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Abstract 

The goal of this study was to clarify pharmacological properties of GABAA receptors in cells of the mouse retinal 
ganglion cell layer in situ. Spontaneous synaptic currents and responses to exogenous GABA were recorded 
from individual neurons in retinal whole mounts (postnatal days 1 - 3) or retinal stripe preparations (postnatal days 
4 - 6). Drugs were applied by a fast local superfusion system. Current responses were measured with the patch- 
clamp technique in the whole-cell configuration. All cells responded to exogenous GABA (average EC, and Hill 
coefficient: 16.7 pM and 0.95 respectively) and generated GABAergic synaptic currents in response to elevated 
KCI. GABA-induced currents of retinal ganglion cells were blocked by bicuculline, picrotoxin and Zn2+, as well as 
strychnine, and increased by pentobarbital, clonazepam and 3a-hydroxy-5a-pregnan-20-one. In some retinal 
ganglion cells GABA caused an increase in the frequency of spontaneous synaptic currents, which points to a 
partially depolarizing action of this traditionally inhibitory neurotransmitter in the neural retina. Our major 
observation is that acetylcholine and acetylcarnitine blocked or reduced GABAergic inhibitory postsynaptic 
currents and responses to exogenous GABA. This effect was seen in only a fraction of retinal ganglion cells and 
occurred in both the undesensitized and the desensitized state of the GABAA receptor. The block was voltage- 
independent and persisted during coapplication with the nicotinic and muscarinic acetylcholine receptor 
antagonists o-tubocurarine and atropine. In contrast to GABA-activated CI- currents, glycine-activated CI - 
currents remained unaffected by acetylcholine and acetylcarnitine. Acetylcarnitine had no effect on voltage- 
activated Ca2+ channel currents and glutamate-activated currents. Similar results were obtained in a dissociated 
cell culture preparation from the neonatal rat superior colliculus. In these cells acetylcholine induced a rightward 
shift in the dose - response curve for GABA. Taken together, these results indicate that acetylcholine and 
acetylcarnitine can act directly at the GABAA binding site and thereby reduce the action of GABA in the 
immature retina. 

Introduction 

GABA,, glycine, nicotinic acetylcholine (ACh) and glutamate receptors 
show a high degree of structural similarity (Betz, 1990). This applies 
not only to the M2 domain lining the ion channel, but also to the presumed 
neurotransmitter-binding pocket of the extracellular N-terminal domain 
(Betz, 1990; Unwin, 1993). It has therefore been thought that ligand- 
activated channels could be derived from a common receptorkhannel 
ancestor that conducts C1- and bicarbonate (Kosower, 1988). At some 
stage of evolution this channel may have accepted all four transmitter 
molecules. An unspecific receptor of this type has, in fact, been 
discovered in a crayfish neuromuscular preparation (Zufall et a l . ,  1988). 

Naturally, a high ligand-receptor specificity can only be expected 

if the binding characteristics are unique. However, such a situation is 
difficult to anticipate on theoretical grounds, because the precise location 
of binding sites and the possible conformations adopted by the 
receptor -protein complex often remain unclear. It is therefore necessary 
to determine experimentally the degree of ligand - receptor selectivity 
in any neuron type and developmental state of interest. 

The properties of GABA, receptors in mature neurons have been the 
subject of extensive reviews (see e.g. Olsen et a l . ,  1990; Seeburg et a l . ,  
1990; Sieghart, 1992). The GABA, receptor is a hetero-oligomeric 
receptor. Each subunit forms four transmembrane domains (Seeburg 
et a l . ,  1990) and binds at least one molecule of GABA or muscimol. 
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Bicuculline displaces GABA but does not open the C1- channel. It is 
therefore regarded as a competitive antagonist. Benzodiazepines and other 
allosteric modulators may change the efficacy of GABA binding and 
thereby alter channel open probabilities. By now at least 14 GABA, 
receptor subunits have been found to be encoded by different genes 
(Sieghart, 1992). This leads to considerable variability in GABA, 
receptor function, which shows itself in differences between 
dose -response curves, single-channel conductances, current -voltage 
characteristics, kinetic properties, and receptor desensitization and 
pharmacology. Nonetheless, there have been repeated attempts to define 
a few major GABA, receptor classes and to verify them in distinct 
neuron populations (Olsen et al . ,  1990; Luddens and Wisden, 1991). 

