthh (nm) Wavelength (tun) Wavelength (nm) 

FigureFigure 5.5. Spectral sensitivity curves for S-, M- and L-cones determined with small (D) and 
largelarge spots (0). 
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thethe light response of 
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3000-pm3000-pm spot of 550 
nmnm (right) I = 7.34 log 
photonspm'photonspm'22 s~', while 
thethe direct light 
responseresponse was saturated 
withwith a continuous 20-
pmpm white spot. Scaling 
andand timing are 
indicatedindicated in the figure. 
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Sincee under voltage-clamp conditions, feedback from HCs to cones is most prominent 
whenn the cone is saturated by an intense small spot (Verweij et al., 1996), we recorded the 
feedbackk signal in this stimulus condition. Examples of both the cone light response and the 
feedbackk response in a voltage-clamped M-cone are shown in figure 5.6. Small-spot stimulation, 
inn this case for 300 ms, evoked a large reduction of the inward current, or in other words 
hyperpolarizationn of the cone (left). When the cone was saturated with a small intense white spot, 
aa full-fiel d stimulus superposed on this spot evoked a small inward current (right). This feedback 
signall  is assumed to form the basis for the spectral coding of HCs. Figure 5.7. shows feedback 
responsess to various wavelengths and intensities in a voltage-clamped M-cone-. For this cone, the 
feedbackk response was maximal (-23.5 pA) at 550 nm. The mean amplitudes of the feedback 
signall  between 250 and 500 ms after onset of the full-fiel d stimulus are plotted against intensity 
inn figure 5.8. In contrast to the cone light responses, these feedback data could not be fitted with 
onee single relation, indicating that the feedback signal is not univariant. 
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FigureFigure 5.8. Stimulus-
responseresponse relations of 
thethe sustained feedback 
responseresponse in a voltage-
clampedclamped M-cone. Each 
curvecurve represents the 
inin tens ity-response 
relationrelation for one 
stimulusstimulus wavelength. 
TheThe lateral shift of 
thesethese curves at the 
linearlinear part is used to 
determinedetermine the relative 
sensitivitysensitivity for that 
wavelength. wavelength. 

-4.00 -3.0 -2.0 -1.0 

Relativee intensity (log units) 

Thee relative sensitivity of this feedback signal was defined as the lateral shift between the 
curvess along the intensity axis at half-maximal response amplitude. Figure 5.9. shows the mean 
spectrall  sensitivities of the feedback signals in L-, M-, and S-cones (dashed lines) together with 
thee spectral sensitivities of the cone light responses of figure 5.5. (solid lines). The feedback 
signalss in all cones have a broad spectral sensitivity which never reversed in polarity, whatever 
stimuluss intensity or wavelength was used. The spectral sensitivity of the feedback signal in the 
L-coness peaked near 600 nm, while in the S- and M-cones it peaked near 550 nm. Since for some 
cellss the 694 nm criterion could not be reached, this point is not shown in figure 5.9. 

Figuree 5.10. shows the spectral response curves of the direct light response and of the 
feedbackk signal in an M-cone for -0.5 log intensity illustrating that the direct light response curve 
iss steeper than the feedback curve. Figure 5.11. shows the mean spectral response curves of the 
feedbackk signal in the L-, M-, and S-cones for various intensities, showing that the feedback 
signalss are spectrally very broad. The feedback curves in the L-cones peaks around 600 nm, 
whichh is at a shorter wavelength than the one in which the L-cone light response peaks. The 
feedbackk curve in the M-cones peaks at 550 nm and the feedback curve in the S-cones peaks 
aroundd 500 nm, which is at a longer wavelength than the peak of the S-cone light response. 
Figuree 5.11. displays clearly that at 694 nm there is still a considerable feedback signal to all 
coness and at this wavelength the polarity of the feedback signal is not reversed in any of the 
cones.. In conclusion, whatever method was used to analyze the data, the feedback signals in the 
coness have a broad spectral sensitivity. 
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threee signals could not be fitted with one single function (F = 2.87; df = 124; P < 0.01). The 
spectrall  sensitivity of the feedback signal in the L-cones differed significantly from that in the M-
(FF = 6.14; df = 95; P < 0.01) and S-cones (F = 3.91; df = 82; P < 0.01). The spectral sensitivity of 
thee feedback signals in the M- and S-cones do not differ significantly from each other. The three 
spectrall  responsiveness curves could also not be fitted with one single function (F = 2.99; df = 
71;; P < 0.01). The spectral responsiveness curves differed significantly between L-cones and S-
coness (F = 4.84; df = 50; P < 0.01) and between the M- and S-cones (F = 3.65; df = 35; P < 0.01). 
Thee spectral responsiveness curves in the L- and M-cones do not differ significantly. 
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FigureFigure 5.9. Spectral sensitivity curves of the feedback signals into the S-, M- and L-cones (O) 
andand the cone action spectra (M). 

FigureFigure 5.10. Spectral response 
curvescurves of the direct light response 
(20-fitn(20-fitn spot; M) and of the 
feedbackfeedback signal (O) in an M-cone. 

4000 450 500 550 600 650 700 
Wavelengthh (nm) 
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FigureFigure 5.11. Spectral response 
curvescurves of the feedback signal in L-, 
M-,M-, and S-conesfor various 
intensities.intensities. The solid lines are the 
spectralspectral response curves for 
thresholdthreshold stimulation, the dashed 
lineslines are the spectral response 
curvescurves at 1.0 log above threshold 
stimulation,stimulation, and the dotted lines 
areare the spectral response curves at 
2.02.0 log above threshold 
stimulation.stimulation. Threshold stimulation 
isis defined as the intensity that 
yieldedyielded a response amplitude of ~5 
pA. pA. 

4000 450 500 550 600 650 700 

Wavelengthh (nm) 

Spectrall  coding of HCs 

Too test whether in our preparation the HCs were indeed spectrally coded, we recorded the light 
responsess of the HCs at two intensities in similar recording conditions as we did for the cone 
feedbackk measurements. Three cone-driven HC-types were found (figure 5.12.): (1) HCs that 
hyperpolarizedd over the whole visible spectrum (MHCs); (2) HCs that hyperpolarized to short 
andd middle wavelengths and depolarized to long wavelengths (BHCs); and (3) HCs that 
hyperpolarizedd to short and long wavelengths and depolarized to middle wavelengths (THCs). 
Thiss shows that in our experiments the HCs were indeed spectrally coded. 
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|| 458 nm 496 nm 536 nm 582 nm 621 nm 665 nm 700 nm 
10000 ms 

FigureFigure 5.12. Horizontal cell responses to spectrally different light stimuli. (A) an HC that 
hyperpolarizedhyperpolarized over the whole visible spectrum (MHC), (B) an HC that hyperpolarized to short-
andand middle-wavelength stimuli and depolarized to long wavelengths (BHC) and (C) an HC that 
hyperpolarizedhyperpolarized to short and long wavelengths and depolarized to middle wavelengths (THC). 
Scaling,Scaling, timing stimulus wavelength and intensity shown in the figure. 

