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Chapterr  4 

GG ABAergic modulation of ephaptic feedback 
inn the retina 

IrisIris  Fahrenfort, Trijntje Sjoerdsma, and Maarten Kamermans (submitted) 

Forr  a neuronal network to function stably, it is essential that the strengths of inhibi -
tiontion and excitation are well balanced. In many neuronal systems GABA mediates 
thiss inhibition . Although all components for  a GABAergic negative feedback system 
aree present, we recently showed that the inhibitio n in the first  synapse of the retina 
iss mediated by an ephaptic mechanism involving hemichannels. This left the role of 
GABAA in this system unexplained. In the present paper  we show that GABA modu-
lates,, in a unique way, the strength of the ephaptic feedback system by redirecting 
thee intersynaptic, hemichannel-mediated current. 
Inn the first synapse of the retina, inhibition of cones by horizontal cells (HCs) is mediated 
throughh hemichannels present at the tips of the HC dendrites. Current flowing through 
thesee half gap-junctions modifies the neurotransmitter release of the cones by changing 
thee extracellular potential in the synaptic cleft (Kamermans et al. 2001a). This inhibitory 
pathwayy functions with a time-constant of about 80 ms (Kamermans et al. 2001b), is 
almostt linear (Kraaij et al. 2000a), and plays a prominent role in contrast enhancement 
(Dowlingg 1987) and color-constancy (Kamermans et al. 1998). Interestingly, the effi-
ciencyy of the feedback pathway changes strongly during light-dark adaptation, with feed-
backk almost absent in the dark-adapted state (Weiler and Wagner 1984). Although it has 
beenn suggested that GABA is involved in the adaptation induced changes in feedback 
strengthh (Yang and Wu 1989; Yang and Wu 1993; Gilbertson et al. 1991), the mechanism 
off  this modulation has not yet been revealed. 

Heree we show that GABA modulates the ephaptic feedback pathway from HCs 
too cones. In a voltage-clamped cone, which was saturated by a small spot, diffuse light 
stimulation11 resulted in an increase of the inward Ca-current (Fig.4.1 A, left). Bath appli-
cationn of 200 uM GABA reduced the feedback-induced responses to 48  6.1% (n=7), 
showingg that GABA can modulate the amplitude of the feedback response. Since GABA 
cann modulate the feedback response in cones one expects that GABA can also modulate 
thee feedback-induced responses of second order neurons such as HCs. 

Feedbackk induces a secondary depolarization in monophasic HCs (MHCs)2 (Wu 
1994;; Witkovsky et al. 1995; Kamermans et al. 2001b) and a depolarizing response to 
deep-redd light stimulation in biphasic HCs (BHCs) (Stell and Lightfoot 1975; Kamer-
manss and Spekreijse 1999; Kamermans et al. 2001b; Witkovsky et al. 1995; Weiler and 

'Retinass of light-adapted goldfish, Carassius Auratus, (12 - 16 cm standard body length) were used in the 
electrophysiologicall  experiments. For details about die experimental procedures, see Fahrenfort et al. (1999). 
SKF89976AA was a kind gift from Smith Kline Beecham. Data are presented as mean  sem. 
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FigureFigure 4.1 GABA decreases the feedback-mediated responses in cones and 
HCs.HCs. A) The feedback-induced current response in a cone clamped at -42 m V 
inin control (left trace) and in the presence of 200 \x.M GABA (right trace). B) 
TheThe voltage response of a MHC to 550 nm diffuse light stimulation in control 
(left(left trace) and after application of 200 \xM GABA (right trace). The arrow 
indicatesindicates the feedback-induced secondary depolarization, which disappears 
afterafter application of GABA. C) The voltage responses of a BHC to diffuse 
lightlight stimulation of 550 nm and of 650 nm in control (left trace) and in the 
presencepresence of 200 \xM GABA (right trace). Feedback induces a depolarizing 
responseresponse to 650 nm light stimulation in these cells, which reduce upon GABA 
application. application. 