GABA, receptors in the rodent ganglion cell layer have been 
characterized from molecular (Brecha, 1992), electrophysiological (Tauck 
et al., 1988) and functional (Caldwell and Daw, 1978) viewpoints, but 
little attention has been paid so far to the question of ligand - receptor 
selectivity, especially during development in vivo. This question is, 
however, important because transmitters may not only trigger 
synaptogenesis, but also influence neuron differentiation and survival. 
At earlier stages of neuron development, in the absence of mature 
synapses, transmitter actions could be rather widespread, because neither 
the transmitter-releasing apparatus nor the matching receptors are 
confined to specialized areas. Furthermore, transmitters may be 
synthesized by cells that later on release another transmitter. One example 
is the transiently GABAergic nature of neonatal retinal ganglion cells 
(Fry et al . ,  1991; Lugo-Garcia and Blanco, 1991). Transmitters could 
also be released by mechanisms different from that of mature synaptic 
terminals. Depolarization-induced GABA release by a GABA transporter 
is a prominent mechanism in the retina (Schwartz, 1987). In developing 
neurons Ca2+-dependent transmitter release is likely to occur from any 
part of the cell, including growth cones of axons and dendrites (Taylor 
el al., 1990). Finally, receptors not usually specialized for the mediation 
of the actions of a given transmitter may temporarily be used for 
transduction. The best known example of functional receptor -1igand 
mismatching in immature central neurons is the mutual activation of 
GABA and glycine receptors by the opposite transmitter (Baev et a/. , 
1992; Lewis and Faber, 1993). 

In a mature neuronal network, the co-release of two or more transmitter 
substances could result in regulatory properties at the synapse that by 
far surpass the possibility of a single transmitter - single receptor scheme. 
Again, such an arrangement has been demonstrated in the rodent retina. 
A class of amacrine cells has been found to contain and to release both 
GABA and ACh. The functional significance of this mechanism remains, 
however, unknown. 

The goal of the present study was to clarify some aspects of 
cholinergic -GABAergic interaction in postnatal retinal ganglion cells, 
the likely target of amacrine cells. It will be shown that in postnatal 
retinal ganglion cells ACh and acetyl-L-carnitine can modify the action 
of both exogenous and endogenous GABA by interfering with GABA, 
receptors. We regard these results as interesting from the more general 
viewpoint of ligand -receptor selectivity during development in vivo. 

Materials and methods 

Animals and tissue preparation 
C57BU6H mice were killed at the age of 2 -5 days. After decapitation 
and subsequent enucleation of the eyes, the retinae were isolated from 
the eyeballs and immediately dissected into stripes. Both central and more 
peripheral parts of the retina were used for electrophysiological 
recordings. The tissue was placed in oxygenated saline solution and 
maintained in total darkness at room temperature. The standard saline 

solution (SSS) contained (in niM): NaCI, 125; KCI, 5 ;  glucose, 10; 
MgSOJ, I ;  CaCI,, 1.5: NaH2P0,, 1.25; NaHCO,, 25. A carbogen gas 
mixture (95% O,, 5% COz) was used throughout. For experiments 
aimed at recording synaptic activity, the extracellular Ca” 
concentration [Ca2+],was increased to 2.5 mM. All solutions had a pH 
of 7.4. 

Preparation of collicular cultures was carried out following a standard 
protocol described by Kraszewski and Grantyn ( 1992a). 

Recording procedures and drug application 
Membrane currents were recorded with the patch-clamp technique in 
the whole-cell configuration. The holding potential was set to -60 mV 
using a List EPC7 patch-clamp amplifier. For electrophysiological 
measurements the retinal tissue was mechanically fixed to the glass 
bottom of a recording chamber. The latter was filled with bicarbonate- 
buffered and oxygenated saline solution. When the tissue was placed 

B 
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20 ms 

FIG. I .  Patch-clamp recording from a neuron in the retinal stripe prepared from 
mice at postnatal day 5 .  (A) Video image of a patch electrode in contact with 
a neuron in the ganglion cell layer (arrow). (B) Current trace showing a voltage- 
activated Na’ current on postnatal day 5 .  K +  currents are suppressed. Holding 
voltage -60 mV. 
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correctly, individual cells in the ganglion cell layer were seen quite clearly 
and microelectrodes could be manipulated under visual guidance (Fig. 
1A). 