Discussion n 

Thiss study reports, for the first time, the spectral sensitivity of the feedback signal from the HC 
systemm to the L-, M-, and L-cones in goldfish retinae. These results are important for the 
descriptionn of the wiring of the outer plexiform layer (OPL). 

Spectrall  sensitivity of the cones 

Sincee the absolute sensitivity and the slope of the intensity-response relationship did not differ 
betweenn the L-, M-, and S- cones, it can be concluded that the various cone types in goldfish 
havee the same spectral properties except for their spectral sensitivity. 

Thee cone action spectra follow the photopigment absorption spectra at long and middle 
wavelengths,, but deviate significantly at short wavelengths for the L- and the M-cones (figure 
5.4.).. This phenomenon has been discussed in literature, but since the results of the the 0-band 
measurementss are rather variable it is difficult to draw conclusions (Tsin et al., 1981; Mooij and 
vann den Berg, 1983; Van Dijk and Spekreijse, 1984; Kaneko and Tachibana, 1985). 

Thee absolute sensitivity of the cones determined in this study is in the same order of 
magnitudee as those determined by others (Schnapf et al., 1987; Kaneko and Tachibana, 1985). 

Variouss reports have shown that goldfish is tetrachromatic (Hawryshyn and Beauchamp, 
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1985;; Neumeyer, 1986; Neumeyer and Arnold, 1989; Bowmaker et al., 1991). However, in this 
studyy only L-, M-, and S-cones were found. The lack of UV-cones in our sample can be 
attributedd to the spectral limitations of our optical stimulator. At 416 nm - the shortest 
wavelengthh available - UV-cones are about 1 log unit less sensitive than the S-cones (Bowmaker 
ett al., 1991) and at that wavelength the maximal intensity of our stimulator is about 1 log unit 
beloww the one at middle wavelengths, making effective stimulation of UV-cones impossible. 

Spectrall  sensitivity of the feedback signal from HCs to cones 

Twoo approaches were used to measure the feedback signal from HCs to cones. With the first 
method,, the voltage responses of cone to small-spot and full-field stimulation were measured and 
compared.. In the second approach, the current responses of cones to full-field stimulation with a 
saturatingg small spot centered on the recorded cone were measured. The rationale for the first 
approachh was that negative feedback is more pronounced for large-spot stimulation than for 
small-spott stimulation. Any deviation of the spectral sensitivity measured with full-field 
stimulationn from the small-spot stimulation can be interpreted as a contribution of feedback. 
However,, no difference between the spectral sensitivities determined with small-spots or full-
fieldss were found. With the second approach (i.e., using the current responses of voltage-clamped 
cones)) we could measure the feedback signal. 

Howw can these results be reconciled? Recently, it has been shown that feedback from HCs 
modulatess the IQ, in cones directly by shifting its activation range (Verweij et al., 1996). 
Hyperpolarizationn of HCs results in a shift of the activation range to more negative potentials. 
Thiss will lead to an additional Ca influx and thus to more glutamate release, which will 
eventuallyy lead to depolarization of HCs. Although the Ca influx will tend to depolarize the cone, 
thiss depolarization is hardly visible in the cone voltage light response (see Verweij et al., 1996). 
Furthermore,, the Ca influx will lead to the activation of the Ca-sensitive CI channels. Since the 
CII  equilibrium potential is more negative than Vres„  the depolarizing effect of the Ca influx will 
bee counteracted by the hyperpol arizing effect of the CI current, making the feedback effect on the 
conee membrane potential even smaller. On the other hand, the surround-induced Ca influx will 
leadd to a substantial change in intracellular Ca-concentration in the synaptic terminal and thus to 
ann increase of glutamate release. This negative feedback mechanism modulates the synaptic 
outputt of the cones without modulating the cone membrane potential substantially. The small 
depolarizationn of the cone membrane potential is not the feedback signal itself, but is a result of 
thee feedback-induced change in Ca influx. Measuring the change in 1̂  is the most direct way of 
measuringg the feedback signal. 

Thee amount of surround-induced polarization in the cone photoreceptors depends not 
onlyy on the Ca influx, but also on a secondary calcium-activated CI current, which will be 
hyperpolarizingg or depolarizing, depending on EC1 (Verweij etal., 1996). Indeed, Lasansky (1981) 
foundd only surround-induced depolarization when he used micro-pipettes filled with KC1 and not 
withh KAc. In our experiments we used rather low CI concentrations in thee pipette (22.2 mM; Ea 

== -45 mV). In this condition one would expect only small CI currents, which is what we found. 
Forr the measurements of the spectral sensitivity of the feedback signal in the cones, we 

usedd a voltage-clamp protocol in which large-spot stimulation was superposed on a small 
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saturatingg white spot, and measured the changes in the 1 .̂ The spectral sensitivity and the 
spectrall  responsiveness of this feedback signal is much broader than the spectral sensitivity of the 
conee recorded from and there was no sign of spectral opponency, whatever wavelength or 
intensityy tested. One has to realize that there is not such a thing as the spectral sensitivity of the 
feedbackk signal, because the spectral sensitivity changes with intensity. Therefore, the notion that 
thee spectral sensitivity curves are broad and nonopponent is more relevant than their exact shape. 

Onee could argue that the spectral sensitivity curves determined on the basis of voltage 
responsess differ from those determined on the basis of current responses. The spectral sensitivity 
off  7 cones was determined using both voltage and current responses. These measurements 
yieldedd the same relative spectral sensitivities (data not shown). Thus, for the cone responses 
themselvess there was no difference between voltage- and currents-based spectral sensitivity 
functions,, allowing us to compare the voltage based spectral sensitivity of the cones with the 
current-basedd spectral sensitivity of the feedback signal. 

Cone/HCC connectivity 

Inn the cascade model (figure 5.13.(A), left), (Fuortes and Simon, 1974; Stell and Lightfoot, 1975; 
Stelll  et al., 1975), the MHCs receive input predominantly from the L-cones, pathway 1 in figure 
5.13.(A)) and feed back to the L-, M-, and S-cones (pathway 2). Consequently, the spectral 
sensitivityy of the MHCs and of the feedback signals in the L- and the M-cones (pathway 2) is L-
conee like. The BHCs receive input from the M-cones (pathway 3) and feed back to the S-cones 
(pathwayy 4). As a result the BHCs hyperpolarize at short- and middle wavelengths (pathway 3), 
andd due to negative feedback from the MHCs (pathway 2) depolarize to long wavelength stimuli. 
Thee spectral sensitivity of the feedback signal to the S-cones resembles the spectral sensitivity of 
thee MHCs and BHCs (pathway 2 and 4). The THCs receive input from the S-cones (pathway 5). 
Therefore,, they will hyperpolarize to short-wavelength stimuli (pathway 5), and due to the 
negativee feedback signal from the BHCs (pathway 4) they will depolarize to middle- and 
hyperpolarizee to long-wavelength stimuli. In figure 5.13.(A) (right) both the HC spectral 
responsess properties to large spot stimulations (left column) and the feedback signals in cones 
(rightt column) are shown. A negative value for the change in calcium current (AIQJ means an 
increasedd Ca influx and thus an increased neurotransmitter release, which lead to a depolarization 
inn the HCs. 

