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GABA-mediated Positive Autofeedback Loop Controls Horizontal Cell 
Kinetics in Tiger Salamander Retina 
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Horizontal cells (HCs) appear to release, and also to be sen- 
sitive to, GABA. The external GABA concentration is in- 
creased with depolarization of the HC membrane via an elec- 
trogenic GABA transporter. This extracellular GABA opens 
a GABA,-gated Cl- channel in the HC membrane. Since the 
equilibrium potential for Cl- (EC,) is near -20 mV, GABA 
released by the HC further depolarizes the HC. The GABA 
transporter and the GABA, receptor thus constitute a pos- 
itive feedback loop in the HC membrane. This loop can slow 
down the kinetics of the light responses in HCs. 

GABA released via the GABA transporter can affect the 
GABA, receptor, probably because diffusion from the extra- 
cellular space is normally restricted by the intact retinal 
structure. We therefore used retinal slices rather than iso- 
lated HCs to maintain that structure. To measure single-cell 
currents in the slice, HCs were electrically uncoupled by 
including CAMP in the patch pipette. Under these conditions, 
bath application of GABA elicited two currents: (1) a pic- 
rotoxin-blocked current reversing near E,,, probably medi- 
ated by GABA, receptors, and (2) a picrotoxin-insensitive 
current similar to that elicited by cis-4-hydroxynipecotic acid 
(NIP) shown in other preparations to act at the GABA trans- 
porter. 

Under physiological conditions, the HC membrane poten- 
tial is controlled by two major conductances, the GABA,- 
gated Cl- conductance described above, and the glutamate- 
gated conductance modulated by photoreceptor input. A 
bright light flash eliminates the glutamate-gated conduc- 
tance, leaving only the GABA-gated Cl- conductance to con- 
trol the membrane. With the Clf conductance a significant 
fraction of the overall membrane conductance the GABAer- 
gic positive feedback loop can decrease the response ki- 
netics. 

We increased the ambient extracellular GABA concentra- 
tion by adding 50 @.I GABA to the extracellular medium. This 
increased the ambient Cl- conductance, but the transporter 
still modulated Cl- conductance because responses to light 
stimuli were significantly slowed. The slowdown of the HC 
response could be reversed by interrupting the loop in two 
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ways: (1) picrotoxin opened the loop and speeded the re- 
sponses by uncoupling the GABA concentration from control 
of the membrane conductance, and (2) NIP opened the loop 
by uncoupling the extracellular GABA concentration from the 
Cl- conductance and therefore the membrane potential. 

The loop could also be inhibited in two ways that involved 
only the recorded cell: (1) changing E,, from - 20 mV to -50 
mV by lowering the Cl- concentration in the pipette reversed 
the sign of the loop in the recorded cell, and (2) voltage 
clamping the HC membrane uncoupled the GABA transporter 
from GABA-elicited control by the membrane potential in the 
recorded cell. 

Together, these results suggest that response kinetics of 
HCs are controlled by the GABAergic positive feedback loop, 
and that the loop exists in individual HCs. This may be the 
first example of positive feedback in a neuron that slows 
down its response. 

Horizontal cells (HC) form an extensive electrically coupled 
network in the outer retina. In salamander, HCs receive input 
from both rods and cones and feed back antagonistically to the 
cones. Because of coupling, the space constant for the HC net- 
work is extended, so the network mediates a surround response 
in cones and all subsequent retinal cell types including HCs 
themselves (Kaneko, 197 1; Marshall and Werblin, 1978; Thibos 
and Werblin, 1978a,b; Attwell et al., 1983; Kamermans et al., 
1989a,b; Hare and Owen, 1990). 

In amphibia, the receptive field size of HCs increase during 
dark adaptation (Dong and McReynolds, 199 1) and the response 
kinetics slow down dramatically (Stone and Witkovsky, 1984; 
Wu, 1987; Belgum and Copenhagen, 1988; Yang and Wu, 
1989a,b). The reduction of the receptive field size can be ex- 
plained by an increase of membrane conductance or a decrease 
of the gap-junction conductance or both. Dopamine may be the 
neurotransmitter that mediates the changes in receptive field 
size since it induces both changes in membrane and gap-junction 
conductance (Lasater and Dowling, 1985; Mange1 and Dowling, 
1985; Knapp and Dowling, 1987). It is, however, not yet un- 
derstood how the response kinetics are altered by dark adap- 
tation. The kinetics of the cone and bipolar cell (BC) responses 
are relatively unaffected by adaptation, so the mechanism re- 
sponsible for controlling HC kinetics must lie at the HCs them- 
selves. 

GABA appears to play a critical role in determining the ki- 
netics of the HC light response (Stone and Witkovsky, 1984; 
Wu, 1987; Yang and Wu, 1989a,b). In fish and amphibians, 
GABA is released in a Caz+-independent way, probably via a 
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GABA transporter (Schwartz, 1982; Yazulla and Kleinschmidt, 
1983; Ayoub and Lam, 1984; Schwartz, 1987). We show here 
that a similar mechanism appears to operate in tiger salamander 
HCs. 

Further, a GABA,-gated Cll conductance appears to exist in 
these HCs. It has been reported that the Cll equilibrium poten- 
tial (&,) in HCs is usually near -20 mV (Miller and Dacheux, 
1983; Djamgoz and Laming, 1987). With E,, near -20 mV, the 
GABA transporter and the GABA,-gated Cl- conductance could 
constitute a positive feedback loop in the HC membrane that 
affects response kinetics. Indeed, Yang and Wu (1989b) have 
shown in salamander that the slowdown ofthe HC light response 
kinetics, normally occurring during dark adaptation, can be elic- 
ited in the light-adapted retina by application of GABA. 

The GABAergic positive feedback loop has previously been 
suggested by Kamermans (1989; Kamermans et al., 1990, 199 l), 
Gilbertson et al. (1990), and Stockton and Slaughter (199 l), but 
no direct evidence showing the existence of the loop has been 
available. In this article, we show the presence of both major 
components of the loop and show how the loop affects the HC 
light responses kinetics by opening the loop in a variety of ways. 

An abstract of this work has been presented previously (Ka- 
mermans and Werblin, 199 1). 

Materials and Methods 
Preparation. Whole-cell patch recordings (Hamill et al., 1981) were 
made from horizontal cells in a retinal slice from larval tiger salamanders 
(Ambystoma tigrinum). The slices were prepared using the procedure 
described by Werblin (1978). In short, small pieces of retina were placed 
with the vitreous side down on a Millipore (Bedford, MA) filter. After 
the retina had attached to the filter, the sclera and the pigment epithelium 
were removed and the retina was bathed in Ringer’s solution. The filter 
and the retina were sliced with a razor blade in 200-pm-thick slices. 
The filter strips with the attached retinal slice were mounted with Vas- 
eline such that the sliced surface could be viewed under a Zeiss 40x 
water-immersion objective. The entire slice procedure was done under 
dim red light illumination. No attempt was made to dark adapt the 
retinal slices completely, but the preparation was left in the dark for at 
least 30 min prior to the first experiment. 

Cell identification. Cells in the slice were visualized using Hoffmann 
modulation contrast optics (Modulation Optics, Inc., Greenvale, NY) 
under infrared illumination with the aid of a video camera (Sony CCD 
XC-57). Horizontal cells were identified by filling them with lucifer 
yellow (Molecular Probes Inc., Eugene, OR). 

Recording system. Patch electrodes of 5- 10 MB resistance when mea- 
sured in Ringer’s solution were pulled on a Sutter P30 or on a Sutter 
PC87 (Sutter Inc., Novato, CA) puller using borosilicate glass (TW 150F- 
4, World Precision Instruments Inc., New Haven, CT). The electrode 
series resistance during a whole-cell recording was 10-25 MQ. A List 
L/M-EPC7 patch clamp (Medical Systems Corp., Greenvale, NY) was 
used to voltage or current clamp HCs. Filtering was at 3 kHz. The 
response was sampled at a rate of 0.5 or 5.0 kHz by a DATA Translation 
DT280 1 A interface and recorded at an IBM AT. Throughout this article, 
the sustained currents are plotted. 

