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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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