Ass it becomes clear from the comparison of figure 5.13.(A) with the figures 5.9. and 5.11. 
thee predictions of the cascade model are inconsistent with the experimental results presented in 
thiss chapter. The feedback signals in the L- and M-cones are not tuned narrowly enough and no 
signn inversions were found in the feedback signal in the S-cones. The possibility that the 
discrepancyy between these data and the cascade model are due to the lack of spectral opponency 
inn HCs, because the retinae we studied were dark-adapted can be ruled out, since in our recording 
conditionss the retinae were light-adapted, as indicated by the presence of spectrally-opponent 
HCss (figure 5.12,). Another possibility is that the feedback signals we have measured in the 
coness are generated by only one HC-type. This possibility can be rejected, because the spectral 
sensitivityy of the feedback signals in the three conetypes cannot be described with one single 
function,, showing that more than one HC-type contribute to the feedback signals in the cones. 
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Ann alternative model for the cone/HC connectivity (Kamermans, 1989; Kamermans et al., 
1991;; Kamermans and Spekreijse, 1995) is more consistent with the directly measured spectral 
sensitivityy of the feedback signal. In this model, HCs receive input from and feed back to all cone 
typess with the weights of the connections determining the spectral properties of the HCs, figure 
5.13.(B).. In this scheme, the three spectrally coded HC systems in goldfish together yield 
spectrallyy broad feedback signals in the cones, in which the spectral opponency of the individual 
HCC systems is lost. Therefore, when considering the functional role of HCs, one should look at 
thee combined output of the three HC layers and not at their individual spectral properties. In 
conclusion,, the HC systems integrate stimuli in the temporal, spatial, and in the spectral domain. 
Thee functional implications of such a cone/HC system are discussed in the next paragraphs. 

4000 nm 700 nm 400 nm 700 nm 

4000 nm 700 nm 400 nm 700 nm 

FigureFigure 5.13. (A) The left diagram summarizes the contacts between L-, M- and S-cones and the 
threethree cone horizontal cells (MHC, BHC and THC). Arrows indicate the direction of the signal 
flowflow (after Stell and Lightfoot, 1975). The right diagram shows both the spectral sensitivities of 
thethe HC membrane potential changes (AV; left side) and the spectral sensitivity of the calcium 
currentcurrent change in the cones (AICa) according to the cascade model (right side). A negative 
changechange (downward) of the cone calcium current represents an increase of the calcium influx and 
evokesevokes depolarization of the HCs. (B) The left diagram summarizes the proposed wiring of the 
cone/HCcone/HC system, which is similar to the connectivity proposed by Kamermans et al. (1991). 
ArrowsArrows indicate both the feedforward and the feedback connections. The right diagram shows 
bothboth the spectral sensitivities of the HC membrane potential changes (AV; left side) and the 
spectralspectral sensitivity of the calcium current change in the cones (AlCa) according to the model of 
KamermansKamermans et al. (right side). 
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FigureFigure 5.14. The leak-subtracted I-V relation of a cone, whose membrane potential was ramped 
fromfrom -70 to 40 mV within 750 ms, while the cone was saturated with a 65 \im white spot (straight 
line).line). The dotted line shows the leak-subtracted I-V relation when also a 3000 urn white fid I-fie Id 
stimulusstimulus was applied in addition. The full-field stimulus shifts the activation function of the ICa to 
moremore negative potentials. Hyperpolarization decreases the slope of the leak-subtracted I-V 
relationrelation (solid line; 0.7 pA mV1), whereas surround stimulation increases the slope of the leak-
subtractedsubtracted I-V relation (dotted line; 7.0pA mV1). During small spot stimulation the cone 
hyperpolarizeshyperpolarizes and the Ca influx reduces, which decreases the glutamate release. During 
surroundsurround stimulation several cones hyperpolarize and the Ca influx will reduce, leading to a 
decreasedecrease of the glutamate secretion. Consequently the HCs hyperpolarize and generate a 
feedbackfeedback signal, which shifts the cone calcium current activation range to more negative 
potentials.potentials. This reestablishes the Ca influx, increases the synaptic gain and restores the 
glutamateglutamate release. 

Functionall  consequences of a globally connected cone/HC system 

Too consider the functional implications of such a feedback mechanism, one needs to focus on the 
leak-subtractedd I-V relation of a cone, which is shown in figure 5.14. In the voltage ranges 
betweenn -50 mV and 40 mV the leak-subtracted I-V relation is highly nonlinear. In this potential 
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range,, the most prominent current is the 1̂  (Verweij et al., 1996). Witkovsky et. al. (1997) 
showedd that the neurotransmitter release is linearly related to the 1 ,̂. Therefore it seems likely 
thatt the slope conductance of the 1̂  determines the synaptic gain of the cone. 

Inn the dark, goldfish cones release glutamate tonically. During small spot stimulation they 
hyperpolarizee and consequently their Ca influx decreases. Since the glutamate release is linearly 
relatedd to the 1 ,̂ reduction of the Ca influx results in a reduction of the glutamate release and in 
ann hyperpolarization of the postsynaptic neurons. Furthermore, when one focuses on the 
slopeconductancee of the leak-subtracted I-V relation (figure 5.14., solid line) it is obvious that at 
depolarizedd potentials the slopeconductance of the leak-subtracted I-V relation is steeper than for 
hyperpolarizedd potentials (3.0 pA mV ' and 0.7 pA mV'1). This means that a small membrane 
potentiall  change at hyperpolarized potentials modulates the IQ, in a smaller amount than around 
moree depolarized potentials. Consequently the synaptic gain of an hyperpolarized cone is smaller 
thann for a depolarized cone. Summarizing, light stimulation reduces both the glutamate release 
andd the synaptic gain of the cone. 

Onn the other hand, feedback from HCs to cones shifts the cone calcium current activation 
functionn to more negative potentials and hence increases the 1̂  and the glutamate release (figure 
5.14.,, dotted line). Furthermore, in this condition the slope of the leak-subtracted I-V relation 
(figuree 5.14., dotted line) is increased, which means that a small membrane potential change 
modulatess the Ic, more effectively (7.0 pA mVl) than in conditions without surround 
illuminationn (3.0 pA mV). Consequently, the modulation of the glutamate release by 
polarizationn of a cone during surround illumination is more effective than without surround 
stimulation.. Thus, when the surround of a cone is illuminated, the synaptic gain increases. 
Summarizing,, hyperpolarization of the cone results in a reduction of the synaptic gain, whereas 
surroundd stimulation increases the synaptic gain. 