Bathing solutions. The Ringer’s solution contained 108 mM NaCl, 2.5 
mM KCl, 1 mM MgCl,, 1 mM CaCl,, 5 mM HEPES, and 3 mM glucose. 
In all experiments, 250 I.IM 8-Br-CAMP was used to uncouple the HCs. 
The pH was kept at 7.8. The concentrations ofGABA, picrotoxin (PTX), 
6-cvano-7-nitroauinoxaline-2.3-dione (CNOX) (Research Biochemi- 
cal; Inc., Natick,‘MA), and c&4-hydroxynipecotic acid (NIP) (Research 
Biochemicals) are given in the Results. All chemicals were obtained 
from Sigma (St. Louis, MO), unless otherwise stated. Hepes was ob- 
tained from CalBiochem (La Jolla. CA). 

Electrode solutions. The electrode solution contained 116 mM K-glu- 
conate + KCl. 1 mM M&l,. 0.1 mM CaCl,. 4 mM HEPES. 1 mM EGTA. 
1 mM Na,-ATP, and 0.7 m-L Na,-GTP. It&l1 experiments, 1 mM CAMP 
was present in the pipette to uncouple the HCs (Miyachi and Murakami, 
1989). EC1 was set by changing the ration of K-gluconate and KC1 in 
the electrode solution. 

Liquid junction potential correction. The liquid junction potentials 
were measured by placing the electrode in the electrode solution, then 
changing to the Ringer’s solution. The difference in offset is the liquid 
junction potential. All membrane potential values in this article are 
corrected for these junction potentials. 

Light stimulation. All light stimuli were full-field white light stimuli. 
The intensity was circa 50 lux. 

Results 
Rationale for these experiments: site and action of the 
GABAergic positive feedback loop 
Earlier studies in fish and amphibian retina have demonstrated 
the existence of a GABA transporter in HCs (Schwartz, 1982, 
1987; Yazulla and Kleinschmidt, 1983; Ayoub and Lam, 1984). 
This transporter has characteristics similar to the high-affinity 
GABA-uptake carrier in other preparations. In a simple view 
of this GABA transporter, the electrochemical gradients of Na+ 
and Cl- are coupled to the electrochemical gradient of GABA 
(Kanner and Schuldiner, 1987; Keynan and Kanner, 1988). The 
transporter redistributes GABA, Na+, and Cl- with changes in 
potential to reestablish an equilibrium determined by the stoi- 
chiometty of the transporter and the membrane potential. Upon 
depolarization, the gradients for Na+ and Cll will be reduced 
leading to release of GABA, Na+, and Cl- until all electrochem- 
ical gradients are once again at equilibrium. 

The resulting increase of the extracellular GABA acts at the 
GABA, receptors in the HC membrane to increase the Cll 
conductance. With E,, near - 20 mV, this will normally generate 
an inward current causing a membrane depolarization. The de- 
polarization will lead to a subsequent increase in the GABA 
release via the transporter in a positive feedback loop (Fig. 1). 
The positive feedback loop will also operate during membrane 
hyperpolarization, and as we show below, it will slow the HC 
light response. 

We show here that the GABA,-gated Cl- conductance com- 
petes with the glutamate-elicited conductance for control of the 
HC membrane potential. These two conductances are of similar 
orders of magnitude, but their relative contribution depends 
upon the state of the HC. For example, the relative GABA,- 
elicited Cll conductance is greatest in the dark-adapted state 
just following a light flash when the glutamate-elicited conduc- 
tance is rapidly reduced. It is under these conditions that the 
slowdown of the response by the GABAergic positive feedback 
loop is most evident. 

The functional integrity of the GABAergic positive feedback 
loop requires that released GABA has direct access to the GA- 
BA, receptors. So, the GABA released by the transporter is 
probably kept from diffusing rapidly from the GABA, receptor 
by a retinal structure of limited extracellular space. That struc- 
ture would be lost in dissociated HCs. We therefore used retinal 
slices throughout these experiments to maintain this structure. 
To minimize the network interactions, electrical coupling be- 
tween HCs was reduced with CAMP (Miyachi and Murakami, 
1989) and the glutamate-mediated photoreceptors input was 
blocked with CNQX (Yang and Wu, 1989~). 

Responses of HCs in GABA Ringer’s solution are slower 
than those of photoreceptors and BCs 

Yang and Wu (1989b) showed that application of GABA to a 
light-adapted retina resulted in slow HC responses similar to 
those seen in the dark-adapted retina. Therefore, we used 50 
PM GABA to simulate dark adaptation in HCs in the retinal 
slice. Clearly, this does not set the absolute concentration of 
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Figure 1. The proposed GABAergic positive feedback loop. The loop 
consists of two major components; the GABA transporter and the GA- 
BA, receptor. The GABA transporter couples the membrane potential 
(I’,“) to the extracellular GABA concentration @TABAJ). The GABA, 
rcccptor couples cxtracellular GABA concentration to the membrane 
potential. Since the Cl equilibrium potential is more positive than the 
resting membrane potential, reduction of the extracellular GABA con- 
centration results in hyperpolarization and thus in further reduction of 
the extracellular GABA concentration and further hyperpolarization. 

GABA or any other transmitter at the receptors because we 
routinely measure synaptic transmission in retinal slices bathed 
in normal Ringer’s lacking amino acids. 

Figure 2 shows cone, HC, and BC responses to full-field light 
stimuli with and without GABA in the Ringer’s solution. Cone 
and BC responses are almost unaffected by GABA, but HC 
ONset responses slow down dramatically. In the GABA Ringer’s 
solution, the ONset phase of the HC response shows a char- 
acteristic inflection, suggestive of a regenerative mechanism (Fig. 
2, arrow). The HC response shape in the GABA Ringer’s so- 
lution is similar to that reported for HC’s in an isolated retina 
(Yang and Wu, 1989b). This shows that the HC response in the 
slice preparation is physiological and that the choice of E,., (- 17.3 
mV) was close to the physiological value. Miller and Dacheux 
(1983) reported &, of - 17.3 mV in mudpuppy HCs, whereas 
Djamgoz and Laming (1987) reported E,, of - 19 mV in fish 
HCs. In the experiments where we recorded cone and BC re- 
sponses, E,, was set at - 49.2 mV, which is close to the presumed 
values of E,, in these cells. 

Since HCs feed back to cones, some changes in the sustained 
part of the cone and BC responses might be expected with ap- 
plication of 50 PM GABA. No dramatic changes were found. 
The change in the response shape may have been diminished 
because we used slices. In slices, feedback from the HCs via the 
cones to the BCs may have been limited (but see Attwell et al., 
1983). 

Similar /IV relation of HCs in isolated cells and in the slice 
preparation 
Figure 3 shows the current responses to voltage steps of a dis- 
sociated voltage-clamped HC (a) and a pharmacologically iso- 
lated HC in the slice with 25 PM CNQX in the bath (b). The 
holding potential was -70 mV, and the potential was stepped 
to different potentials in increments of 10 mV. Figure 3 shows 
that HCs in the slice have characteristics similar to those of 
dissociated HCs. HCs in both preparations have a slowly acti- 
vating outward rectifier, a small fast-inactivating inward cur- 
rent, and finally a slowly activating inward rectifier as reported 
for isolated fish HCs (Lasater, 1986). No attempt was made in 
this study to evaluate the various components of the current in 
detail. 

