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Chapterr 6 

Generall discussion 

Thee seminal observation that HC polarization induces a change in the current-voltage 
relationn of a cone formed the starting point of this thesis. In the following paragraphs, 
II  wil l discuss aspects of the nature of this feedback-induced modulation of the cone cur-
rent-voltagee relation, not yet dealt with. Various mechanisms for the involvement of the 
hemichannelss will be presented. Finally, I wil l discuss the arguments that made us con-
cludee that it is the current flowing through these channels, which mediates feedback. 

Thee nature of the feedback-induced changes in the current- voltage 
relationn of cones 
Thee black squares in Fig 6.1 A show the whole cell current voltage relation of a cone, 
whenn it is illuminated with a small saturating spot. The grey squares in Fig 6.1 A show the 
wholee cell current of the same cone when HCs are hyperpolarized using full-field stimula-
tion.. Feedback induces changes in the current voltage relation of cones between about 
-500 mV and -20 mV, whereas it hardly changes the current voltage relation at very nega-
tivee and positive potentials. Since feedback did not induce changes at negative potentials 
wee subtracted the linear current and obtained the current voltage relation as depicted in 
Figg 6.1 B. This current voltage relation looks similar to the current voltage relation of 
calciumm channels, reported in other studies (Barnes and Hill e 1989; Barnes et al. 1993). 
Negativee feedback from HCs to cones shifts the calcium current activation function to 
moree negative potentials. 

Thee way we obtained the current voltage relation of the calcium current raises 
thee question whether it is indeed carried by calcium ions only. Unfortunately, there is no 
completee blocker of this L-type calcium channels available to verify this. However, we 
doo have additional arguments that show that feedback is indeed changing the amount of 
calciumm flowing into the cone. First of all feedback induces a secondary, slowly activated 
current.. Based on its sensitivity to niflumic acid and its reversal around the equilibrium 
potentiall  of chloride (Kraaij et al. 2000b), it was concluded that this current is a calcium 
dependentt chloride current. For this current to be activated by feedback, feedback should 
increasee the amount of calcium into the cone. If feedback induces an increase in calcium 
flowingflowing into the cone, it then is likely that cones should increase their glutamate release. 
Thatt this is indeed happening can be seen in the light responses of the HCs. It modulates 
thee rollback of the monophasic HCs and the depolarising responses of the BHCs and the 
THCs. . 
Althoughh there seems to be a reasonable consensus about the depolarising responses, 
beingg caused by a feedback-induced increase in glutamate-release, there remains some 
controversyy about the origin of the rollback of the MHC. The rollback has also been 
attributedd to non-linearities of the HC membrane current (Maximov and Byzov 1996). 
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FigureFigure 6.1 Feedback induces a change in the current voltage relation of the 
cone.cone. A) Whole cell current voltage relation of a cone in the absence (black 
squares)squares) and presence of feedback (grey squares). Feedback induces a change 
inin the current voltage relation of the cone between around—50 mV and-10 mV. 
B)B) Leak-subtracted current voltage relation of a cone without (black squares) 
andand with feedback (grey squares). Feedback shifts the calcium current of the 
conecone to more negative potentials (From Verweij et ah, 1996a). 

Thee finding that in goldfish red light stimulation leads to light responses without a roll-
back,, whereas green light stimulation, with similar response amplitude, leads to a roll-
backk argue against this. If voltage gated channels were to be responsible for the rollback, 
aa similar hyperpolarization should lead to comparable light response kineticss independent 
off  the spectral composition of the stimulus. So we believe that feedback is modulating the 
activationn curve of the calcium current of the cone. 