Recording electrodes were prepared from borosilicate glass and filled 
with a standard intracellular solution containing (in mM): CsCI, 120; 
MgCI,, 1; CaCI,, 0.5; EGTA, 10; HEPES, 10; tetraethylammonium 
chloride, 10; glucose, 5 ;  phosphocreatine, 20; creatine phosphokinase 
(50 units); ATP, 2; CAMP, 0.25. The pH was adjusted to 7.4. Tip 
resistance of patch electrodes ranged from 5 to 7 MQ. All experiments 
were carried out with symmetrical C1- concentrations of intra- and 
extracellular solutions. 

In each investigated cell, depolarizing pulses were delivered in order 
to characterize voltage-gated conductance changes prior to transmitter 
application. Voltage-gated Ca2+ currents were induced by step or ramp 
depolarization from a holding voltage (V,,) of -80 mV. In this case, 
Ba2+ was substituted for Ca2+ (2.5 mM), and tetraethylammonium 
chloride (20 mM) and tetrodotoxin (1 pM) were added to the superfusion 
solutions. Cells were maintained under continuous superfusion with S S S .  
Control as well as test solutions were applied by hydrostatic pressure 
via a six-barrel superfusion pipette. The pipette opening, 100- 150 pm 
in diameter, was placed - 100 pm away from the retinal ganglion cell 
soma. GABA was applied at concentrations of 0.3-320 pM. ACh, 
acetylcamitine (L-isomeric form) and glycine were used at concentrations 
between 10 and 100 pM. Particular concentrations are indicated in the 
figures and in the Results section. The effects of all drugs were tested 
by local superfusion. 

GABAergic synaptic activity was evoked by superfusion of retinal 
tissue with 10 mM KCI and recorded in the presence of 6,7- 
dinitroquinoxaline-2,3-dione (DNQX) (10 pM) and tetrodotoxin (1 pM). 
D-Tubocurarine and atropine were each used at a concentration of 5 pM. 
Between single applications the tissue was superfused for 1 min with 
S S S  in order to wash out the residual GABA and other applied or intrinsic 
compounds. All drugs and chemicals were purchased from Sigma, except 
acetylcarnitine (Sigma Tau), pentobarbital (FFA Marieuse GmbH), 
clonazepam (Hoffmann - La Roche) and DNQX (Tocris Neuramin). 

Data were digitized at a rate of 20 kHz and analysed using the voltage- 
clamp software package TIDA (Battelle, Frankfurt). Exponential fitting 
was performed using the AUTESP data analysis software created by 
Helmut Zucker. Statistical analysis was carried out with SigmaPlot 
version 4.1 (Jandel). 

Resu I ts 
Patchclamp recording from ganglion cells in the retinal whole- 
mount or stripe preparation 
The retinal whole-mount and stripe preparations proved to be very 
convenient for investigations of receptor and synapse development (Rorig 
and Grantyn, 1993a, b). Until the end of the first postnatal week, cells 
in the ganglion cell layer could be approached under visual guidance 
(Fig. IA). The spherical somata of retinal ganglion cells were clearly 
visible at these early postnatal stages and had diameters of 10-20 pm. 
However, due to the presence of amacrine cells (Wassle er af., 1987) 
and Miiller cells (Reichenbach et al., 1988) in the ganglion cell layer, 
the position, size and shape of somata alone could not be regarded as 
sufficient criteria for ganglion cell identification. We therefore routinely 
tested for the ability of selected neurons to generate voltage-activated 
Na+ currents (Iwam). On postnatal days (P) 2 and 5 ,  85 and 100% of 
investigated cells respectively generated ZNa(V) of > 500 PA. Average 
amplitudes were 654.4 pA (SD 205.2, n = 17) on day P2 and 938.8 
pA (SD 255.2, n = 19) on day P5. An example is illustrated in Figure 
1B. As very few cells in the ganglion cell layer lacked this 

criterion could not be used to distinguish between amacrine and ganglion 
cells. The term retinal ganglion cell thus refers to presumed ganglion 
cells that are not, however, identified on the basis of any unequivocal 
criterion. 