Too consider the functional consequences of this cone/HC system, let us concentrate on 
thee responses of the different cone types when the retina is illuminated with a 650 nm 
background.. For this wavelength the S-cones are scarcely sensitive and do not respond (figure 
5.11.).. The L-cones are highly sensitive to this wavelength and respond with a large 
hyperpolarizationn (figure 5.11.). Since the spectral sensitivity of the feedback signal is broad, all 
conee types receive a nearly equal feedback signal. The result is that in the S-cones only the 
calciumm current activation function shifts to more negative potentials, leading to an increased 
glutamatee release and an increase of the synaptic gain. L-cones respond with a large 
hyperpolarizationn and in addition the feedback signal shifts the calcium current activation 
functionn to more negative potentials. This results in a decrease of the glutamate release and a 
slightt decrease of the synaptic gain of the L-cones. Therefore for a red background the synaptic 
gainn of the S-cones is increased, whereas the synaptic gain of the L-cones is decreased. In this 
wayy the HC system compensates for the spectral content of the global illumination by reducing 
thee synaptic gain of L-cones and increasing the synaptic gain of S-cones. This mechanism might 
playy a prominent role in color constancy and enables us to perceive colors rather constant despite 
changess in the spectral composition of the illumination. Color constancy is not exclusively 
restrictedd to fish (Dorr and Neumeyer, 1996), but also has been found in bees (Neumeyer, 1981) 
andd in primates (Kohier, 1917; Dzhafarli et al., 1991). 
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Chapterr  6 

Generall  discussion and summary 

Thee previous chapters show that processes take place in the outer retina, which adjust the 
sensitivityy of the visual system to the spectral, spatial and temporal characteristics of the global 
illumination.. The neurons in the outer retina respond with sustained membrane potential changes, 
whereass most neurons in the inner retina respond with transient membrane potential changes. 
Sincee the transient responding ganglion cells form the main output of the retina, it seems 
plausiblee that the visual system functions more as a light difference detector, than as an absolute 
lightt detector. For this reason, the synaptic gain and the relative timing of signals seem to be 
importantt features of signal transduction in the visual system. Therefore, the functional features 
off  the visual processing in the outer retina were studied and some of these functional 
characteristicss are summarized and discussed in this chapter. 

Chapterr 2 elucidates the nature of surround-induced responses in cones. Surround-
inducedd responses are depolarizing when the chloride equilibrium potential is more positive than 
thee dark resting membrane potential and hyperpol arizing when the chloride equilibrium potential 
iss more negative than the dark resting membrane potential. These surround-induced responses 
cann be blocked by a calcium-dependent chloride current blocker, without effecting the feedback-
mediatedd responses in HCs. Estimates of the physiological value for the chloride equilibrium 
potentiall  yield values below -50 mV, which is more negative than the dark resting membrane 
potential.. This demonstrates that under physiological conditions cones do not depolarize during 
surroundd stimulation. 

AA mechanism responsible for these surround-induced responses in cones is proposed. 
Hyperpolarizationn of HCs shifts the activation range of the cone calcium current to more negative 
potentials,, which results in an increased calcium influx. This will tend to depolarize the cone and 
willl  lead to an increased intracellular calcium concentration, which consequently increases the 
neurotransmitterr release. Due to the higher intracellular calcium concentration, the calcium-
dependentt chloride channels will be activated, and since the chloride equilibrium potential is 
moree negative than the dark resting membrane potential, the opening of these channels will 
hyperpolarizee the cone. This counteracts the depolarization induced by the calcium influx. 
Therefore,, the calcium-dependent chloride current in cones makes the feedback synapse from 
horizontall  cells to cones nearly electrically silent. 

Sincee vision is relatively linear, whereas synaptic transduction is strongly non-linear, the 
characteristicss of the signal transduction across the first synapse of the visual system were 
studiedd in chapter 3. In this chapter the gain-characteristics from cones to horizontal cells with 
andd without feedback from horizontal cells to cones and the gain-characteristics from horizontal 
cellss to cones are described. It is shown that the gain-characteristic from cones to horizontal cells 
iss strongly nonlinear without feedback from HCs, and becomes linear with feedback. 
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Furthermoree it is shown that the HCs feed back to cones via a linear mechanism. 
Chapterr 4 characterizes the dynamic properties of the microcircuitry formed by the cones 

andd the horizontal cells in the goldfish retina. Cones project to horizontal cells and horizontal 
cellss feedback to cones by a relatively slow negative feedback pathway. The timeconstant of the 
feedbackk signal is about 80 ms, whereas the timeconstant of the effect feedback has on the 
second-orderr neurons ranged from 36 to 116 ms. This range of timeconstants can be accounted 
forr by the non-linearity of the L^ in the cones. For depolarized cones the feedback-mediated 
responsee has about the same timeconstant as the cone direct light response, whereas for 
hyperpolarizedd cones the timeconstant of the feedback-mediated response is considerably longer. 
Furthermore,, it is shown that there is no delay in the feedback pathway. Due to the interaction of 
thee direct light response and the feedback response of the cone, an apparent delay can occur in 
thee horizontal cell responses, which illustrates that, due to the non-linearity of synaptic processes, 
responsess generated via longer pathways can appear to be equally fast or even faster than the 
responsess generated via a shorter pathway. 

Chapterr 5 presents the spectral sensitivity of cones in the isolated goldfish retina. Three 
spectrall  classes of cones were found with maximal sensitivities around 620 nm, 540 nm, and 460 
nm.. The previously described UV-cone was not found. The spectral sensitivity of the cones 
closelyy matched the cone photopigment absorption spectra at the long wavelength side of the 
spectrum,, but deviated at shorter wavelengths. The spectral sensitivity of the surround-induced 
feedbackk signal in all three cone classes was spectrally non-opponent and broader than the 
spectrall  sensitivity of the cones recorded from. These data illustrate that the three HCs feed back 
too all cone systems and that all HCs receive input from more than one cone system. Furthermore, 
wee demonstrated that the HC system adjusts the synaptic gain of cones according to the spectral 
contentt of the surround illumination, being thus likely to play a prominent role in color 
constancy. . 