Thee involvement of hemichannels in negative feedback from HCs to 
cones s 
AA study of connexin expression and localisation in the retina, revealed the localisation of 
putativee hemichannels at the tips of the lateral HC processes. The involvement of these 
hemichannelss in negative feedback from HCs to cones is based on several pharmacologi-
call  experiments. Application of carbenoxolone, a general gap-junction blocker, blocked 
alll  feedback-mediated responses in the outer retina. Of course, the hemichannels are 
nott the only channels in the outer retina, blocked by carbenoxolone. The gap-junctions 
betweenn different cell types present in the outer retina will  also be blocked. Are hemi-
channelss really directly involved in negative feedback from HCs to cones, or is the uncou-
plingg of cells in the outer retina the cause of the loss of the feedback-mediated response? 
Twoo different points argue against such critical involvement of gap-junctions: 1) Low 
concentrationss of cobalt also block the feedback-mediated responses. Although hemi-
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channelss have been reported to be sensitive to cobalt (Dixon et al. 1996), gap-junctions 
aree probably not. In several studies that focussed on the electrical properties of the gap-
junctionss between HCs, high concentrations of cobalt were present to prevent activation 
off  some voltage-gated channels to contribute to the current-voltage relation (De Vries and 
Schwartzz 1989). In this condition gap-junctions were not affected by cobalt. This sug-
gestss that low concentrations of cobalt block feedback while leaving the HCs coupled. 2) 
Feedbackk can reappear in the presence of carbenoxolone. That merely uncoupling of HCs 
doess not block feedback can be seen in the experiments done in chapter 2. Application 
off  kainate in the presence of carbenoxolone leads to the reappearance of feedback. These 
experimentss show that, in the absence of HC coupling, negative feedback from HCs to 
coness can still be functional. This suggests that not the uncoupling of HCs but the block 
off  hemichannels inhibits negative feedback from HCs to cones. 

Howw are hemichannels involved in negative feedback from HCs to 
cones? ? 
Basedd on both the carbenoxolone and the cobalt results, and the arguments listed above, 
wee concluded that hemichannels are involved in negative feedback from HCs to cones, 
thoughh the nature of their contribution was still unclear. Inspired by the work of Byzov, 
thee hypothesis of hemichannels being involved in negative feedback through an ephap-
ticc mechanism was postulated. Current flowing through the limited intersynaptic space 
betweenn cones andd HCs into the hemichannels would, in this model, change the extracel-
lularr potential in the synaptic cleft, reducing the transmembrane potential sensed by the 
calciumm channels of the cone. In a voltage clamped cone, stepped to different potentials, 
thiss would result in a shift of the calcium current to more negative potentials, which was 
experimentallyy found by Verweij et al (1996a). If indeed negative feedback from HCs to 
coness is mediated through an ephaptic mechanism, then current flowing through other 
channelss present in the cone / HC synapse should also be able to modify the extracel-
lularr potential in the synaptic cleft and thereby change the output of cones. In this thesis, 
II  have presented evidence that this is indeed the case. First of all, in the absence of a 
hemichannell  conductance, current flowing through the glutamate-gated channels can also 
elicitt depolarising responses of BHCs upon deep red light stimulation (Chapter 2). The 
findingfinding that GABAergic modulation of the strength of negative feedback from HCs to 
coness disappears when one changes the direction of the GABA-mediated current gives 
additionall  proof that it is current that mediates feedback (Chapter 4). Based on these two 
setss of experiments, we propose that hemichannels act as a current sink and induce in 
thatt way a voltage drop over the extracellular space. A direct measurement of this voltage 
dropp is technically not feasible. This makes that we have to relay on indirect evidence. 
Thereforee it is important to reflect on other mechanisms. 