Properties of GA BAA receptor-mediated whole-cell currents in 
retinal ganglion cells of the postnatal mouse 
As GABA-activated C1- currents have not yet been described in 
postnatal mouse retinal ganglion cells in siru, we preface our analysis 
of cholinergic - GABAergic interaction by a brief summary of 
experiments aimed at characterizing the properties of GABA, receptors 
in this preparation. It was found that all postnatal retinal ganglion cells 
responded to GABA. With symmetrical C1- concentrations in the 
extracellular and intracellular solutions, GABA-activated currents were 
inward directed at Vh = -60 mV. When GABA concentrations exceeded 
5 pM CI- currents declined within seconds, as illustrated in Figure 2A. 
The decay of GABA-induced currents could be described by a single 
exponential. Time constants of decay ranged from 1.6 to 7.6 s (average 
3.7 s, SD 1.8, n = 15). Usually, the period of transmitter application 
was made longer than the time to peak ( 2 5 s) . Every drug application 
was followed by a period of S S S  application that lasted a minimum of 
1 min. Under such conditions, a second application of GABA elicited 
a current response of the same size as the first response (not illustrated). 
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FIG. 2. Characteristics of GABA-activated whole-cell CI- currents in postnatal 
mouse retinal ganglion cells. (A) Response to 10 pM GABA. Here and in all 
following illustrated experiments symmetrical C1- concentrations. Period of drug 
application, as in all figures, is indicated by a horizontal bar above the trace. 
Note that GABA application was relatively fast, as can be deduced from the rapid 
onset of the CI- current. A single exponential curve could be fitted to the decay 
of GABA-activated CI- current. The time constant of the fitting curve is given 
below the trace. (B) Voltage dependence of GABA-activated currents. Plotted 
values are means and standard deviations of maximal current amplitudes. CI- 
currents were elicited in different cells by application of 100 pM GABA at each 
holding potential (pooled data from 12 neurons). (C) Dose-response curve for 

effective concentration (EC,,,) applies to pooled data from 14 neurons. 
GABA-induced CI- currents. The Hill coefficient was close to 1.  Half-maximall Y 
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FIG. 3. Pharmacological properties of the GABA, receptor in postnatal retinal 
ganghon cells. (A-D) Reversible block of GABA-induced currents by bicuculline, 
picrotoxin, Zn2+ and strychnine. The GABA concentration was always 10 pM. 
(E-G) Currents activated with 3.2 pM GABA were potentiated by pentobarbital, 
clonazepam and 3a-OH-DHP. 

Thus, drug effects could reliably be tested with the GABA, receptor 
being either in the undesensitized state (Fig. 6) or in the desensitized 
state (Fig. 7). 

The reversal potential of GABA-activated C1- currents corresponded 
to the theoretical value predicted by Nernst's equation. With symmetrical 
C1- concentrations currents reversed at 0 mV. In contrast to some other 
neuron types in the mammalian central nervous system (Gray and 
Johnston, 1985; Weiss et al.,  1988), current-voltage relationships of 
retinal ganglion cells were fairly linear (Fig. 2B). 

Current responses were elicited with GABA concentrations as low 
as 0.3 or 1 kM. They saturated at concentrations of 100-320 pM. When 
using 10 pM GABA at Vh = -60 mV, C1- currents reached mean 
peak values of 244 pA (SD 101, n = 7) on day P2 and 313 pA (SD 
60, n = 7) on day P5. Results from 14 neurons from animals aged 
between P2 and P5 were pooled to construct the dose-response curve 
shown in Figure 2C. At least three GABA concentrations were tested 
in each cell. The EC,, of the pooled dose-response curve amounted 
to 16.7 pM. The Hill coefficient calculated for the fitting curve was 

TABLE 1. GABA, receptor pharmacology in postnatal mouse retinal ganglion 
cells 

D w  Suppression of Enhancement of n 
GABA response % GABA response % 

17 97.2 (SD 3.3) - Bicuculline 
1 1  Picrotoxin 87.5 (SD 8.7) - 

Zn2 + 69.9 (SD 14.4) - 14 
Strychnine 85.7 (SD 10.2) - 14 
Pentobarbital - 48.7 (SD 47.6) 7 
Clonazepam - 67.1 (SD 37.2) 5 
~CY-OH-DHP - 38.3 (SD 21.1) 10 

All compounds were wed at concentrations indicated in Figure 3 

0.95, suggesting a lack of cooperativity in GABA binding to its 
receptor -channel complex. 