Wagnerr 1984). Fig 4.IB (left) shows the response of an MHC to 550 nm diffuse light 
stimulation.. The response had a pronounced secondary depolarization (arrow). In 6 out 
off  6 cells tested, application of 200 uM GABA completely abolished the secondary depo-
larizationn (Fig.4.1B, right), whereas it almost had no effect on the sustained response 
amplitude.. Similar results were obtained for the BHC responses. Fig.4.1C (right) shows 
thee responses of a BHC to 550 nm and 650 nm diffuse light flashes. 550 nm light 
stimulationn induced a sustained hyperpolarizing response whereas 650 nm stimulation 

2Monophasicc HCs hyperpolarize to light stimulation of all visible wavelengths, whereas biphasic HCs depolarize 
too long wavelength stimuli and hyperpolarize to short and middle wavelength stimuli. 
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yieldedd a sustained depolarizing response. Application of 200 uM GAB A to the bath 
solutionn reduced the depolarizing responses (Fig.4.1C), but left the hyperpolarizing 
responsess intact. On average, GABA application reduced the secondary depolarization of 
thee MHCs3 by about 20  4.7% (n=6) and the depolarizing responses in the BHCs due to 
deep-redd light stimulation by 55  5.3 % (n = 4). These results show that, as for the cones, 
GABAA application reduced the amplitude of the feedback-mediated responses in HCs. 

MHCss release GABA in a calcium independent way, using a GABA transporter 
whichh works in the reversed direction (Schwartz 1982; Yazulla and Kleinschmidt 1983) 
andd which can be blocked by SKF89976A (Takahashi et al. 1995). If the GABA release of 
HCss leads to modulation of the feedback strength and if there is a basal release of GABA 
inn our experimental condition, then blocking the release of GABA from the MHCs would 
leadd to an increase of the feedback-mediated responses in cones and HCs. Fig.4.2A shows 
thee feedback-mediated responses of a cone in control conditions (left) and after applica-
tionn of 25 uM SKF89976A (right). As can be seen in this figure, blocking the GABA-
transporterss resulted in an increase in the feedback-mediated responses in cones. This was 
foundd in all cones tested (n=5). Fig.4.2B shows the responses of an MHC due to diffuse 
lightt stimulation of 550 nm. In control conditions (left), the MHC response consisted of a 
sustainedd hyperpolarization with a small secondary depolarization. Blocking the GABA-
transporterss resulted in an increase in the secondary depolarizing response (right). This 
wass found for all 4 cells tested. Finally, the effect of SKF89976A on the BHC responses 
wass tested. Fig.4.2C shows the responses of a BHC to 550 nm and 650 nm diffuse light 
stimulationn in control conditions (left) and in the presence of 25 uM SKF89976A. In 3 
off  3 BHCs, the application of the GABA-transported blocker had almost no effect on the 
hyperpolarizingg responses, but substantially increased the amplitude of the depolarizing 
responsess to red light stimulation. 

GABAA can act at several locations in the outer retina. Both cones (Yazulla and 
Studholmee 1997; Picaud et al. 1998) and HCs have GABAA and GABAC receptors (Ver-
weijj  et al. 1998). Are these receptors mediating the modulatory action of GABA? Bath 
applicationn of picrotoxin (PTX) blocks both the GABAA and GABAC receptors in the 
retinaa and would therefore reveal whether a GABA-gated Cl-current is part of the under-
lyingg mechanism. The small feedback-induced current in cones present in control con-
ditionn (Fig.4.3A, left) increased dramatically after application of 100 \iM PTX (middle 
trace).. This was found in all cones tested (n=7). Fig.4.3B shows the response of an MHC 
too 550 nm diffuse light stimulation in control (left) and in the presence of 100 jiM PTX. 
PTXX application increased the secondary depolarization (n=ll). These results indicate 
thatt the closing of GABA-gated Cl-channels leads to an increase in feedback-mediated 
responsess in cones and HCs. 