Possiblee other mechanisms in which hemichannels could be involved 
Itt has been proposed that glutamate (Anwyl 1991), GABA (Kaneko and Tachibana 
1986a),, and nitric oxide (NO) (Savchenko et al. 1997) are the feedback neurotransmit-
ter.. Furthermore, changes in the concentration of divalent cations (Piccolino et al. 1999), 
andd protons (Barnes et al. 1993) can shift the calcium current activation function to more 
negativee potentials. Could these substances play a role in a feedback mechanism involv-
ingg hemichannels? 
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1)) Hemichannels are large holes through which molecules up to 1 kDa can pass. One 
couldd argue that neurotransmitters can leave HCs via this pathway and bind to certain 
receptorss on cones, which modulate the Ca2+-current. The finding that when the hemi-
channelss are blocked, the glutamate-gated channels on HC dendrites can mediate feed-
backk is inconsistent with this hypothesis, because neurotransmitters cannot pass through 
glutamate-- gated channels. 
2)) Hemichannels could form a pathway by which the intracellular Ca2+-concentration 
increases,, leading to an increase in the production of NO (Snyder 1992). If NO is the 
feedbackk neurotransmitter then application of an excess of NO should abolish feedback. 
Inn carp retina application of an NO donor did not reduce feedback-mediated responses 
inn HCs, which is not in line with NO being the feedback neurotransmitter (Pottek et al. 
1997). . 
3)) Lowering the concentration of both divalent cations (Piccolino et al. 1999) and protons 
(Barness and Bui 1991) shifts the calcium current towards more negative potentials. 
Hemichannels,, by acting as a calcium or a proton sink could lower their concentration 
inn the synaptic cleft, and in that way induce the observed shift of the calcium current. 
Thee changes in concentration of these ions would depend on the driving force which 
increasess with HC hyperpolarization. The results presented in chapter 4 make it unlikely 
thatt changes in the concentration of calcium or protons in the synaptic cleft is the 
mechanismm by which the calcium current is shifted towards negative potentials. Both 
PTXX and GABA hardly polarize HC while having opposite effects on the calcium current 
activationn function. In conditions where EC1 is more negative than the resting membrane 
potential,, PTX shifts the calcium current of the cone to more negative potentials, whereas 
GABAA shifts it to more positive potentials. If a decrease in either calcium or protons was 
thee feedback mechanism, HC polarization and the shift of the calcium current induced by 
PTXX and GABA would be correlated. 

Inn conclusion: the other mechanisms fail to fully account for the feedback 
inducedd currents in cones. Although direct proof for the ephaptic mechanism is hard to 
obtain,, it is the only mechanism consistent with all the data presented. 

Currentt sinks and sources in the synaptic cleft 
Too complete its circuit, current flowing through the hemichannels into the tips of the HCs 
shouldd leave the HC through potassium channels. If the potassium channels of the HC 
weree to be located near the hemichannels, there would be no net voltage drop in the syn-
apticc cleft. Yazulla and Studholme (Yazulla and Studholme 1998a), determined the locali-
sationn of Shaker-like and Shab-like potassium subunits in the outer retina of goldfish and 
foundd almost none of the immunolabel in the cone/HC synapse. It was present at the cone 
somataa (inner segments) and on HC somata, indicating that these potassium channels are 
nott present at the invaginating HC processes. 

Off  course, the hemichannel-mediated current is not the only current flowing 
throughh the synapse. The calcium channels of the cone are also present in the synapse, 
andd current flowing through these channels into the cone should also induce a local volt-
agee drop. We do not have evidence for this. This seems to contradict the ephaptic feed-
backk hypothesis, since any current flowing through the synaptic cleft should be able to 
inducee a voltage drop. One possible explanation for this could be the current flowing 
throughh the calcium dependent chloride channels. Since the equilibrium potential for 
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chloridee is around -55 mV (Kraaij et al. 2000b), current flowing through these channels 
wil ll  be outward at potentials were the calcium current is active. If these channels were 
too be located in close proximity to the calcium channels, the current sources and sinks of 
thee cone would not be spatially separated. Although at this moment no antibodies exist 
forr the calcium-dependent chloride current, we do have some circumstantial evidence 
thatt the calcium dependent chloride channels are located near the calcium channels of the 
cone.. We were not able to block the calcium-dependent chloride current by adding high 
concentrationss of the fast calcium buffer BAPTA to our intracellular solution, whereas 
wee could modulate the change in calcium concentration in the bulk of cytoplasm of the 
synapticc terminal. This suggests that the calcium channels and the calcium dependent 
chloridee channels are located closely to each other. 