The input resistance at -45 mV of the dissociated HC was 
2.7 Gfi and of the HC in the slice was 1.2 GO. The mean input 

horizontal cell 
J-FE+Tq 

bipolar cell II 

Figuw 2. Light response of a cone, an HC, and a depolarizing BC in 
a Ringer’s solution without and with GABA. HC responses in a GABA 
Ringer’s solution show the characteristic regenerative shape (arrow), 
whereas the responses of the cone and BC are hardly affected by GABA. 
E,, was set in the HC at - 17.3 mV, and in the cone and BC, at -49.2 
mV. Calibration: 10 mV, 300 msec. 

resistance of HCs in the slice recorded under these conditions 
was 0.5 & 0.3 GQ (n = 38). For comparison, the mean input 
resistance of cultured catfish HCs of which all voltage-gated 
currents were blocked by TTX, CS+, Co+, and tetraethylam- 
monium is 0.90 f 0.29 GO (DeVries and Schwartz, 1989). 

The lower input resistance of the pharmacologically isolated 
HCs in the slice compared to the dissociated HCs may be due 
to the loss of the very long processes of the dissociated HCs 
during the dissociation process or may be due to some remaining 

Dissociated Pharmacologically Isolated 
Horizontal Cell Horizontal Cell 

b ‘200 pA 

+50 mV 

B- -70 mV 
-120 mV 

Figure 3. Comparison of the currents induced in dissociated and in 
pharmacologically isolated HCs. To prepare the dissociated HCs, an 
isolated retina was incubated in a Ca2+-free Ringer’s solution with 1 
mg/ml protease type VII (Sigma, St. Louis, MO) for 30-40 min at 27°C. 
The retina was rinsed with a Ringer’s solution containing 0.1% BSA 
(Sigma) of 5 min and then triturated with a fire-polished large-tip pipette 
(0.5 mm) in normal Ringer’s solution. HCs where characterized on 
morphological criteria (many processes and no Landolt’s club process) 
and on the absence of spikes. a, The current responses of a dissociated 
HC. The holding potential was -70 mV, and the HC membrane po- 
tential was stepped from the holding potential to - 120 up to + 80 mV 
in steps of 10 mV for 60 msec. b, The current responses of a HC in a 
slice with 250 PM 8-Br-CAMP and 25 PM CNQX in the bath solution 
and 1 mM CAMP in the pipette. The holding potential was -70 mV, 
and the cell was stepped from the holding potential to - 120 up to + 50 
mV in steps of 10 mV for 100 msec. In both cells Ec, was set at -20.5 
mV. 
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Figure 4. The sustained I/V curves for the pharmacologically isolated 
HC from Figure 3 in the control Ringer’s solution (solid circles) in a 
100 PM GABA Ringer’s solution (squares), and in a 100 FM GABA and 
100 PM PTX Ringer’s solution (open circles). 

picrotoxin 
insensitive 

current 

electrical coupling of the pharmacologically isolated HCs in the 
slice since DeVries and Schwartz (1989) reported that CAMP 
uncoupled HCs by 90%. Although we cannot exclude that the 
HCs were still somewhat coupled, the HCs in the slice are es- 
sentially isolated. 

GABA, receptor and GABA transporter currents in HCs 
Figure 4 shows the effect of GABA and PTX on the I/ k’relation 
of the pharmacologically isolated HC from Figure 3. The solid 
circles show the control Z/v curve of the HC. The squares show 
the Z/V curve when 100 PM GABA is added to the Ringer’s 
solution, and the open circles show the I/ I/ curve with 100 PM 

GABA and 100 FM PTX. 
GABA induced two currents, one sensitive to PTX and one 

insensitive to PTX. Furthermore, Figure 4 shows that GABA 
does not significantly change the activation range of the various 
components of the I/ I’ relation. Therefore, the changes seen in 
the response dynamics due to GABA application can not be 
attributed to changes in activation ranges in the voltage-gated 
currents. The properties of both components of the GABA- 
induced current will be evaluated below. 

PTX-sensitive GABA-induced current 
Figure 5 shows the GABA-induced currents for the HC of Figure 
4. The difference between the squares and the solid circles in 
Figure 4 is the total GABA-induced current (Fig. 5a), and the 
difference between the squares and the open circles in Figure 4 
is the PTX-sensitive GABA-induced current, most likely a 
GABA-gated Cl- current (Fig. 5b). The reversal potential of the 
GABA-gated Cll current is around -20 mV, which is close to 
E,-, (-20.5 mV). The mean conductance of the population of 
the GABA-gated Cl- channels was 0.89 f 0.42 nS (n = 15). 
This is probably an underestimate of this conductance since we 
used CAMP to uncouple HCs and it has been reported that the 
Cll flux in rat brain synaptoneurosomes through the GABA,- 
gated channels is reduced by forskolin and by CAMP (Heu- 
Schneider and Schwartz, 1989). For comparison, the endogenous 
glutamate conductance, which is the current that could be blocked 
with CNQX when no glutamate was added, was 0.98 + 0.69 
nS (n = 19). This value is presumably an overestimate since, as 

Figure 5. Two GABA-induced currents. a, The I/V relation of total 
GABA-induced current in the HC from Figures 3 and 4. This I/V 
relation is the difference between the squares and the solid circles in 
Figure 4. This current consists of two parts, a PTX-sensitive and a PTX- 
insensitive current. b, The PTX-sensitive GABA-induced current in the 
same cell. This Z/V relation is the difference between the squares and 
the open circles in Figure 4. c, The PTX-insensitive GABA-induced 
current in the same cell. This Z/V relation is the difference between the 
open and the solid circles in Figure 4. 

is shown by Knapp and Dowling (1987) 8-Br-CAMP enhances 
the sensitivity of the kainate-sensitive receptor and thus in- 
creases the conductance. The large SEs in these conductance 
values may be the result of the poor control we had over the 
adaptation state of the preparation. 

Based on the above considerations, it is likely that the GABA- 
gated Cl- conductance can, under certain conditions, become 
larger than the glutamate-gated conductance. This is necessary 
if the GABAergic positive autofeedback loop is to have a sig- 
nificant effect on the HC kinetics. 

PTX-insensitive GABA-induced current 
The remaining component of the GABA-induced current, the 
difference between the open circles and the solid circles in Figure 
4 is most likely a transporter current, as will be shown below 
(Fig. 5~). It reversed near -90 mV and had a sharp knee around 
-20 mV. The properties of the knee varied widely between the 
experiments, and the knee was sometimes completely absent. 
It is highly unlikely that this current is due to activation of a 
GABA, receptor on the HCs since that would be either a current 
carried by Cl-, a K+ current, or modulation of a Ca*+ current. 
None of these conductances would give rise to the observed 
current. 

NIP has been shown to inhibit GABA uptake via the high- 
affinity GABA uptake carrier (Johnston et al., 1976; Krogsgraad- 
Larsen, 1980). This carrier may be similar to the GABA trans- 
porter in HCs. NIP has been shown to affect the GABA 
transporter in HCs in toad (Schwartz, 1987) in carp (Kamer- 
mans, 1989), and in skate (Malchow and Ripps, 1990). Figure 
6a shows the effect of NIP on the Z/V relation of a HC in the 
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slice. At 100 PM PTX and 25 PM CNQX were added to the bath 
solution to block PTX-sensitive GABA and glutamate inputs 
to the HC. Figure 6b shows the NIP-induced current: 1 mM NIP 
induces a current with characteristics similar to the PTX-in- 
sensitive GABA-induced current (Fig. 5~). Lower doses of NIP 
induced similar but smaller currents. Application of 250 PM 

GABA to the 1 mM NIP Ringer’s solution only increased the 
current but did not change its characteristics. In all experiments, 
the NIP- and PTX-insensitive GABA currents were roughly 
additive at all potentials, even at this high NIP concentration. 
This suggests that NIP is a competitive agonist for GABA at 
the GABA transporter. This conclusion seems contradictory to 
the notion that NIP is a potent GABA uptake inhibitor. How- 
ever, NIP will inhibit GABA uptake acting, in this case, as a 
potent agonist. The finding that NIP is an agonist is consistent 
with the results of Malchow and Ripps (1990) in skate. 