Thee results presented thus far do not show on which cells these GABA recep-
torss are located. In the inner retina GABA is released in a vesicle mediated-manner and 
takenn up by GABA-transporters. Application of SKF89976A would therefore lead to an 
increasee in extracellular GABA in the IPL and would thus mimic GABA-application. 
However,, as is obvious from figures 4.2 and 4.3, SKF89976A-application mimicked 
PTX-application,, thus ruling out inner retinal interactions as the main mechanism for the 

'Sincee the rollback of the MHC is a combination between feedforward and feedback, a quantitative comparison 
off  the reduction of the feedback responses in cones and HCs is not possible. 
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FigureFigure 4.2 SKF89976A increases the feedback-mediated responses in both 
conescones and HCs. A) The feedback-induced response in a cone in control 
(left(left trace) and in the presence of 25 \xM SKF89976A (right trace). B) The 
lightlight response of a MHC to 550 nm diffuse light stimulation in control (left 
trace)trace) and after application of 25 \iM SKF89976A (right trace). SKF89976A 
increasesincreases the secondary depolarization. C) The light responses of a BHC to 
diffusediffuse light stimulation of 550 nm and of 650 nm in control (left trace) and in 
thethe presence of SKF89976A (right trace). The feedback-induced depolarizing 
responseresponse to 650 nm light stimulation (arrows) increases after application of 
SKF89976A. SKF89976A. 

modulationn of the feedback strength in the outer retina. 
Sincee both cones and HCs have GABA-gated channels, either or both of them 

couldd be responsible for the results presented. In the salamander, opening of GABA-
gatedd channels has been shown to decrease the light responses of HCs by shunting the 
HCC membrane potential (Kamermans and Werblin 1992). Such a GABAergic shunt could 
accountt for the GABAergic modulation of the feedback-mediated responses. If a change 
inn the amplitude of the HC light responses had been the main mechanism by which 
GABAA modulated the size of the feedback-mediated responses, one would have expected 
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thee HC light responses to be increased by PTX, and SKF89976A. However, GABA, PTX 
andd SKF89976A decreased the sustained response amplitude of the MHC light responses 
too 75.8 + 3.0 % (n= 6), 84.4+ 10.3 % (n= 10), and 87.2  4.2 % (n=5) of their control 
responsess respectively4. This reduction in MHC light response amplitudes argues against 
suchh a shunting mechanism, as the main cause for the GABAergic modulation of the 
feedback-mediatedd responses. 

Thiss leaves the GABA-gated Cl-channels in the cones as a possible main target. 
Theree are at least two different ways in which opening of GABA-gated channels in the 
coness can modify feedback. Firstly, opening the Cl-channels could hyperpolarize the 
membranee potential of the cones since the Cl-equilibrium potential is approximately -55 
mVV (Kraaij et al. 2000b). Because of the non-linearity of the calcium current, polariza-
tionn of the cone membrane potential by only a few mV can change the efficiency of nega-
tivee feedback dramatically (Fahrenfort et al. 1999). Application of GABA, however, only 
polarizedd the cones by -1.30  0.72 mV (n=4), which is not significantly different from 
zero5.. Furthermore, GABA modulated feedback even in voltage clamped cones; there-
fore,, GABA-induced polarization of the cones cannot be the main mechanism by which 
feedbackk is modulated. 

Inn the second mechanism, the opening of Cl-channels by GABA could redirect 
thee current flowing through the synaptic cleft, and in that way interfere with ephaptic 
communicationn between HCs to cones. This mechanism is illustrated schematically in 
Fig.4.4.. A detailed description of the ephaptic feedback mechanism can be found else-
wheree (Kamermans et al. 2001a). In summary, current flowing through the hemichannels 
(I)(I)  passes the intersynaptic space (3), which has a relatively high resistance. This induces 
aa local voltage drop near the calcium channels of the cone (2), ultimately resulting in a 
changee in neurotransmitter release of the cone (Fig.4.4A). GABA receptors are present in 
thee membrane of the synaptic terminal of the cones (5) (Yazulla et al. 1989; Yazulla and 
Studholmee 1997). In the presence of GABA, the GABA-receptors in the cone membrane 
wil ll  be open and, with EC1 around -55 mV (physiological ECJ) (Kraaij et al. 2000b), an 
outwardd current wil l flow through these channels at the dark resting membrane potential 
off  about -40 mV. This outward current will reduce the current flowing through the inter-
synapticc space into the hemichannels and wil l therefore lead to a reduction of the volt-
agee drop along this space. In other words, the GABA-gated Cl-conductance redirects the 
intersynapticc current and can thus ephaptically modulate the feedback pathway from HCs 
too cones (Fig.4.4B). 

