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

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

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

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

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

19 19 



CobaltCobalt blocks feedback 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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