It has been reported that NIP also acts as a GABA, agonist 
(Schwartz, 1987; Stockton and Slaughter, 199 1). To test for this 
possibility, we substituted choline+ for all Na+ in the bath so- 
lution to block uptake via the transporter and recorded with 
patch-clamp electrodes from pharmacologically isolated HCs in 
the slice of salamander retina. In all five cells tested, NIP at 
concentrations as high as 1 mM did not induce a current. The 
experiments show that NIP does not act as a GABA, agonist 
in this preparation. This is in accordance with the findings of 
Krogsgraad-Larsen (1980), who showed that the GABA, recep- 
tor is more than 3000 times less sensitive to NIP than to GABA. 
NIP at 1 mM would thus be equivalent to less than 0.3 PM 

GABA, which is far below 40 PM, the K,,, value of the GABA, 
receptor in salamander HCs (Gilbertson et al., 1990). 

The reasons for the different results in our experiments and 
those of Schwartz (1987) and Stockton and Slaughter (199 1) 
may be (1) that we used a slightly different analog of nipecotic 
acid, cis-4-hydroxynipecotic acid, and (2) that the extracellular 
Na+ concentration in the slice preparation could be lowered 
more effectively than in the eyecup preparation used by Stockton 
and Slaughter (199 1). 

There is a marked difference between the PTX-insensitive 
GABA-induced I/V curves measured by Malchow and Ripps 
(1990) and the curves presented in this article. We outline in 
the Discussion some reasons for this difference in the context 
of the problems of measuring and interpreting carrier-mediated 
I/V curves. 

Summary. The PTX-insensitive GABA-induced current has 
characteristics similar to the NIP-induced current. The NIP- 
induced current is absent when choline+ is substituted for Na+, 
indicating that the NIP current is Na+ dependent. These two 

Figure 6. a, The effect of NIP and 
GABA on the sustained I/V curves for 
a pharmacologically isolated HC. Three 
I/V relations are given. Solid circles, 
control; open circles, with 1 mM NIP; 
squares, with 1 mM NIP and 250 NM 

GABA. b, NIP- and NIP+GABA-in- 
duced currents from a. The solid circles 
give the NIP-induced current, and the 
open circles give the NIP+GABA-in- 
duced current. E,, was set at -20.5 mV. 

findings strongly suggest the presence in salamander HCs of 
electrogenic GABA transporters. 

We did not attempt to characterize (stoichiometry and K,,, 
values) the transporter completely since that would be out of 
the scope of the present study. Determining the reversal poten- 
tial of the transporter is not relevant in this study of an intact 
system: the HCs in the slice probably strongly control the ex- 
tracellular GABA concentration sudh that the reversal potential 
of the transporter shifts with the membrane potential and is 
always held close to the holding potential. 

Change in dynamics of HC light response 

The experiments described so far indicate that GABA acts at 
two sites on the HC: (1) via a GABA, receptor and (2) via an 
electrogenic GABA transporter. In this section we show that the 
two GABAergic components in the HC membrane form a re- 
generative autofeedback loop that slows down the HC light 
response kinetics under current-clamp conditions. The auto- 
feedback loop can be opened in at least two independent ways; 
(1) by blocking the GABA, receptor with PTX, and (2) by in- 
hibiting the GABA transport with NIP. Both interruptions of 
the loop will cause faster HC light responses, indicating that the 
proposed GABAergic positive feedback loop indeed controls 
the HC response kinetics. 

In addition to these two experiments, the autofeedback loop 
can also be manipulated in at least two ways that involve only 
the recorded cell; (3) by changing E,, from - 17.3 mV to -49.2 
mV in the recorded HC, and (4) by inhibiting the GABA trans- 
porter by voltage clamping the HC. These four experiments will 
show that the loop indeed exists and that the complete loop is 
located in the recorded cell. 

(1) Opening of the loop by blocking the GABA-gated Cl- 
conductance 

Figure 7 shows that PTX, which interrupts the relation between 
the extracellular GABA concentration and the Cll conductance, 
speeds the voltage response of a HC. In the dark, the HC rested 
at - 18 mV. The light ONset response in a 50 PM GABA Ringer’s 
solution is very slow and shows the characteristic regenerative 
shape. All responses had an initial fast hyperpolarizing com- 
ponent, followed by a slowly hyperpolarizing phase that ended 
in a fast hyperpolarization. The time course and the sizes of the 
various parts of the responses varied somewhat between the 
experiments. 

In the presence of 100 PM PTX, the HC response became fast 
and large. The regenerative shape of the response was absent. 
All HCs tested responded in this manner in 50-100 I.LM GABA 
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Figure 7. The effect of PTX on the GABA-induced slowdown of the 
HC light response under current clamp. CAMP at I mM was present in 
the patch pipette, and E,, was set at - 17.3 mV. The resting membrane 
potential was - 18 mV. 

and 100 FM PTX. Note that the OFFset response is fast in both 
conditions and that PTX did not change the dark membrane 
potential severely. 

These results are consistent with the proposed GABAergic 
positive feedback loop. PTX blocks the GABA, receptor and 
therefore opens the GABAergic positive autofeedback loop. Since 
it is the positive autofeedback loop that slowed the HC responses 
kinetics, the HC response will become fast with PTX. The HC 
response is large in a PTX Ringer’s solution since PTX abolishes 
the shunt due to the large Cl- conductance. 

The absence of a major effect of PTX on the dark membrane 
potential is presumably due to an additional effect of PTX on 
the feedback pathway from HCs to cones. PTX will depolarize 
the cones and therefore increase the glutamate release, which 
results in a depolarization of the HCs. 

The effect of PTX on the kinetics of the HC response shows 
that a GABA, receptor is involved in modulation of the HC 
kinetic behavior. 

(2) Application of NIP opens the loop by inhibiting GABA 
transport 
Figure 8 shows the light responses of a HC with and without 
100 PM NIP. The HC, bathed in 100 I.LM GABA, rested at -20 
mV. The voltage response shows the characteristic regenerative 
shape. Application of 100 PM NIP hyperpolarized the HC by 4 
mV. The response became faster, the regenerative shape of the 
HC response was completely absent, and the maximal response 
amplitude was reduced. 

The effect of NIP on the kinetics of the HC response can be 
explained as follows. The results presented in Figure 6 show 
that NIP competes with GABA for the binding site on the trans- 
porter. In other words, the transporter does not distinguish be- 
tween NIP and GABA. At a given membrane potential, the 
transporter has distributed GABA such that there is a steady 
state. Adding NIP to the outside medium will result in an in- 
crease of the apparent extracellular GABA concentration since 
the transporter cannot distinguish between NIP and GABA. In 
order to reestablish the steady state, the cell will take up GABA 
and NIP and thus reduce the extracellular GABA concentration. 
The GABAergic positive feedback loop will therefore become 
less effective, resulting in fast HC responses. The extracellular 
GABA concentration will not be reduced severely during the 
light response because the transporter will transport both GABA 

1oopMGABA+ 
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Figure 8. The effect of NIP on the GABA-induced slowdown of the 
HC light response of under current clamp. CAMP at 1 rnM was present 
in the patch pipette and E,, was set at - 17.3 mV. The resting membrane 
potential was -20 mV. 

and NIP. Therefore, the change in extracellular GABA concen- 
tration during the light response will be small, resulting in a 
smaller maximal response amplitude because the relatively large 
Cl- conductance will be present during the whole response. 

The experiment of Figures 7 and 8 shows that the GABA, 
receptor and the GABA transporter are involved in the mod- 
ulation of the HC kinetics but does not show on which cell the 
GABA, receptor and the GABA transporter are located. The 
two following experiments suggest that the GABA, receptor and 
the GABA transporter are located in the same cell because the 
changes induced are localized to the recorded cell alone. 

(3) Changing E, from - 17.3 m V to - 49.2 m V in the 
recorded cell makes the loop ineflective 
By lowering the Cl- concentration in the patch pipette, it was 
possible to change E,-, from - 17.3 mV to -49.2 mV in the 
recorded cell alone. Figure 9 shows the light response for an HC 
with E,-, set at -49.2 mV. The HC’s dark resting membrane 
potential was -21 mV. Adding 50 PM GABA caused a hyper- 
polarization instead of a depolarization, and the light response 
kinetics did not slow down. 