Inn order to study this option, we need to show that the Cl-conductance of the 
coness are involved. If the GABA receptors on the cones are essential for the modulation 
off  the feedback response then changing Ecl would profoundly change this. In control 
conditions,, GABA induced a current with a reversal potential of-52.9 0 mV (n=5; 
Fig.4.5A,, filled circles), which is close to the calculated value for EC1 of-55 mV. In condi-
tionss with the calculated EC1 at -20 mV (high Ec]), GABA modulated a current with a 

44 The reduction of the sustained light response amplitude of MHCs in PTX and SKF89976A is due to the 
increasee of the secondary depolarization. The reduction of the response amplitude in GABA seems to be due to 
ann overall reduction of the response amplitude together with the reduction of the secondary depolarization. 

5Thee small effect of GABA on the dark resting membrane potential of the cone is due to the fact that the light-
modulatedd conductance is very large compared to the GABA-gated conductance. 

35 35 



GABAGABA modulates feedback 

a) ) Control l PTX X 

Cone e 

< < 

O O 

5000 ms 

b) ) 

MHC C 

control l PTX X 

> > 
E E 
o o 

5000 ms 

_JJ L _J L 
FigureFigure 4.3 PTX increases feedback-mediated responses in both cones and 
HCs.HCs. A) The feedback-induced inward current in control (left trace) and in 
thethe presence of 100 \\M PTX (middle trace). B) The light response of a MHC 
toto 550 nm diffuse light stimulation in control (left trace) and after application 
ofof 100 \iMPTX(right trace). PTX increases the feedback-induced secondary 
depolarization. depolarization. 

reversall  potential of-23.3  3.8 mV (n=7; Fig.4.5A, open circles). This indicates that 
changingg the Cl-concentration in the pipette leads to the expected change in reversal 
potential.. Fig.4.5B shows the feedback-induced current in a cone with high EQ in control 
(upperr trace) and in the presence of 200 uM GABA (lower trace). With high Ea, applica-
tionn of GABA failed to reduce the response amplitudes of the feedback responses in 5 
off  the 7 cells tested. The effects of GABA in conditions with physiological Ea and with 
highh E were significantly different (Mann-Whitney test; p< 0.001), indicating that the 
GABA-receptorss in the cones are essential for the GABAergic modulation of the feed-
backk strength. Fig4.5C shows the feedback-induced responses in a cone with high EQ, in 
controll  Ringer's solution (upper trace) and in the presence of 200 pM PTX. The increase 
inn feedback-induced responses in cones after application of either PTX or SKF89976A, 
ass was present at physiological Ec l , was absent in 7 of the 9 cones with EC] = -20 mV. 
Thee effects of PTX and SKF on the feedback-induced responses in cones with high Ea 
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a)) b) 