Synapticc transmission across the first  synapse of the visual system 

Coness release glutamate from their synaptic terminal in a calcium-dependent manner (Lasater 
andDowling,, 1982; Detwiler et al., 1984; Maple et al., 1994; Copenhagen and Jahr, 1989; 
Matthews,, 1996; Schmitz and Witkovsky, 1997). The postsynaptic neurons (i.e., HCs and bipolar 
cells)) contain glutamate receptors and consequently respond to the cone glutamate release 
(Lasaterr and Dowling, 1982; Detwiler et al., 1984; Maple et al., 1994; Slaughter and Miller, 
1983;; Zhou et al., 1993; Shiells et al., 1981; Ashmore and Copenhagen, 1983; Kaneko and Saito, 
1983;; Nawy and Copenhagen, 1987). Cones continuously release glutamate in the synaptic cleft 
andd since this release is linearly related to the calcium current (Attwell et al., 1987b; Witkovsky 
ett al., 1997), the calcium channels should provide a continuous influx of calcium in the cone 
synapticc terminal. However, it has been reported that the calcium channel activation range 
extendss more positively than the cone physiological membrane potential (Maricq and Korenbrot, 
1988;; Barnes and Hille, 1989; Barnes and Bui, 1991; Lasater and Witkovsky, 1991; Rieke and 
Schwartz,, 1994). This apparent discrepancy can be elucidated by considering that in isolated 
photoreceptorss the horizontal cell feedback signal is absent, which allows the calcium current 
activationn range to return back to more positive potentials. Furthermore it has been shown that 
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thee calcium current is very sensitive to the extracellular proton concentration (Barnes and Bui, 
1991).. Extracellular alkalosis shifts the cone calcium current to more positive potentials, which 
cann account for the positive range of the calcium current. Furthermore, it has been shown that 
highh extracellular concentrations of divalent ions, used to increase the calcium current, shifts the 
voltagee dependency of many voltage dependent currents to more depolarized potentials (Kostyuk 
ett al., 1982; Hille, 1992). More negative calcium current half-activation potentials have been 
describedd in monkey (Yagi and MacLeish, 1994). These data are consistent with the results 
shownn in chapter 2, 3 and 4 and it seems therefore quite reasonable to assume that, in the dark, a 
tonicc influx of calcium is provided, which induces a sustained release of glutamate in the 
synapticc cleft. 

Besidess a signal from cones to HCs and bipolar cells, another signal from HCs back to 
coness is transmitted across the first synapse. This feedback signal forms the major output of 
horizontall  cells (O'Brien, 1973; Verweij et al., 1996; Kamermans et al., 2000) and modulates the 
conee synaptic gain by shifting the cone calcium current activation function (Ashmore and 
Copenhagen,, 1983; Attwell et al., 1987b; Wu and Yang, 1992; Yang and Wu, 1993b; Shiells and 
Falk,, 1995; Verweij et al., 1996; Kamermans and Spekreijse, 1999). This feedback signal is 
generatedd by spatially extensive stimuli. Initially, these stimuli cause hyperpolarization of a 
clusterr of cones and consequently the cone calcium current will reduce (figure 5.14.). This leads 
too a reduction of the cone glutamate release and closure of the postsynaptic glutamate-gated 
cationn channels of the HCs, resulting in hyperpolarization of the HCs. The HCs feed back to the 
coness and shift the calcium current activation function to more negative potentials (Verweij et 
al.,, 1996; Kamermans and Spekreijse, 1999; Kamermans et al., 2000), which results in an 
increasee of the calcium influx (figure 5.14.) and glutamate release. Thus, this feedback pathway 
functionss as a negative feedback pathway and readjusts the cone glutamate release to the intensity 
off  the spatially extensive illumination. Furthermore, since the visual system seems to function 
moree or less as a light difference detector, the synaptic gain and the relative timing of signals 
seemm to be important features of the signal transduction, which will be discussed in the next 
paragraph. . 

Ass mentioned before, light stimulation of a cone results in sustained hyperpolarization 
andd reduction of the cone calcium influx (figure 5.14.). However, for neurons in the retina the 
initiall  light responses seems to be most important. This initial response of postsynaptic neurons 
iss mainly defined by the synaptic gain of the presynaptic cell (i.e., the efficacy of the glutamate 
releasee modulation by a potential change). Since the glutamate release is linearly related to the 
non-linearr calcium current, the I-V relation of the calcium current shown as the solid line in 
figuree 5.14. indicates that a small potential change around -35 mV results in a larger calcium 
currentt change than around -50 mV. Thus, the synaptic gain of hyperpolarized cones is reduced, 
whereass the synaptic gain is increased for depolarized cones (Ashmore and Copenhagen, 1983; 
Verweijj  et al., 1996). Furthermore, a feedback-induced shift of the cone calcium current 
activationn function to more negative potentials (dotted line in figure 5.14.) results also in an 
increasee of the synaptic gain of the cone and tends to linearize the cone-to-HC transfer function. 
Thereforee hyperpolarized cones modulate their glutamate release less efficiently by polarization 
thann depolarized- or feedback-receiving cones (chapter 3). Similar results were found in bipolar 
cellss by Burkhardt (1974), who found that background illumination increases the bipolar cell 
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centerr responses. 
Since,, HCs feed back to all cone types and since the feedback signal is spectrally broad 

andd non-opponent as shown in chapter 5, the feedback-induced changes of the synaptic gain 
dependd also on the spectral properties of the illuminant. Furthermore, since the feedback signal is 
slowerr than the direct light response (chapter 3 and 4) the initial light response is partially 
determinedd by the effect of the preceding stimulus and the non-linearities of the I-V relation of 
thee presynaptic cell. This is consistent with previously published results showing that the 
synapticc transmission across the first synapse is non-linear (Werblin, 1974; Attwell et al., 1987b; 
Akopiann et al., 1997; Witkovsky et al., 1997; Wu, 1998). The functional consequence is that 
feedbackk adjusts both the cone glutarnate release and the cone synaptic gain, according to the 
spatial,, temporal and spectral characteristics of the illumination. Thus, at least in goldfish and 
turtlee retina, feedback functions as a background light detector and adjusts the retinal sensitivity 
accordingg to the spatial, temporal and spectral properties of the environment illumination 
(Burkhardt,, 1974). This qualifies the visual system to respond to a larger range of light 
conditionss and to perceive colors rather constant, independent of the spectral content of the 
surroundd illumination. This phenomenon is called color constancy and it is interesting to 
scrutinizee the functional role of feedback in other species. 

Colorr vision is a special scarce attainment of the vertebrate retina. Nevertheless, several 
fruitt eating vertebrates and fish are tetra- or trichromatic with good color discrimination (Fuortes 
etal.,, 1973; Kolb and Lapis, 1991;Jacobs, 1991; Goldsmith, 1996). For instance, the retina of 
severall  primates contain S-, M- and L-cones and two or three cone-driven horizontal cell types 
(Ahneltt and Kolb, 1994a; Ahnelt and Kolb, 1994b; Kolb et al., 1994). Recent 
electrophysiologicall  experiments showed that all types of horizontal cells in primate retina lack 
spectrall  opponency (Dacheux and Raviola, 1990; Dacey, 1996). Therefore it seems likely that the 
spectrall  properties of the feedback signal from horizontal cells to cones in the primate retina are 
comparablee with the properties of the feedback signal in the goldfish retina. This leaves us with 
thee attractive assumption that in several vertebrate species with proper color vision, the 
horizontall  cells may enable the visual system to perceive colors rather constant, regardless of the 
spectrall  composition of the background illumination (Land, 1974; Mollon and Sharpe, 1983; 
Ingle,, 1985; Wemer etal., 1988; Pokorny et al., 1991; Dorr and Neumeyer, 1996; Kamermans 
andd Spekreijse, 1999). 