With E,, at - 17.3 mV, HCs will depolarize to application of 
GABA, resulting in a positive feedback to themselves. However, 
with E,, at -49.2 mV HCs will hyperpofarize to applied GABA, 
resulting in a negative feedback to themselves. In addition to 
this, the extracellular GABA concentration will be lowered since 
(1) GABA release will be reduced by the hyperpolarization of 
the HC and (2) the low intracellular Cl- concentration may 
reduce the GABA release via the GABA transporter because 
Cl- is cotransported with GABA and Na+ (Kanner and Schul- 
diner, 1987; Keynan and Kanner, 1988). Thus, lowering the 
intracellular Cl- concentration will make the GABAergic au- 
tofeedback loop ineffective. This results in fast HC responses 
even in a GABA Ringer’s solution. 

This experiment suggests that the complete loop must be in 
the recorded cell since in only that cell E,, was lowered. 

(4) Voltage clamping the recorded cell makes the loop 
ineffective 

A second way to show that the loop is located in the recorded 
cell, is to compare the kinetics of the light response under volt- 
age-clamp and under current-clamp conditions. Figure 10 shows 
the HC light responses under voltage and under current clamp. 
Under voltage clamp the membrane potential was held at the 
resting membrane potential (-26 mV). The response under 
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Figure 9. The effect of 50 PM GABA on the HC light response under 
current clamp when EC, was set at -49.2 mV by lowering the intracel- 
lular Cl- concentration. CAMP at 1 mM was present in the pipette. The 
resting membrane potential in the control Ringer’s solution was -21 
mV. 

voltage clamp has been inverted and superposed on the response 
under current clamp. The responses were scaled such that the 
first phase of the ONset of the responses overlapped. The re- 
sponse under current clamp showed the characteristic regen- 
erative shape, whereas the response under voltage clamp steadily 
increased. 

The GABAergic positive feedback loop will determine the 
kinetics of the HC response under current-clamp conditions. 
Under voltage-clamp conditions, the membrane potential is held 
constant, so the transporter will not change the extracellular 
GABA concentration. Thus, the GABA concentration will re- 
main high, the positive feedback loop will be ineffective and 
the characteristic regenerative shape of the HC response will be 
absent. This experiment shows that the HC kinetics are con- 
trolled by a mechanism involving the GABA transporter in the 
recorded cell since the GABA transporter in the recorded cell 
alone will be uncoupled by voltage clamp. 

The steady increase in the response amplitude under voltage 
clamp may be due to some remaining electrical coupling of the 
HCs or may indicated that the HCs are chemically coupled. 
Chemical coupling could result from the following mechanism. 
GABA released upon depolarization by the neighboring HCs 
due to light stimulation may have two effects: (1) it will open 
the Cl- conductance causing a depolarization, and (2) it will 
stimulate GABA uptake by the GABA transporter in the re- 
corded cell, resulting in an inward current, and thus depolarize 
the recorded cell. 

Discussion 

Figure 11 summarizes our results: a GABA transporter and a 
GABA, receptor, both located in the membrane of the same 
HC, form a regenerative loop that can control the kinetics of 
the HC response. The GABA transporter couples the membrane 
potential (V,,,) to the extracellular GABA concentration 
([GABA]), the GABA receptor couples the extracellular GABA 
concentration to membrane current (ic,), and the HC membrane 
couples membrane current to the membrane potential to com- 
plete the loop. The presence of the components of the loop has 
been shown in Results. Here, we show how HC response kinetics 
can be affected by changes in driving force of the Cl- ions gated 

I 
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Figure 10. The effect of voltage clamp on the GABA-induced slow- 
down of the HC light response. Two traces of light responses of the 
same HC are shown; one of the HC light response under voltage clamp, 
and one of the HC light response under current clamp. The trace under 
voltage clamp was inverted and scaled such that the onset of both 
responses overlapped. The holding potential of the cell under voltage 
clamp was identical as the resting membrane potential of that cell under 
current clamp (-26 mV). I&, was set at - 17.3 mV. 

by the GABA receptor, and by changes in membrane conduc- 
tances gated by other synaptic inputs to the HC. 

The slope of each phase of the HC response is determined by 
the driving force and the relative conductance at the 
GABA-gated channels 
A typical HC response, showing the five characteristic slope 
regions, is shown in Figure 12. Based on the experiments de- 
scribed in this article, it is possible to describe the various events 
leading to the observed HC response shape. 

The fast hyperpolarizing phase 1 (Fig. 12, arrow l), following 
light ONset, is generated when the initially high glutamate-gated 
conductance is rapidly reduced as light hyperpolarized the pho- 
toreceptors. This response component is relatively small be- 
cause the GABA-gated Cl- conductance, controlled by the loop, 

HC 
membrane 

Figure II. The GABAergic positive feedback loop with all its com- 
ponents and variables. Each component couples two variables. The 
GABA transporter couples the extracellular GABA concentration 
(JGALL4J) to the membrane potential (V,), the GABA, receptor couples 
the Cl- current (i,-,) the GABA concentration, and the HC membrane 
couples the membrane potential (V,) to the Cl- current. 



2458 Kamermans and Werblin - GABAergic Positive Autofeedback in Horizontal Cells 

300 msec ct 

Figure 12. HC light response (from Fig. 10) with 100 PM GABA. Arrow 
I, Initial fast hyperpolarization is generated by closing of the glutamate 
channels by photoreceptor input. The large Cl conductance shunts the 
response. Arrow 2, Secondary slow hyperpolarization is generated by 
the GABAergic positive feedback loop. The response is slow since, as 
is explained in the text, the membrane potential is still close to EcL. 
Arrow 3, Fast hyperpolarization is generated by the loop. Now the 
membrane potential is far from E, and generates a fast response. Arrow 

4, Final slow hyperpolarization is generated by the GABAergic positive 
feedback loop. The HC response is slow since the Cl- conductance is 
very small. Modulation of the Cll conductance will hardly modulate 
the membrane potential. Arrow 5, Fast OFFset response of the HC. The 
HC response is fast since the Cl- conductance does not shunt the HC 
response any longer. 

is high in the dark. For comparison, when the GABA-gated Cll 
conductance was blocked by PTX, phase 1 of the response be- 
came large as shown in Figure 7. 

The initial photoreceptor-induced hyperpolarization sets in 
motion the regenerative action of the loop whereby GABA is 
removed from the extracellular space by the GABA transporter, 
and the decrease in GABA concentration leads to a decrease in 
the GABA-gated Cl- conductance. From here on, if it is assumed 
that the loop has relatively long time constant (see Appendix), 
then the slope of the response will be determined by the driving 
force on Cl-. The magnitude of the change in current per time 
unit elicited by a decrease of extracellular GABA concentration 
will be proportional to the driving force on Cll. 

Strictly speaking, phases 24 are expressions of one contin- 
uous process. However, for clarity, we will treat this continuous 
process as three separate states. The slope of the response during 
phase 2 is shallow because the driving force is small, near 8 mV 
(E,, = - 17 mV; V, = -25 mV). A give reduction in the ex- 
tracellular GABA concentration per time unit will only result 
in a small hyperpolarization. Phase 3 of the response is initiated 
when the membrane has hyperpolarized to around -45 mV. 
Here, the driving force has increased nearly four times to 28 
mV, so the same incremental decrease in GABA concentration 
per time unit will lead to four times the decrease in Cll current, 
resulting in fast hyperpolarization. The shallow response during 
phase 4 occurs because the Cl- current has become so small, 
due to the low GABA concentration in the extracellular space, 
that it no longer significantly modulates the membrane poten- 
tial. 