FigureFigure 4.4 The cone HC synapse. A) The equivalent electrical circuit is drawn 
inin the condition in which the cones and HCs rest at -40 mV. Hemichannels 
(1)(1) form a current sink in the HC dendrites near the voltage dependent Ca2+-
channelschannels (2) in the cones. In this scheme the Ca2+-channels are represented 
byby a potentiometer because the activity of these channels (and therefore the 
amountamount of glutamate release) depends on the potential difference across the 
conecone membrane. The inward current through the hemichannels has to come 
fromfrom outside the synaptic complex and needs therefore to pass through the 
intersynapticintersynaptic space. Because the resistance of this space (3) is appreciable, a 
voltagevoltage drop will  occur, making the potential near the hemichannels slightly 
negative.negative. The result is that, locally, the potential difference over the cone 
membranemembrane will  become smaller, leading to an increase in Ca2*-current. (4) is 
thethe nonsynaptic membrane resistance of the HCs outside the cone synaptic 
complex.complex. (5) is the GABA-gated conductance of the cones. In (B) the equiva-
lentlent circuit is drawn in a condition in which the GABA-gated channels of the 
conescones are opened and EQ is set at -55 mV. At the dark resting membrane 
potentialpotential of the cone (about -40 mV), an outward current will  flow through 
thesethese GABA-gated channels. Part of the hemichannel-mediated current will 
flowflow from the cone into the tips of the HC dendrites, reducing the amount 
ofof intersynaptic current. Due to this redirection of the hemichannel-mediated 
current,current, the potential drop along the resistance of the intercellular cleft (3) 
willwill  be decreased. 

37 37 



GABAGABA modulates feedback 

differedd significantly from those obtained with physiological EC] (Mann-Whitney; p< 
0.001). . 

Byy opening the GABA-gated channels in the cone, the current flowing through 
thee intersynaptic space decreases, leading to a reduction in the extracellular voltage 
dropp over the intersynaptic space. Although we cannot measure the intersynaptic current 
directly,, we can use the calcium current as a detector of the changes in extracellular volt-
agee drop (Kamermans et al. 2001a). A larger intersynaptic current results in a shift of the 
calciumm current to negative potentials. With physiological E one expects that GABA 
applicationn will result in a reduction of the intersynaptic current and thus in a shift of the 
calciumm current to positive potentials. Voltage-clamped recordings from cones confirmed 
thiss prediction (Fig.4.7). On average the calcium current activation function shifted 1.2 + 
0.44 mV (n=12). Changing to high E abolished the modulating action of GABA on the 
sizee of the feedback-induced responses. Therefore, one would expect that with high EC1, 
GABAA application would not induce a shift of the calcium current towards positive poten-
tials.. Instead one would expect the calcium current of the cone to slightly shift towards 
moree negative potentials because opening the GABA-gated conductance in the cones in 
thiss condition induces an inward current that wil l pass through the intersynaptic space. 
Onn average, GABA application with high E , shifted the calcium current -2.1  0.4 mV 
(n=7).. The effect of GABA on the calcium current with physiological EC1 were signifi-
cantlyy different from those with EC1 at -20 mV (Mann-Whitney; p< 0.001). 

Withh physiological Ecl, both PTX and SKF89976A shifted the calcium current 
activationn function on average -2.7 5 mV (n=ll), whereas in conditions with E at 
-200 mV, the mean shift of the calcium current was 1.3  0.7 mV (n=7). The effects on the 
calciumm current with physiological EC1 were significantly different from those with High 
EC11 (Mann-Whitney; p< 0.01). 

Wee have presented evidence that GABA released by HCs modulates feedback 
fromm HCs to cones by redirecting the intersynaptic current in the synaptic terminal of the 
cones.. What is the time constant of this modulation? If HCs were changing the extracel-
lularr GABA concentration upon hyperpolarization with a time constant comparable to 
theirr light responses (around 90 ms (Vandenbranden et al. 1996)), one would expect to 
seee evidence for a closure of a GABA-gated channel in the cone during a flash of diffuse 
light.. Therefore, the effect of HC hyperpolarization on the GABA-gated currents of the 
coness was studied. To maximize the effect of such possible modulation, E , in the cones 
wass set at -20 mV. Fig.4.6 shows the responses of a cone saturated with a small spot with 
highh EC1, when its membrane potential was stepped from -62 mV to -102 mV for 5 sec. 
Duringg those 5 sec a flash of diffuse light of 3 sec was given. Trace (1) shows the current 
responsee when the cone was illuminated only with the small spot whereas trace (2) shows 
thee current response due to the same voltage step but now with the diffuse light stimulus 
inn addition. 