Thee role of GABA in the retina. 

Muchh evidence suggests that the feedback signal from HCs to cones is GABA-ergic. It 
hass been shown that surround-induced depolarizations in cones are generated by the horizontal 
cellss in a Cl-dependent way (O'Bryan, 1973; Piccolino and Gerschenfeld, 1978; Lasansky, 1981; 
Burkhardtt et al., 1988; Barnes and Deschenes, 1992). Therefore it has been assumed that 
horizontall  cells feed back to cones via a GABA-ergic pathway and modulate the chloride 
conductancee in cones (Tachibana and Kaneko, 1984; Kaneko and Tachibana, 1986a; Wu, 1991a). 
Thiss assumption was supported by several findings: (a) It was shown that a sub-population of 
horizontall  cells release GABA (Yazulla and Kleinschmidt, 1983; Ayoub and Lam, 1985; Ayoub 
andd Lam, 1984; Verweij et al., 1998; Kamermans and Werblin, 1992; Yang and Wu, 1993a), (b) 
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M-- and L-cones contain GABAA receptors (Kaneko and Tachibana, 1986a; Yazulla et al., 1989), 
(c)) the surround-induced responses in cones reverse around their chloride equilibrium potential 
(Wu,, 1991a; Wu, 1993) (d) the surround-induced responses in salamander cones are reduced by 
GABB A antagonists (Skrzypek and Werblin, 1983), and (e) the spectral coding of biphasic 
horizontall  cells and triphasic horizontal cells can be modulated by GABA and its receptor 
antagonistss (Wu and Dowling, 1980; Murakami et al., 1982b; Murakamii  et al., 1982a). 

Althoughh all former data appear to support the GABA hypothesis, other experiments 
showedd that GABA is not involved (Burkhardt, 1993; Verweij et al., 1996). Hyperpolarization of 
thee horizontal cells results in a decrease of the GABA release and will close the GABA-gated 
chloridee conductance in the cones, which should decrease the membrane conductance, whereas a 
conductancee increase has been found during surround stimulation (O'Bryan, 1973; Gerschenfeld 
andd Piccolino, 1980; Lasansky, 1981). A complicating factor by interpreting the data about the 
GABA-ergicc feedback from HCs to cones is that also horizontal cells have GABAA and GABAC 

receptors.. (Kamermans, 1989; Qian and Dowling, 1993; Kamermans and Werblin, 1992; 
Kamermanss and Werblin, 1991; Yang and Wu, 1993a; Dong et al., 1994; Gilbertson et al., 1991; 
Takahashii  et al., 1994; Takahashi et al., 1995; Verweij et al., 1998). This complicates the 
interpretationn of the experiments in which the spectral sensitivity of horizontal cells was 
modulatedd by GABA. Moreover, in some studies GABA agonists or antagonists failed to block 
thee depolarizing responses in horizontal cells (Perlman and Normann, 1990). 

Therefore,, the GABA-hypothesis asks for a reassessment. Recent studies have shown that 
surroundd stimuli hyperpolarize the horizontal cells, which leads, in cones, to a shift of the 
calciumm current activation function to more negative potentials (Verweij et al., 1996). This shift 
increasess the Ca influx most effectively around the cone resting membrane potential in a GABA-
independentt way. But, if the feedback pathway from horizontal cells to cones is not GABA-ergic, 
howw then can the chloride dependence of the surround-induced responses in cones be accounted 
for?? It has been shown that the cones have a calcium-dependent chloride current, which is 
activatedd by calcium and increases a chloride conductance (Barnes and Hille, 1988; Okada et al., 
1995;; Burkhardt etal., 1988; Maricq and Korenbrot, 1988; Burkhardt et al., 1991; Barnes and 
Deschenes,, 1992; Verweij et al., 1996). During surround stimulation the calcium current 
activationn range in cones shifts to more negative potentials and increases the calcium influx. 
Whenn the [Ca2+]; increases sufficiently, the calcium-dependent chloride channels open and the 
chloridee current tends to polarize the cone to Ea. Thus, although all features for a GABA-ergic 
pathwayy exist, it does not convey the feedback signal. Nevertheless, the GABA sensitivity found 
inn the outer retina might suggest a prominent role for GABA. In the next paragraph another 
functionall  role for GABA in the retina will be proposed. 

Light -- and dark adaptation in the outer  retina 

Inn the light-adapted retina, vision is achieved via cones instead of the more light sensitive rods. In 
thiss condition, negative feedback in both the phototransduction pathway (Yau, 1994), and 
betweenn HCs and cones is pronounced (Yang et al., 1988a; Yang and Wu, 1989b; Verweij et al., 
1996).. As a result, bipolar cells and ganglion cells have center-surround receptive fields. The 
extracellularr dopamine concentration is high, which reduces the HC receptive field size by 
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decreasingg the HC coupling (Lasater and Dowling, 1985). Moreover, dopamine also decreases 
thee extracellular GABA concentration (Yazulla and Kleinschmidt, 1982; O'Brien and Dowling, 
1985;; Yazulla, 1985; Dong and Werblin, 1994), increases the glutamate sensitivity of the 
horizontall  cells (Knapp and Dowling, 1987; Kruse and Schmidt, 1993) and induces the formation 
off  spinules on the horizontal cells dendrites in the cone pedicels (Wagner, 1980; Weiler and 
Wagner,, 1984; Djamgoz et al., 1988). These retinal modifications make the network sensitive to 
spectral,, spatial and temporal changes in illumination, but reduces its absolute sensitivity. 