Finally, at light OFFset there is a large and rapid return of 
the membrane potential to the dark level as shown by phase 5. 
The response is due to the increase of the glutamate-gated con- 
ductance elicited by the rapid depolarization of the photore- 
ceptors. The HC depolarizes strongly because there is little 
GABA-gated Cl- conductance to shunt the photoreceptor-elic- 
ited response since the HC is very hyperpolarized. A spike gen- 
erated by the photoreceptors at light OFFset (Wu, 1988; Wu 
and Yang, 1988) as well as feedback from the cones (Kamermans 

et al., 1989b) and the Ca2+ current in HCs may also contribute 
to the speed of the OFFset response. 

Phases 1 and 5 of the HC light response shown in Figure 12 
represent two extreme cases showing how different relative mag- 
nitudes of the glutamate- and GABA-elicited conductances can 
affect the magnitude of the photoreceptor input. During phase 
1 the GABA-elicited conductance is relatively high, so the glu- 
tamate-elicited response is small; during phase 5 the GABA- 
elicited conductance is minimal, so the glutamate-elicited 
response is quite large. Also, under other conditions, the mag- 
nitude of the GABA-gated conductance, relative to the other 
membrane conductances, determines the behavior of the HCs 
as described below. 

Eflects of glycine and strychnine on the HC response kinetics 

Several authors have reported that HCs receive a glycinergic 
input that slows down the HC light response (Witkovsky and 
Stone, 1987; Yang and Wu, 1989b; Gilbertson et al., 1990; 
Stockton and Slaughter, 199 1). This slowdown might be caused 
by a glycine-elicited depolarization of the HC membrane. This 
depolarization will increase the extracellular GABA concentra- 
tion since the GABA transporter will release GABA. The de- 
polarized HC membrane and the resulting high GABA concen- 
tration will increase the GABA-gated Cl- conductance and 
decrease the driving force for Cll. As explained above, this 
results in slow HC responses. Strychnine makes the HC response 
fast again by hyperpolarizing the HC, increasing the driving 
force for Cl- and decreasing the Cll conductance (Yang and Wu, 
1989b). 

Effect of dark adaptation on the kinetics of the HC response 

Yang and Wu (1989b) have shown that HC light responses are 
very slow in the dark-adapted retina but become fast in the 
light-adapted state. They also show that the slow HC responses 
can be simulated by increasing the extracellular GABA concen- 
tration in the light-adapted retina. Yazulla (1985) showed that 
the Ca2+-independent GABA release is high in the dark-adapted 
retina and that the GABA release is reduced by light. Therefore, 
HC responses are probably slow in the dark-adapted retina be- 
cause the GABA concentration near the HCs is high during dark 
adaptation. 

GABA release from HCs is increased in the dark-adapted 
retina (Yazulla, 1985). Although this could be caused by dif- 
ferent resting membrane potentials of the HC’s in both adap- 
tation state, dopamine will inhibit the GABA release from HCs 
also directly (Yazulla and Kleinschmidt, 1982; O’Brien and 
Dowling, 1985). The relation between the extracellular GABA 
concentration and the membrane potential may therefore be 
different in both adaptation states. So, even if the HCs rest at 
the same potentials in both adaptation states, the extracellular 
GABA concentration, and thus the importance of the GA- 
BAergic positive feedback loop, may differ significantly. 

The GABAergic positive autofeedback loop requires restricted 
extracellular space to contain the extracellular GABA 
concentration 

The GABA concentration, established by the transporter, will 
affect the GABA, receptor only if release is confined to a limited 
extracellular space. The invagination at the cone terminal is a 
likely site constraining release. If leakage from the invagination 
is small, the transporter will be able to maintain a state close 
to equilibrium between GABA, Na+, and Cl- even if extracel- 
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lular GABA is added to the bath. Addition of GABA in the 
Ringer’s solution will result in a reduction of GABA release out 
of the terminal and thus to an increase of the extracellular GABA 
concentration in the synaptic terminal. However, HCs control 
the extracellular GABA concentration in the terminal with GABA 
transporters with a relative high capacity (Fig. 6). Therefore, it 
is very likely that the GABA concentration in the terminal is 
mostly determined by the HC membrane potential and not by 
the bath GABA concentration. 

We suggest that the GABA transporter in HCs simply redis- 
tribute GABA across the HC membrane as a function of mem- 
brane potential. In the light, GABA is moved from the extra- 
cellular compartment to the intracellular compartment, and in 
the dark GABA is moved in the opposite way. 

The I/V relation of the PTX-insensitive GABA-induced current 

The experiments that characterize the GABA transporter pre- 
sented in this article differ dramatically from those in the work 
of Malchow and Ripps (1990). In fact, the curves in neither 
report are I/ I’curves for the transporter, but I/ I’curves for the 
GABA-induced current. These curves differ in shape because 
ofthe different experimental conditions: in our experiments with 
intact HCs, the transporter will always be near equilibrium since 
it controls extracellular GABA concentration; in Malchow and 
Ripps’ study, the transporter will never be at equilibrium since 
their experimental conditions control both the intra- and ex- 
tracellular GABA concentrations with no GABA in the cell. 

Malchow and Ripps (1990) suggest that the driving force for 
the transporter approaches zero when the membrane potential 
approaches the equilibrium potential for Na+, but the driving 
force for the transporter depends upon the equilibrium poten- 
tials for both Na+ and GABA. With zero GABA in the cell, its 
driving force will be infinite at all potentials. The work of Schultz 
(1986) proposes an alternative explanation for the results of 
Malchow and Ripps. If we assume that the unloaded transporter 
is negatively charged, depolarization will move most of the 
transporters to the inside of the membrane, where they will be 
unavailable for GABA uptake. Puffs of GABA will induce small- 
er currents at more positive potentials. 

Our conditions are quite different. With GABA in the cell, 
the transporter will be loaded in the cell and therefore becomes 
uncharged, so there will be no redistribution of transporters with 
membrane depolarization; instead, more GABA will be released 
with depolarization, generating an outward current. Under these 
conditions, adding extracellular GABA will reduce this outward 
current. Thus, we will measure a GABA-induced inward cur- 
rent. The negative slope of our GABA-induced inward current 
suggests that the reduction of the GABA efflux by GABA (or 
NIP) may be voltage dependent. This voltage dependence may 
be a consequence of the voltage-dependent steps in the trans- 
porter cycles (see Blatt, 1986; Schultz, 1986). 

Unfortunately, the techniques required for a full description 
of the transporter in general, and for its GABA-induced current 
in particular, are not available. We need a complete description 
of the voltage dependence and cooperativity of the binding of 
GABA, Na+, and Cl-. Furthermore, the voltage dependence of 
the translocation step of the transporter and all the K, values 
of the different binding steps must be known. With these pa- 
rameters and a realistic model for the transporter cycles, we 
could describe the I/ I’ curves of Malchow and Ripps (1990). 
Such parameters cannot be determined in the retinal slice be- 
cause the intra- and extracellular concentrations GABA are not 

under experimental control. Our results strongly suggest the 
presence of a transporter, but the details of its operation are 
beyond the aim and scope of this study. 

The GABA transporter and the GABA receptor mediate 
chemical coupling between HCs 

GABA release by one HC may act at the GABA, receptor of 
its neighbors, forming a sign-preserving chemical synapse be- 
tween HCs. Evidence for such coupling is shown in Figure 10, 
where we have uncoupled the gap junctions between HCs using 
CAMP, and where we have opened the loop in the recorded cell 
by voltage clamping. This cell still shows a slowly developing 
outward current in response to light. This current is most likely 
due to GABAergic input from neighboring HCs since when the 
GABA-gated Cll conductance is blocked by PTX, the voltage 
and current traces are almost similar (not shown). 

This chemical coupling between HCs will obey constraints 
similar to those described above for the loop within HCs. For 
example, coupling will be strongest when the GABA conduc- 
tance is large relative to the other membrane conductances, and 
when the driving force for Cl- is large. We have not yet measured 
the relative contribution of this chemical coupling to the size 
of the HC receptive fields. 