Lightt stimuli as long as 3 sec did not induce any detectable change in the 
GABA-gatedd Cl-conductance (n=6; Fig.4.6), whereas Fig.4.5A (open circles) shows that 
onee would expect a GABA-induced current of about 40 pA at that holding potential. 
Thiss indicates that the GABA release of HCs changes the GABA concentration near the 
GABA-gatedd channels of the cone only very slowly, the time constant being at least larger 

thann 3 seconds6. 
Inn this paper we have shown that endogenous GABA can modulate an ephaptic 
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FigureFigure 4.5 Changing the Cl-equilibrium potential abolishes the GABAergic 
modulationmodulation of the feedback strength. A) Mean current voltage relation of the 
GABAGABA induced currents in cones with Ea at -55 mV (black circles) and 
withwith Ea at -20 m V (open circles). B) Feedback-induced responses in a cone 
withwith Ea at -20 m V in control (upper trace) and after application of 200 um 
GABAGABA (lower trace). C) Feedback-induced responses in a cone with E at 
-20-20 mV in control (upper trace) and after application of 200 M PTX (lower 
trace).trace). PTX did not increase the feedback-mediated inward current. In the 
PTXPTX trace, a slowly developing inward calcium dependent chloride current 
interferesinterferes with the feedback response. In some cells the calcium dependent 
inwardinward current increased with time. 

feedbackk mechanism from HCs to cones by redirecting the current flowing through the 
intersynapticc space. Furthermore, this GABAergic pathway has a time constant much 

66 Transporter-mediated GABA release is fundamentally different from vesicular mediated release. A transporter 
onlyy releases one molecule per cycle, whereas one vesicle contains ten thousands of GABA molecules. If the 
amountt of transporters is low, the extracellular volume large, or if the transporters are far away from the GABA 
receptorss of the cones, this could lead to very slow changes in the concentration of GABA in the synaptic cleft, 
makingg this pathway slow relatively to the light response. 
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FigureFigure 4.6 HC hyperpolarization does not induce a closure of a GABA-gated 
channel.channel. Current traces from a cone with Ea at -20 m V, voltage clamped at 
-62-62 mV and stepped to -102 mV in conditions when illuminated with a small 
spotspot (1), and with diffuse white light in addition (2). 3 sec of diffuse white light 
stimulationstimulation does not induce a decrease in GABA-gated current. The bar indi-
catescates timing of the diffuse white light stimulation. 

largerr than 3 sec and is thus very slow compared to the light responses. Based on these 
findings,, we can summarize the events taking place during light/dark adaptation in the 
followingg way. In the light-adapted condition the GABA release of the HCs is relatively 
loww (Yazulla and Kleinschmidt 1982; Pow et al. 1996). The GABA-gated Cl-channels on 
bothh cones and HCs are mostly closed and the strength of the ephaptic negative feedback 
iss high. On the other hand, in the dark-adapted retina, GABA-release is high (Yazulla 
1985),, and the GABA-receptors on both the HCs and cones are open. This has the follow-
ingg effects. First, the redirection of the intersynaptic current diminishes the ephaptic feed-
back,, leading to a slight shift of the Ca-current to positive potentials and inducing a reduc-
tionn of the cone's glutamate release. Because the GABA receptors on the HCs are open 
inn this condition, the reduction of glutamatergic input7 wil l have negligible effects on the 
HCC membrane potential, but will reduce their light responses. The retina has moved from 
aa stable condition in which a feedforward and an ephaptic feedback pathway are well 
balancedd to another stable condition where ephaptic feedback is almost absent and the 
HCss are kept close to E . In this condition the system is stabilized by a slow GABAergic 
feedbackk system. 

'Ecll in HCs is more positive than the resting membrane potential in the dark (about -30 mV) ( Kraaij et al, 
2000b) ) 
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FigureFigure 4.7 The mean shifts in calcium current activation function induced 
byby either PTXor SKF89976A, and by GABA in cones with Ea at -20 mV 
andand with Ea at -55 m V. 
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