Figure 3 illustrates that GABA, receptors of immature retinal 
ganglion cells displayed many of the features characteristic of mature 
neurons in various parts of the mammalian central nervous system. 
Responses to 10 pM of GABA could be reversibly blocked by 
bicuculline, picrotoxin and Zn*+. However, strychnine, a typical 
glycine receptor antagonist, reduced GABA-induced currents as well. 
In some cases the strychnine-induced block was complete, especially 
with higher doses of strychnine (Fig. 3D). Clear potentiation of the 
GABA response could be observed with pentobarbital, clonazepam and 
with the steroid 3a-hydroxy-5a-pregnan-20-one (3a-OH-DHP). The 
results of these experiments are summarized in Table 1 .  

It should be pointed out that bicuculline always caused a complete 
block of GABA-induced currents. It is therefore unlikely that retinal 
ganglion cells expressed the newly described GABA, receptor 
(Feigenspan et a/. , 1993; Qian and Dowling, 1993). 

In postnatal mouse retinal ganglion cells GABA release can 
induce neuron depolarization 
In contrast to the usually hyperpolarizing effect of GABA in mature 
neurons, immature neurons may be depolarized by GABA (Cherubini 
er al . ,  1990). It will be shown that this may also be the case in neonatal 
retinal ganglion cells. 

By the end of the first postnatal week all retinal ganglion cells generated 
spontaneous inhibitory postsynaptic currents (IPSCs) when depolarized 
by superfusion with elevated KCl (n = 32). Figures 4A and 5A and 
C present specimen recordings of spontaneous synaptic activity in the 
presence of tetrodotoxin and DNQX, a non-NMDA-type glutamate 
antagonist. As described before (Rorig and Grantyn, 1993b) spontaneous 
IPSCs were identified by their sensitivity to bicuculline (25 pM) and 
their reversal at the CI- equilibrium potential (in these experiments -0 
mV; not shown). If application of GABA had, as in other immature 
neurons (Cherubini et al . ,  1990), a net depolarizing effect one should 
expect that it would increase the frequency of postsynaptic currents in 
a manner similar to elevated KCl. This was indeed observed (Fig. 4B 
and C). The frequency of postsynaptic currents could thus be an indicator 
of depolarizing GABA effects on unperfused cells in the neighbourhood. 
An increase in spontaneous activity was also found when testing neurons 
with GABA in the presence of a potentiating drug (Fig. 4D; see also 
Fig. 3E-G). In 17 of 69 spontaneously active cells GABA (at 
concentrations between 1 and 32 pM) raised the frequency of spontaneous 
synaptic currents from an average of 0.14 eventsh (SD 0.39) in S S S  
to 1.15 eventsh (SD 1.04). This increase was highly significant ( P  = 
0.0007; Fig. 4E). We conclude that in the neonatal mouse retina GABA 
could act as a depolarizing transmitter. 



Cholinergic -GABAergic interaction 1093 

100 pA Ic 

b’ GABA 10 DM - PB10pM 

10 s E 
f (PSC/S) 

2.0 
1.5 
1 .o 
0.5 

Control GABA 

FIG. 4.  Enhancement of spontaneous synaptic activity by superfusion with KCl and GABA. (A) IPSCs during superfusion with KCI in the presence of DNQX (10 
pM) and tetrodotoxin (1 pM). (B) Postsynaptic current during application of GABA at low concentration. (C,) At higher concentrations of GABA, postsynaptic 
currents were superimposed on a large tonic inward C1- current. (C2) Boxed trace at higher resolution. (D) Enhancement of synaptic activity during the period 
of additional application of pentobarbital. (E) Average postsynaptic current frequency in SSS and during subsequent GABA application. Postsynaptic currents were 
sampled during a period of 10-30 s. Pooled data from 17 neurons. 

Cholinergic agonists block GABAergic synaptic transmission 
The presence of spontaneous synaptic activity in postnatal mice retinal 
ganglion cells allowed us to investigate the effects of other transmitters 
and transmitter agonists on synaptic GABA, receptors. Figure 5 
illustrates an experiment with acetylcarnitine. It can be seen that 10 pM 
of acetylcarnitine completely and reversibly blocked spontaneous 
GABAergic synaptic activity (Fig. 5A -C) without affecting voltage- 
activated Ca2+ channel currents carried by Ba2+ (Fig. 5D). A similar 
effect was observed in ten of 11 retinal ganglion cells tested with either 
ACh or acetylcarnitine at concentrations between 20 and 100 pM. These 
observations point to the possibility that the reduction in spontaneous 
synaptic activity produced by ACh and acetylcarnitine results from direct 
interference with GABA binding. 