In conclusion, the described GABAergic positive feedback 
loop is a major pathway in the outer plexiform layer in tiger 
salamander retina. The GABAergic positive feedback loop may 
have important effects on both the temporal as well as the spatial 
properties of HCs. Modulation of this loop, for instance by 
dopamine, may mediate changes in kinetics, and receptive field 
sizes of HCs during light/dark adaptation, 

Appendix 
Equations 
We present here simulations of HC responses. Equations ac- 
counting for the transfer function (kinetics and gain) of each 
component of the loop are derived, and these equations are then 
used to generate in detail the light response waveform measured 
in this article. The equations establish formal relationships be- 
tween the membrane potential as functions of membrane con- 
ductances (Eq. l), the Cl- conductance as function of extracel- 
lular GABA concentration (Eq. 2), and the extracellular GABA 
concentration as a function of membrane potential (Eq. 3). These 
relationships are discussed in detail, and the results of the sim- 
ulations are presented below. 

The resistive model for the HC membrane 
A simple resistive network was used to simulate the HC light 
responses. The HC membrane is modeled as three conductances 
in parallel (Fig. 13); a glutamate-sensitive cation conductance 
(g,,,), a passive K+ conductance (g,), and a GABA-sensitive Cl- 
conductance (ge,). Each conductance is in series with a battery. 
The potential of the batteries represents the equilibrium poten- 
tials for the permeable ions. The voltage-gated currents are ig- 
nored since all of them, except the CaZ+ current, are not activated 
in the range of the physiological membrane potentials. The 
membrane potential of the model HC is therefore given by 

v = kon~Ei,n + g,.& + gc,.Ec,) 

m 

k,” + g, + &l) ’ 

(1) 

where E,,, is the equilibrium potential of the glutamate-gated 
conductance (=0 mV), E,, is the equilibrium potential of the 
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Figure 13. Model network to simulate HC light responses. g, is the 
conductance of the potassium channels, g,. is the GABA-gated Cl- con- 
ductance, and g,,, is the glutamate-gated conductance. E,, E,,, and E,,, 
are the equilibrium potentials for the various conductances. 

GABA-gated Cl- conductance (= - 17 mV), E, is the equilib- 
rium potential of the potassium channels (=-97 mV), g,,, is 
the conductance of the glutamate channels, g,, is the conduc- 
tance of the GABA-gated Cl- channels, and g, is the conduc- 
tance of the potassium channels (= 1 .O units). 

GABA,-gated Cl- conductance 

It is assumed that the GABA-gated Cl- conductance (gc,) is 
related to the extracellular GABA concentration near the GA- 
BA, receptor ([GABA],) by the relation given by Equation 2. 
This is in accordance with a Hill coefficient of 2.1 for the GABA, 
for HCs in tiger salamander (Gilbertson et al., 1990): 

[GABA]; 
gcl = gv’ [GABA]z, + KZ,’ 

where gp is the maximal Cl- conductance (=12.5 units) and 
K, is the half-maximal GABA concentration (=40 MM). 

The GABA transporter 
It is assumed that the GABA transporter in HCs has similar 
characteristics as the GABA transporter described by Kanner 
and coworkers. One uncharged GABA molecule is cotrans- 
ported with 2 Na+ ions and 1 Cl- ion (Kanner and Schuldiner, 
1987; Keynan and Kanner, 1988). Based on this stoichiometry, 
the electrochemical potential for the transporter can be derived: 

with 

[GABAl, 
&ABA = R. T. In [GABA], 2 

[Nal, ~CL&~ = n.R.T.ln [Nal, + rz.F. V,, 

[C1lL &, = m.R.T-lnm - rn.F. V,,,, 

where &nsp is the electrochemical potential of the transporter, 
pgABA is the electrochemical potential of GABA, p$a is the elec- 

trochemical potential of Na+, WE, is the electrochemical potential 
of Cl-, [GABA], is the intracellular GABA concentration (= 10 
mM), [GABA], is the extracellular GABA concentration, [Na], 
is the intracellular Na+ concentration (= 13.54 mM), [Na], is the 
extracellular Na+ concentration (=I08 mM), [Clli is the intra- 
cellular Cl- concentration (=60 mM), [Cl], is the extracellular 
Cl- concentration (= 116 mM), n is the number of Na+ ions 
transported per GABA molecule (=2), m is the number of Cl- 
ions transported per GABA molecule (=I), and R, T, and F 
have their usual meaning. 

It is assumed that the GABA transporter can be described 
completely by Equation 3, that is, that the transporter is com- 
pletely symmctrica! and always near equilibrium. As discussed 
earlier, this assumption may bc realistic since the GABA release 
sites of the HCs are presumably located on the HC dendrites in 
the cone synaptic terminal. Because the cone synaptic terminal 
is an enclosed structure, it is likely that the GABA leakage out 
the terminal is limited. The HCs therefore control to a great 
extent the GABA concentration in the terminal. However, in- 
creasing the bath GABA concentration will reduce the GABA 
leakage out of the terminal and result in a slight increase of the 
GABA concentration in the synaptic terminal. If the transporter 
is in equilibrium, then Equation 4 must hold: 

II" transp = 0. (4) 

Finally, we assumed that the time constant of the GABA 
release (and the diffusion of GABA in the extracellular space) 
can be described by a first-order lowpass filter with a time con- 
stant ofTGABA and that the concentrations of Na+, Cl-, and GABA 
are all well above the K, values for the binding sites on the 
transporter. If the concentrations for the various substrates were 
well below the K, values, then the transporter would not have 
behaved symmetrically. That may result in different transport 
rates at different directions and potentials, which may express 
itself in a variable time constant of the loop. Since, as we will 
show below, the loop is much faster then the HC response, small 
changes in the time constant of the transporter will hardly be 
visible in the HC response. 

Combining Equations 3 and 4 and the above assumptions 
gives the relation between the membrane potential of the HC 
and the extracellular GABA concentration: 

IGABAl = [GABAl,. N-4:~ UP 
0 

[Nal:~ KU:: 
d[GABA], 

- TGABA’ dt ’ (5) 

where ~~~~~ is the combined time constant of the GABA trans- 
porter, the diffusion of GABA in the extracellular space, and 
the GABA, receptor (=65 msec). 

Input to the model HC 
Although Equations 1,2, and 5 describe the HC responses rather 
closely, we made one additional assumption about the input to 
the HCs. To get a more realistic HC response, we assumed that 
the input to the HC was given by Equation 6, which represents 
a step change in g,,, filtered by a first-order lowpass filter with 
a time constant of TV,,. This time constant is the combined time 
constant of the response of the photoreceptors and the synapse 
from cones to HCs: 
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Figure 14. The measured response of an HC (broken line) and stim- Figure 15. Effect of changing the time constant of the loop (rGARh) on 
ulated response of the model HC (solid line) to light flash of 2200 msec. the model HC light responses to flashes of light of 2200 msec. Three 
g,,. in the dark is 1.30 units and in the light is 0.17 units; g,, in the dark simulations are given for values of 7GABA of 32.5 msec, 65 msec, and 
is 4.44 units and in the light is 0.12 units; V,, in the dark is -25.5 mV 130 msec, respectively. The time to the half-maximal response increased 
and in the light is -76.7 mV; 7GABA is 65 msec. from circa 3 10 msec, to circa 575 msec, and finally to circa 1130 msec. 

g,,” = Ii, - T,“.$y 

where Z,. is the input to the HC (= 1.30 units in the dark; =O. 17 
units in the light) and 7in is the combined time constants of the 
photoreceptor and the synapse ofthe cone to the HC (=25 msec). 

These equations describe the HC light response. For simplic- 
ity, the feedback pathway from HCs to the cones is ignored in 
these simulations. This will, however, hardly affect the behavior 
of the model since the feedback pathway from HCs to the cones 
will eventually modulate the glutamate input to the HCs. Since 
HC responses in GABA Ringer’s solution were simulated, the 
glutamate input to the HCs will be shunted by the large Cl- 
conductance in the HC membrane and the feedback will hardly 
be visible. Equations 5 and 6 are solved numerically by the 
method of Runge-Kutta (Hamming, 1962). 