Whyy does only the calcium current activation function shift? 
Unlikee other voltage-gated channels most calcium channels do not have a voltage depen-
dentt channel inactivation, but do have a calcium dependent inactivation (Hill e 1992). The 
extentt of the latter differs enormously among the different calcium channel types. The 
L-typee calcium-channel of the cone is one of the types that hardly show any inactivation 
(Barness and Hill e 1989). The current voltage relation of the calcium current of the cone 
iss therefore determined by the voltage-dependence of both the channel opening and the 
drivingg force. Like any voltage-gated channel, calcium channels have a voltage sensor 
formedd by mobile charged aminoacids that signal a voltage change over the membrane. 
Voltagee changes are converted into conformational changes of the protein that lead to 
thee opening or closure of the pore. Local changes in extracellular potential change the 
potentiall  difference over the membrane and thereby change the opening of the channel. 
Consideringg the fact that both channel opening and driving force depend on voltage one 
wouldd expect that the feedback-induced extracellular voltage drop would shift the whole 
calciumm current to more negative potentials. We did not observe that. 

Onee possible explanation for this could be our inability to completely block the 
delayedd rectifier type of potassium channels. As can be seen in the whole cell currents 
off  Fig 6.1 A, there is quite a large amount of current flowing at positive potentials. At 
thesee potentials the current will flow most likely through the delayed rectifying type of 
potassiumm channels (Barnes and Hill e 1989). Seeing that these potassium channels are 
localisedd outside the synaptic cleft (Yazulla and Studholme 1998b), they wil l not be influ-
encedd by the feedback-induced voltage drop in the synaptic cleft. So, at positive poten-
tials,, the current- voltage relation of Fig.6.1B wil l be contaminated with the current flow-
ingg through the extrasynaptic channels, which wil l not sense the feedback-induced volt-
agee drop. Since, at positive potentials, this potassium current is much larger than the 
calciumm current of the cone, the large potassium current will mask the shift of the calcium 
current. . 

Ephapticc communication: a general phenomenon? 
Inn any chemical synapse, there is a close apposition between neurons. So, in principle 
electricall  feedback should be present in every synapse, the magnitude depending on the 
amountt of current flowing through the synapse and the resistance of the synaptic space. 

Obviously,, when the resistance of the synaptic space is zero, electrical feedback 
iss absent. For flat, small diameter synapses this resistance may be very small and electri-
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call  feedback wil l be undetectable. In the retina, HC processes deeply invaginate the cone 
pedicle,, which wil l increase the resistance of the synaptic space. There, electrical feed-
backk is prominent. This raises the question whether ephaptic communication is only pres-
entent in some rare cases like the retina, the Mauthner cells, and the cerebellar purkinje cells, 
orr whether it is a more general phenomenon? The work of Voronin (Kasyanov et al. 2000; 
Berrettaa et al. 2000) indicates that ephaptic communication might occur in some synapses 
inn the CA3 area of the hippocampus. The synapses of the mossy fibres with these CA3 
pyramidall  cells show invagination of both pre- and postsynaptic membranes. Glutamate 
releasedd by the mossy fibres opens the postsynaptic glutamate-gated channels, thereby 
increasingg the current flow in the synaptic cleft. This wil l reduce the transmembrane 
potentiall  of the presynapse leading to additional release of glutamate. In this way, the 
releasee of a vesicle could facilitate the release of the other vescicle. They validated 
theirr hypothesis by showing that the size of the excitatory post synaptic current (EPSC) 
increasedd more with hyperpolarization of the CA3 neuron than predicted from the 
increasee in driving force. In the visual cortex 10 % of the neurons tested showed such 
supralinearityy of the size of the EPSC with respect to the membrane potential, which 
couldd be accounted for by positive ephaptic feedback on vesicle release. As stated by 
Voronin,, this is in striking agreement with the amount of large synapses present in the 
visuall  cortex. The above suggests that ephaptic communication in a chemical synapse is 
nott as uncommon as may have been generally thought all these years. 
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