ACh and acetylcarnitine block CI- currents induced with 
exogenous GABA 
The putative blocking effects of ACh and acetylcarnitine at the GABA, 
receptor were further investigated by applying exogenous GABA. Figures 
6A and 7A show that in postnatal retinal ganglion cells ACh was indeed 
able to antagonize the action of GABA. A similar result was obtained 
with acetylcarnitine (Figs 6B and 7B). Thus, the cholinergic block 
affected not only responses to endogenous GABA but also the currents 
evoked by application of exogenous GABA. 

Figure 6 illustrates that the blocking action of ACh and acetylcarnitine 
was fully reversible. A reduction of the response to exogenous GABA 
was found in eight of 28 cells tested with ACh, and in 16 of 26 retinal 
ganglion cells tested with acetylcarnitine. When tested in the 
undesensitized state of the GABA, receptor, the depression in peak C1- 
currents amounted to 12-89% (mean 42%, SD 26%) for ACh, and 
to 21 -76% (mean 42%, SD 15%) for acetylcarnitine. A block could 
also be achieved in the desensitized state of GABA, receptors (Fig. 7). 
In this case, a partial recovery from desensitization was seen in 11 of 
2 1 retinal ganglion cells upon removal of acetylcarnitine or ACh during 
a period of continuous superfusion with GABA (Fig. 7C). After 
acetylcarnitine withdrawal, amplitudes of C1- currents exceeded the 

level calculated by curve fitting of the decay (taken as 100%). The amount 
of resensitization was 26- 102% of the fitted control amplitude at the 
time of the second current peak. 

The above values can be compared to the responsiveness of retinal 
ganglion cells to ACh applied at a concentration of 100 pM. Twelve 
of 37 tested neurons (32%) generated ACh-induced currents. At Vh = 
-60 mV, this latter had an average amplitude of 174 pA (SD 105). 
At higher concentrations of ACh (320-500 pM) the fraction of 
responsive neurons exceeded 80%. A blocking effect of ACh in GABA- 
activated CI- currents has also been observed in the absence of current 
response to ACh. 

The blocking effect of ACh and acetylcarnitine is resistant to 
ACh receptor antagonists 
Receptor resensitization after ACh or acetylcarnitine withdrawal could 
be explained by assuming binding to the GABA, receptor. To further 
explore this possibility we tested the effect of nicotinic and muscarinic 
ACh receptor blockers. It is well known that muscarinic ACh receptors 
may regulate synaptic transmission by a modulatory action on voltage- 
activated Ca2+ channels (Toselli et al . ,  1989; Wanke et al . ,  1993). 
However, this seemed not to be the case here (Fig. 5D). Nonetheless, 
it is conceivable that a link exists between ACh receptors and GABA, 
receptors such that ACh receptor occupancy would eventually down- 
regulate the action of GABA due to Ca2+ influx or G-protein activation. 
Figure 8 illustrates experiments that make these possibilities rather 
unlikely. It can be seen that neither D-tubocurarine nor atropine prevented 
the blocking effect of acetylcarnitine. Similar results were obtained in 
six retinal ganglion cells. These results support the view that the blocking 
effect of cholinergic Compounds occurred directly at the GABA, 
receptor. 

ACh and acetylcarnitine antagonize GABA-activated CI- 
currents but not glycine-activated CI- currents in retinal 
ganglion cells 
In some vertebrate central neurons GABA and glycine may exhibit 
complete cross-desensitization (Baev et a/ .  , 1992). In postnatal retinal 
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FIG. 6 .  Reduction of GABA-activated C1- currents by ACh (A) and 
acetylcarnitine (B). GABA, receptor in the undesensitized state. Note that 
recovery from block was complete within 1 rnin (right traces in A and B). GABA 
concentration 10 pM. Holding voltage -60 mV. I 
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A 

FIG. 5 .  Cholinergic block of spontaneous synaptic CI- currents in a postnatal 
retinal ganglion cell. (A) Spontaneous synaptic activity after elevated KCI 
application (10 mM) in 2.5 mM [CaZf],, DNQX (10 pM) and tetrodotoxin (1 
pM). (B) Block of the synaptic activity during superfusion with acetylcarnitine 
(10 pM). (C) Recovery after removal of acetylcarnitine. (D) Ba2+ currents 
through voltage-activated Ca" channels in SSS and during acetylcarnitine 
application. Currents were induced by linear voltage ramps (-80 to +40 mV 
in 1 s) in the presence of extracellular tetraethylammonium (20 mM) and 
tetrodotoxin (1 pM). 