Duringg dark adaptation, the extracellular dopamine concentration declines, the 
extracellularr GABA concentration increases, the horizontal cell spinules retract, the color-coding 
off  horizontal cells disappears (Weiler and Wagner, 1984; Djamgoz et al., 1988), the glutamate 
sensitivityy of horizontal cells reduces and the horizontal cells raise their gap-junction coupling, 
yieldingg extended receptive fields. Furthermore, the maximal light response amplitude is reduced 
(Tornqvistetal.,, 1988; Yang et al., 1988a; Yang and Wu, 1989b). The role of GABA during 
thesee dynamic actions seems to be mainly a shunting one. It is shown that in the dark-adapted 
retina,, the extracellular dopamine concentration is reduced,, and that the horizontal cells are 
depolarizedd and coupled via gap-junctions. Therefore, they have large receptive fields and form 
onee layer which responds only to large spot stimuli. Furthermore, dopamine stimulates the 
releasee of GABA by the monophasic horizontal cell (Marc et al., 1978; Schwartz, 1982; Yazulla 
andd Kleinschmidt, 1982; Yazulla and Kleinschmidt, 1983; O'Brien and Dowling, 1985; 
Kamermanss and Werblin, 1992). The M- and L-cones (Kaneko and Tachibana, 1986a; Yazulla et 
al.,, 1989) and the horizontal cells in many species are sensitive to GABA (Dowling et al., 1983; 
Stocktonn and Slaughter, 1991; Gilbertson et al., 1991; Dong et al., 1994; Takahashi et al., 1995; 
Qiann and Dowling, 1993), which enables this network to shunt the light responses of these cells 
inn the dark (Kamermans and Werblin, 1992; Yang and Wu, 1993a) and tend to polarize the cones 
andd horizontal cells to their chloride equilibrium potential (Kamermans, 1989; Verweij et al., 
1998).. Since the cone chloride equilibrium potential is rather negative (Attwell et al., 1984; 
Kanekoo and Tachibana, 1986b; Wu, 1991b), GABA tends to keep the cones hyperpolarized. 
Moreover,, since the GABA-gated chloride current of horizontal cells reverses more positively 
thann their dark resting membrane potential (Miller and Dacheux, 1983; Djamgoz and Laming, 
1987),, the horizontal cells are kept depolarized. Consequently, the feedback signal from 
horizontall  cells to cones is reduced, which permits calcium current activation function of the 
coness to return to more depolarized potentials. This decreases the calcium influx, yielding a 
reducedd glutamate release. Consequently the cone input into the retinal network is reduced, the 
center/surroundd organization of bipolar- and ganglion cells is lost, the spectrally opponent 
horizontall  cell responses are lost and the visual system shifts from cone color vision to the more 
sensitivee rod vision. Since the temporal resolution of rod photoreceptors is lower than for cones, 
thesee modifications in the outer retina qualifies the retina for vision at low illumination levels 
withh reduction of the spectral, spatial and temporal resolution. 
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Samenvatting g 
Hett netvlies is een belangrijk deel van het visuele systeem, waarin de eerste visuele 
informatiebewerkingg plaats vindt. Inmiddels is al veel bekend over de anatomie van het netvlies, 
maarr de functionele eigenschappen van de verschillende neuronen zijn minder bekend. Daarnaast 
bestaatt er ook nog onduidelijkheid over de manier waarop signaalbewerking in het netvlies plaats 
vindt.. In dit proefschrift worden de resultaten beschreven van een elektrofysiologisch onderzoek 
naarr de eigenschappen van de synaptische interacties tussen de cellen in het buitenste deel van 
hett goudvissen netvlies. Hierbij is vooral gelet op de spectrale en dynamische eigenschappen van 
dee signaaloverdracht over de eerste synaps. 

Hoofdstukk 1 geeft een beknopte beschrijving van de structuur en de functie van het 
buitenstee deel van het goudvissen netvlies. In grote lijnen bezit het netvlies een relatief 
eenvoudigg structuur, maar wanneer je de functie onderzoekt valt op dat het netvlies een complex 
netwerkk is, dat in staat is om een groot bereik van lichtintensiteiten, contrasten en golflengtes te 
detecteren.. Door intensieve samenwerking van de in het netvlies aanwezige neuronen wordt de 
informatiee gecomprimeerd en dit signaal wordt via zenuwvezels naar de visuele centra gestuurd 
waarr het verder wordt bewerkt. 

Hett netvlies heeft een duidelijk gelaagde structuur. Van buiten naar binnen vinden we 
eerstt de fotoreceptoren (staafjes en kegeltjes), die de invoer van het visuele systeem vormen. Het 
netvliess bezit één type staafje, dat zeer gevoelig is voor licht van 537 nm en wordt voornamelijk 
inn het donker gebruikt. Omdat het netvlies maar één type staafje bezit, zijn in het donker geen 
kleurenn waarneembaar. De kegeltjes zijn minder gevoelig voor licht en worden alleen in het licht 
gebruikt.. De goudvis heeft vier verschillende typen kegeltjes, die het meest gevoelig zijn voor 
respectievelijkk ultra-violet (360 nm), blauw (460 nm), groen (540 nm) en rood (620 nm) licht. 
Doorr de wisselwerking tussen de verschillende typen kegeltjes is het mogelijk om kleuren waar 
tee nemen. 

Verderr naar binnen zien we vier verschillende soorten horizontale cellen. Deze cellen 
ontlenenn hun naam aan het feit dat ze horizontaal in het netvlies liggen. Ze zijn langgerekt en 
ontvangenn signalen van staafjes of kegeltjes. Omdat horizontale cellen informatie ontvangen van 
meerderee fotoreceptoren hebben ze een groter receptief veld (blikveld) dan de fotoreceptoren. 
Eénn type wordt uitsluitend door de staafjes gestuurd. Deze horizontale cel reageert door te 
hyperpolariserenn bij stimulatie met zichtbaar licht. Daarnaast zijn er drie typen kegel gestuurde 
horizontalee cellen. Het eerste type, de mono-fasische horizontale cel, reageert ook altijd door te 
hyperpolariserenn bij stimulatie met zichtbaar licht. De andere twee typen reageren verschillend 
voorr blauw, groen en rood licht. De bi-fasische horizontale cel reageert hyperpolariserend op 
blauww licht en depolariserend op rood licht. De tri-fasische horizontale cel reageert 
hyperpolariserendd op blauw licht, depolariserend op groen licht en hyperpol ariserend op rood 
licht.. Deze codering van de horizontale cellen ontstaat door de wisselwerking van de signaal 
overdrachtt van fotoreceptoren naar horizontale cellen en vice versa. Omdat de diverse signalen 
niett in alle typen horizontale cellen even sterk zijn, ontstaan er verschillen in de spectrale 
coderingg van de horizontale cel typen. 

Dee laatste groep cellen in de buitenste laag van het netvlies zijn de bipolaire cellen. Ze 
vormenn de verbinding tussen de buitenste en de binnenste laag van het netvlies. Er bestaan heel 
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veell  verschillende typen bipolaire cellen. Ze hebben allemaal een receptief veld met een 
centrum/omgevingg organisatie. Dit betekent dat ze op een lichtstimulus in het midden anders 
reagerenn dan op een lichtstimulus in de omgeving. 

Inn de binnenste laag van het netvlies vinden we de amacrine cellen en de ganglion cellen. 
Err zijn heel veel verschillende amacrine cellen, waarvan de rol nog niet bekend is. Wel weten we 
datt een aantal een rol spelen bij de licht-donker adaptatie. De ganglion cellen ontvangen de 
informatiee van de bipolaire cellen en vormen met hun uitlopers de oogzenuw. 