Dependence on the parameter values 

The simulations show that the regenerative HC responses can 
be generated with parameter values close to the physiological 
values. Although we do not know the exact concentrations of 
all ions at the dendrites, we know that GABA is released upon 
depolarization (Schwartz, 1987). This means that the reversal 
potential of the transporter must be in the range of the physi- 
ological membrane potentials, presumably always very close to 
the membrane potential. 

The reversal potential of the transporter will depend on the 
concentrations of all the substrates. If the reversal potential is 
always close to the membrane potential, then we can estimate 
the concentrations of GABA and Na+. According to Lam (1972), 
[GABA], must be higher than 3 mM since the amount of GABA 
in the retina is equivalent to a uniform concentration of 3 mM. 
We assumed, as did Schwartz (1987), that [GABA], is in the 
order of magnitude of 10 mM. To create [GABA], in the working 
range of the GABA, receptor (between 0 and 100 PM), we had 
to assume that [Na], was 13.54 mM. This high value for [Na], 
may be the result of the continuous influx of Na+ through the 
glutamate-gated conductance in the HC dendrites. If we had 
assumed a lower value for [Na],, then [GABA], would have to 
be higher for [GABA], to be in the proper range. 

K,,, was chosen to be 40 PM, close to the value measured by 

Gilbertson et al. (1990) in salamander retinal HCs. gy, g,, and 
g,,, are all relative numbers, and their values are chosen such 
the model response fitted the HC response best. 7in is chosen 
such that the first phase of the response was properly fitted. 
Obviously, changes 7,” will hardly affect the latter phases of the 
response. The dependence of the model on ~~~~~ will be dis- 
cussed below. 

Light responses of retinal HCs versus model HCs 
Responses to a “light” flash of 2200 msec duration were sim- 
ulated. The change in membrane potential of the model HC to 
such a stimulus is depicted in the top part of Figure 14. The 
model HC rested at -25.5 mV in the dark. In the bottom part 
of Figure 14, the changes in the two variable membrane con- 
ductances are depicted. The g,,, drops with a time constant of 
25 msec from 1.30 units to 0.17 units, whereas g,, slowly drops 
from 4.44 units to 0.12 units with a variable slope. The broken 
line in the top panel of Figure 14 shows the actual measured 
retinal HC response (from Fig. 10). The simulated HC response 
follows the response of the HCs in the slice in a GABA Ringer’s 
solution very closely except for the last part of the light off 
response. Figure 14 shows that, except for the very first phase 
of the response, the response shape is completely determined 
by changes in the Cl- conductance in the HC membrane. So, 
the properties of the GABAergic positive feedback loop will 
determine the kinetics of the response after the initial hyper- 
polarization. The deviation of the simulated response at light 
off from the measured response is presumably due to the absence 
of a Ca*+ spike in the input, to the absence of feedback from 
HCs to the cones, and to the absence of a Ca*+ current in the 
HCs. 

Gain and time constant of the autofeedback loop 
In this section, the importance of the gain and the time constant 
of the loop will be discussed. 

The eflect of the time constant on the HC response 
Figure 15 shows the effects of changing the time constant of the 
loop on the HC response. The time constant of the loop is set 
arbitrarily to 32.5,65, and 130 msec. Increasing or reducing the 
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Figure 16. The opened GABAergic positive feedback loop with all its 
components and variables. Membrane potential (I’&,,,) will affect the 
extracellular GABA concentration ~cA&tj) via the transporter, extra- 
cellular GABA concentration will affect the Cl- current (i,) via the 
GABA, receptor, and the Cl- current will effect the membrane potential 
( VE&,) via the membrane. The open loop gain is the millivoltage hy- 
perpolarization of V~“J~ when v&,,, is hyperpolarized by 1 mV. 

time constant of the loop has pronounced effects on the second 
phase of the response, but the overall shape of the response 
remains more or less unaltered. The time constants of the loop 
of 32.5 msec to 65 msec to 130 msec result in a time to half- 
maximal response respectively of circa 310 msec, circa 575 
msec, and circa 1 130 msec. This simulation shows that the time 
constant of the loop is not linearly related to the time constant 
of the HC response and that the characteristic inflection can be 
generated even with a relative fast loop. As will be shown in 
the following section, not the time constant but the open loop 
gain is the crucial parameter that controls the characteristic 
shape of the HC response. 

The effect of the gain on the HC response 

The open loop gain of the GABAergic positive autofeedback 
loop is the amount of hyperpolarization of the HC membrane 
induced via the GABAergic positive feedback loop when the 
HC membrane is hyperpolarized 1 mV. 

As is shown in Figure 16, the open loop gain depends on (1) 
the relation between membrane potential (V&J and extracel- 
lular GABA concentration ([GABA]), (2) the relation between 
extracellular GABA concentration and Cl- conductance (id, 
and (3) the relation between Cl- conductance and membrane 
potential (Q&J. The open loop gain can be constructed by 
determining the gain of the various components of the loop. 
That is done graphically in Figure 17: the top left panel gives 
the relation between the HC membrane potential and the ex- 
tracellular GABAconcentration (Eq. 5), the top right panel gives 
the relation between the extracellular GABA concentration and 
the Cl- conductance (Eq. 2), and the bottom right panel gives 
the relation between the Cl- conductance and the HC membrane 
potential when glutamate conductance is 0.17 (the value of the 
glutamate conductance during illumination) (Eq. 1). By com- 
bining the three curves by following the arrows in Figure 17, 
the relation between P$, and P’:;,, was constructed (bottom 
left panel). 

The slope of this curve in the bottom left panel of Figure 17 
is the open loop gain of the GABAergic pathway. The curve 
shows that the gain of the GABAergic positive feedback loop 
is low if the HC membrane potential is around - 20 mV (x-axis 
in bottom left panel). The gain is low because the HC membrane 
potential is close to E,,. There is little driving force on Cl-, so 
modulation of Cl- conductance will result in small changes in 
the HC membrane potential. If the loop has a relative large time 
constant, this small change in membrane potential will lead, 
after some time, to a small change in GABA concentration and 
thus in a small further hyperpolarization. It will, therefore, take 
a long time to hyperpolarize the HC severely. The rate of change 
in membrane potential is slow if the open loop gain is low. 

The open loop gain (the slope of the bottom left curve, Fig. 
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Figure 17. The open loop gain of the GABAergic positive autofccd- 
back loop in the HC membrane for g,,, is 0.17 units. For explanation, 
see Appendix. 

17) increases as the HC is hyperpolarized since the HC mem- 
brane potential is further removed from E,,. Now the response 
becomes fast because a small hyperpolarization of the HC will 
result in a large change in Cl- conductance leads to a large 
hyperpolarization ofthe HC via the GABAergic positive feeback 
loop. This will lead, after some time, to an even larger further 
hyperpolarization. 

Finally, the open loop gain will drop again since at very hy- 
perpolarized levels the extracellular GABA concentration will 
become very low and will hardly change with membrane po- 
tential (Eq. 5, Fig. 17) and the resulting Cl- conductance has 
become very small. This variable open loop gain is the reason 
for the characteristic shape of the response. 

Increasing the gain of the loop around -25 mV in the model, 
for instance by lowering [Na],, 1 mM, indeed results immediately 
in fast responses. With this small change in [Na],, the time to 
half maximal response decreases from circa 570 msec to 230 
msec (not shown). 

Conclusions 

The most surprising result of these simulations is that very slow 
HC responses can be generated with a positive feedback loop 
that consists of components with time constants all much small- 
er then the HC response. This behavior is completely due to 
the very low open loop gain at depolarized levels. One could 
summarize the above discussion by the statement that the ki- 
netics of the HC response are controlled by the open loop gain 
of this GABAergic pathway. 
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