500 pA 

B 5 s  

AC 10 pM 
ganglion cells, GABA quite likely activates not only GABA, receptors 
but also a proportion of glycine receptors (Baring, Pan, Lipton and 
Grantyn, in preparation). Strychnine either did not discriminate between 
GABA, and glycine receptors or blocked GABA binding to the glycine 
receptor, or did both (Fig. 3D). However, in postnatal retinal ganglion 
cells relatively selective activation of glycine receptors could be achieved 
by adding 10-25 pM of bicuculline. Figure 9 illustrates an experiment 
aimed at comparing the blocking action of acetylcarnitine on glycine- 
and GABA-induced responses of the same cell. It can be seen that the 
glycine response was not affected. This result was confirmed in four 
more cells. It should be noted that acetylcarnitine had no effect on 
responses elicited with glutamate (200 pM) and kainate (30 pM). Voltage- 
activated Na+ currents, too, were insensitive to the blocking actions of 
ACh and acetylcarnitine. 

ACh and acetylcarnitine antagonize GABA actions in cultured 
neurons 
As mentioned above, only a certain fraction of retinal ganglion cells 
displayed a block of GABA responses by ACh or acetylcarnitine. It is 

1 - 1  
- 
2.6 8 

FIG. 7. Reduction of GABA-activated CI- currents by ACh (A) and 
acetylcarnitine (B). GABA, receptor in the undesensitized state. (C) 
Resensitization of GABA, receptor after acetylcarnitine-induced partial block. 
Single exponential decay. The expected time course of desensitization is indicated 
by the fining curve. GABA concentration 10 pM. 
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FIG. 8. Blocking action of acetylcarnitine is resistant to nicotinic and muscarinic 
type AChR antagonists. (A and B) Same blocking effect of acetylcarnitine in the 
absence and presence of o-tubocurarine. In this record transmitter application 
was slow. (C and D) Slight enhancement of the acetylcarnitine-mediated block 
during additional application of atropine followed by resensitization. CABA 
concentration 10 NM. 

not known which subunit composition or other features of the GABA, 
receptor have to be expressed to enable a block. In any case, 
GABA,-ACh antagonism might not be an exclusive property of 
postnatal retinal ganglion cells in situ. We therefore investigated the 
effects of ACh and acetylcarnitine on GABA-activated CI- currents in 
a standard culture system that is currently being used to study the 
development of GABAergic synaptic transmission in v i m  (Kraszewski 
and Grantyn, 1992a). Figure 10 illustrates that in cultured collicular 
neurons also, GABA, receptor-mediated C1- currents were antagonized 
by ACh and acetylcarnitine. Again, the block was reversible, voltage- 
independent and resulted in partial recovery from desensitization (Fig. 
10A and B). This is interesting because the GABA, responses of 
cultured collicular neurons differed from those of retinal ganglion cells 
in some aspects, first of all by a pronounced rectification of GABA- 
induced chloride currents (Kraszewski and Grantyn, 1992b). Three 
collicular neurons were stable enough to complete a full cycle of drug 
application for a dose-response curve, using an 11-barrel superfusion 
array. The results of this experiment are plotted in Figure 1OC. It can 
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B 
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D AC 100 yM 

fl 500 pA 

5 s  

FIG. 9. Resistance of glycine-activated CI- currents to acetylcamitine in a retinal 
ganglion cell with acetylcarnitine-sensitive GABA response. (A and B) Glycine- 
activated CI- currents tested with acetylcarnitine in the undesensitized state (A) 
and during desensitization of the receptor (B). Glycine concentration 100 pM. 
(C and D) Same cell with acetylcarnitine-induced block of GABA-activated CI- 
currents. GABA concentration 10 pM. 