Hoofdstukk  2 beschrijft het proces waarmee omgeving-geïnduceerde licht responsen in 
kegeltjess kunnen worden gegenereerd. Grote uitgebreide lichtstimuli in de omgeving van een 
kegeltjee veroorzaken een hyperpolarisatie van de horizontale cellen die op hun beurt een 
terugkoppell  signaal naar de kegeltjes zenden. Dit terugkoppel signaal verschuift de activatie 
functiee van de calcium kanalen in de kegeltjes, waardoor meestal de calcium stroom toeneemt en 
dee kegeltjes meer van hun neurotransmitter glutamaat afgeven. Afhankelijk van de chloride 
omkeerr potentiaal veroorzaakt dit terugkoppel signaal een depolarisatie of een hyperpolarisatie 
vann het kegeltje. De omgeving-geïnduceerde licht responsen in de kegeltjes zijn depolariserend 
alss de chloride omkeer potentiaal positiever is dan de rustmembraan potentiaal en ze zijn 
hyperpolariserendd als de chloride omkeer potentiaal negatiever is dan de rustmembraan 
potentiaall  van het kegeltje. De omgeving-geïnduceerde responsen kunnen geblokkeerd worden 
mett een calcium afhankelijke chloride kanaal blokker niflumic acid, zonder dat in andere cellen 
dee omgeving-geïnduceerde responsen worden beïnvloed. Om te bepalen of deze omgeving-
geïnduceerdee licht responsen onder natuurlijke omstandigheden optreden, is de fysiologische 
chloridee omkeer potentiaal van kegeltjes bepaald. Deze bleek iets negatiever dan de kegel rust 
membraanpotentiaall  te zijn, wat betekent dat onder natuurlijke omstandigheden nagenoeg geen 
omgeving-geïnduceerdee licht responsen in kegeltjes zullen worden gevonden. Sterker nog, het 
depolariserendee effect van het door omgevingsstimuli opgewekte terugkoppel signaal wordt 
verminderdd door de calcium afhankelijke chloride stroom, die de kegeltjes naar hun chloride 
omkeerpotentiaall  wil polariseren. Hierdoor veroorzaakt het terugkoppelsignaal een toename van 
dee glutamaat afgifte zonder dat het kegeltje depolariseert. 

Dee signaaltransductie over de eerste synaps van het visuele systeem is niet lineair, omdat 
dee belangrijkste determinant voor de neurotransmitter afgifte, de calcium stroom, niet lineair is. 
Tochh is de signaal overdracht in het gehele visuele systeem relatief lineair. Om dit te kunnen 
begrijpen,, werd in hoofdstuk 3 de signaaloverdracht over de eerste synaps, die van de kegeltjes 
naarr horizontale cellen en vice versa, met en zonder terugkoppel signaal bestudeerd. Hierbij 
bleekk dat voor lichtstimuli zonder terugkoppel signaal de signaaloverdracht van kegeltjes naar 
post-synaptischee cellen sterk niet lineair is, terwijl voor lichtstimuli met terugkoppel signaal de 
signaaloverdrachtt meer lineair is. Het terugkoppel signaal lineariseert dus de signaaloverdracht 
vann kegeltjes naar horizontale cellen. Daarnaast bleek dat het terugkoppel signaal lineair 
gerelateerdd is aan de polarisatie van de horizontale cellen. Dit zou kunnen impliceren dat de 
horizontalee cellen elektrisch terugkoppelen naar de kegeltjes. 

Inn hoofdstuk 4 worden de dynamische eigenschappen van het kegel/horizontale cel 
netwerkk beschreven. Zoals eerder gezegd, geven de kegeltjes hun signalen door aan de bipolaire-
enn horizontale cellen, via een snelle directe synaptische verbinding. De horizontale cellen 
genererenn een wat trager terugkoppel signaal in kegeltjes met een tijdconstante van ongeveer 80 
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ms.. Toch kunnen in postsynaptische neuronen, de bipolaire- en horizontale cellen, responsen 
voortgebrachtt door terugkoppeling worden gemeten met tijdconstanten variërend van 36 tot 116 
ms.. Deze grote variaties in response dynamica kunnen niet door weglengte verschillen worden 
veroorzaakt,, omdat ze via hetzelfde pad worden gegenereerd. De reden voor deze verschillen 
moett gezocht worden in de niet lineariteit van de calcium stroom in kegeltjes. In een 
gedepolariseerdd kegeltje heeft de terugkoppel signaal gegenereerde respons een tijdconstante 
gelijkk aan de directe kegel lichtrespons, terwijl in een gehyperpolariseerd kegeltje de terugkoppel 
signaall  gegenereerde respons aanzienlijk trager is. Daarnaast is gebleken dat er geen 
tijdd vertraging in het terugkoppel pad aanwezig is. De eerder beschreven schijnbare vertraging 
vann het terugkoppel signaal is een gevolg van de interactie tussen de directe lichtrespons en het 
terugkoppell  signaal. Dit illustreert dat, in niet lineaire systemen, responsen voortgebracht via 
langeree netwerkverbindingen even snel of zelfs sneller kunnen zijn dan responsen gegenereerd 
viaa korte netwerkverbindingen. 

Inn de inleiding van dit proefschrift is beschreven dat de lichtgevoelige fotoreceptoren de 
invoerr van het visuele systeem vormen. Het is daarom belangrijk om te weten wat de spectrale 
eigenschappenn van deze fotoreceptoren zijn. Daarom zijn in hoofdstuk 5 de fysiologische 
spectralee eigenschappen van de kegeltjes en het terugkoppel signaal in de goudvis beschreven. 
Hett is bekend dat goudvissen één type staafje hebben met een maximale gevoeligheid bij 537 
nm.. Daarnaast bezitten ze vier typen kegeltjes met een maximale gevoeligheid bij 620, 540, 460 
enn 360 nm. In de bestudering van de spectrale eigenschappen van de goudviskegeltjes werd het 
ultra-violett gevoelige kegeltje niet gevonden. Dit wordt mogelijk veroorzaakt door dat bij 
volwassenn goudvissen het ultra-violet kegeltype verdwenen is. Dit verlies van UV gevoeligheid 
iss bij diverse soorten vissen reeds beschreven. 

Dee spectrale gevoeligheid van de bestudeerde kegeltjes is in het lang golvige gebied van 
hett spectrum nagenoeg identiek aan de fotopigment absorptie spectra gemeten door Harosi 
(1976),, maar verschilt duidelijk in het kort golvige gebied. De spectrale gevoeligheid van het 
terugkoppell  signaal is in alle drie de kegeltypen spectraal breder dan die van de kegeltjes en heeft 
altijdd hetzelfde teken. Dit impliceert dat de horizontale cellen terugkoppelen naar alle kegeltypen 
enn dat alle horizontale cellen invoer ontvangen van diverse kegelsystemen. Daarnaast wordt 
gedemonstreerdd dat een dergelijk horizontale cel systeem de synaptische gevoeligheid van de 
kegeltjess aanpast aan de spectrale eigenschappen van de omgevingsverlichting. Samenvattend 
kann geconcludeerd worden dat het kegel horizontale cel systeem ervoor zorgt dat kleuren van 
objectenn uit de omgeving kleurvast waargenomen worden. 

Inn hoofdstuk 6 worden de resultaten van de vorige hoofdstukken samengevat en in 
verbandd gebracht met het werk van andere onderzoekers. Hierbij wordt vooral ingegaan op de 
eigenschappenn van de signaal overdracht over de eerste synaps van het visuele systeem. 
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