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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; 

Chapterr 5 83 3 



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 
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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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VM^nn*VM^nn* > 
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. 

Chapterr 5 89 9 



v v 
**  rest 

V V 
max x 

n n 

s„ „ 

-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). 

FigureFigure 5.6. Light 
responseresponse of a voltage-
clampedclamped M-cone to a 
20-pm20-pm spot of 536 nm 
(left)(left) 1=7.4 log 
photonsphotons pm'2 s~' and 
thethe light response of 
thethe same voltage-
clampedclamped M-cone to a 
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. 

500 pA 

, , 
3000 ms 

3000 ms 

Spot t 

<44 Dark. 

Full-field d 

-- Spot — 
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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. 

-33 00 log *-* *  **"•* •""""• ***  **~  *~*  ""•"^ Figure 5.7. Responses 
ofof an M-cone clamped 
atat -48 mVto large-spot 

-2.600 log *-"*  mtm m"m """"*"" ""'"*  ****** *""•* stimuli of seven 
wavelengthswavelengths and eight 
intensities,intensities, while the 

-2.300 log **-" mmm ****'* *****  **"** """*" ****" direct light response 
waswas saturated with a 
continuouscontinuous 20-fitn 

-2.000 log *mm •*•* m^m •V" **-  *****  ****" whKe Sp0tm Scaling, 
timing,timing, stimulus 
wavelengthwavelength and 

.1.600 log -w- -s^ KT V " "V- intensity are indicated 

inin the figure. 

-1.300 log - v v \r v* V V *** 

-i.oologg y r n p nf* \ p \f *\f*  *•*•" 
vv \J \J v v 

pAA | _ J - ^ J - l _ J - l _ J - T _ J - L _ J - | _ J - l _ 25 . . 

10000 ms 4055 nm 450 nm 500 nm 550 nm 600 nm 650 nm 694 nm 
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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. 

o.o o 

-0.5 5 

-1.00 . 

>, >, 
'.>'.> -15 

MM -2.0 

tt -2.5 

at at 

-3.0 0 

S-cones s M-cones s 

Conee spectrum, n\= 9 

Feedbackk spectrui\i, n •= 5 

-•-- Cone spectrum, n ~ 14 

oo Feedback spectrum, n = 8 

Conee spectrum, n = 16 

Feedbackk spectrum, n • 10 

400 0 5000 600 

Wavelengthh (nm) 

7000 400 5000 600 
Wavelengthh (nm) 

7000 400 5000 600 

Wavelengthh (nm) 

700 0 

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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CC THC 

|| 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, 

966 Spectral sensitivity of the feedbacksignal 



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 

Chapterr 5 97 7 



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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