be seen that 100 pM of ACh blocked the response to GABA in the 
concentration range between 10 and 32 pM, in a manner characteristic 
of a competitive receptor antagonist. The lack of blocking action in the 
lower concentration range was found in all three cells. Its origin was 
not clarified. One of the possibilities is that at this concentration GABA 
activates only glycine receptors or another type of GABA receptor to 
which ACh cannot bind at all. In fact, a cholinergic block of GABA- 
activated C1- currents was seen only in about half of all collicular 
neurons tested (72 of 138 cells). It should be noted that there were big 
differences between cultures. In some cultures the block was seen in 
any neuron tested, while in others the block could not be elicited at all. 
This points to the possibility that developmental conditions may have 
a strong influence on the substrate for cholinergic-GABAergic interaction. 

The method of selective superfusion was used to exclude the influence 
of network activity by superfusing only the soma with the attached 
GABAergic terminals (Perouansky and Grantyn, 1990). Under these 
conditions a clear decrease in the frequency of GABAergic IPSCs could 
be obtained with ACh when testing cells that displayed depression of 
responses to exogenous GABA (n = 5; not illustrated). 
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FIG. 10. Block of GABA-activated CI- currents in cultured neurons from the rat superior colliculus. (A) GABA-activated CI- current in a neuron from embryonic 
day 21 superior colliculus after 13 days in vim. Records at different holding potentials, with symmetrical CI- and in the presence of I pM tetrodotoxin. Note nearly 
complete block during additional application of 10 pM of ACh. (B) Same experiment with acetylcarnitine. (C) Pooled dose-response curve from three collicular 
neurons. Each neuron was tested with the complete range of GABA concentrations in the presence and absence of added ACh. as indicated below the plot. 

Discussion 

The present results are in general agreement with previous observations 
on GABA-activated whole-cell currents in freshly dissociated ganglion 
cells from the retina of rodents (Tauck er al., 1988) and goldfish (Ishida 
and Cohen, 1988). In addition, we have demonstrated the potentiating 
action of pentobarbital, clonazeparn and 3a-OH-DHP, and the blocking 
effect of bicuculline, picrotoxin and ZnZ+, and thereby completed 
current knowledge on receptor pharmacology in the mammalian retina. 
Our experiments further showed that in postnatal retinal ganglion cells 
in situ spontaneous GABAergic IPSCs could be reversibly blocked by 
ACh or acetylcamitine. Acetylcamitine had no effect on voltage-activated 
CaZ+ currents, suggesting a postsynaptic site of action rather than a 
change in the mechanism of GABA release. Indeed, the cholinergic block 
affected not only the responses to endogenous GABA but also currents 
elicited by exogenous GABA. ACh and acetylcarnitine reduced CI- 
current amplitudes both in the desensitized and in the undesensitized 
state of GABA, receptors. In the former case, partial receptor 
resensitization was obtained by ACh or acetylcarnitine withdrawal. The 
block was resistant to the presence of nicotinic and muscarinic ACh 
receptor antagonists. From a functional point of view, our results suggest 
that ACh and acetylcarnitine can play an inhibitory role in the neonatal 
rodent retina, because (i) they reduced GABA actions and (ii) GABA 
effects were in part depolarizing. 

Our local superfusion system minimized GABA, receptor desensitiz- 
ation by increasing the speed of drug application. It can be seen that 
the rising front of GABA-activated CI- currents was fairly fast, despite 
the diffusion barriers imposed by the relative intactness of the tissue. 
However, fast drug application was possibly achieved at the expense 
of spatial superfusion control. Nonetheless, the suppression of GABA- 
induced currents by ACh and acetylcarnitine was obviously not related 

to superfusion artefacts because similar results were obtained in a 
dissociated tissue culture preparation where the access of drugs was 
monitored by addition of a dye (Perouansky and Grantyn. 1990). It is 
also noteworthy that the blocking action of ACh and acetylcarnitine did 
not require pretreatment of the tissue, as is the case with some other 
channel modulators. The rapid effect of ACh and acetylcarnitine thus 
seems to exclude non-specific effects on neuron membranes like 
enhancement of protein - protein interactions (Butterfield and Rangachari, 
1993) or GABA response impairment by changes in membrane fluidity 
(Arienti er a/. , 1992). 

A blocking effect of ACh at the GABA, receptor has not yet been 
explicitly stated in the existing literature. However, hints of similar 
phenomena have been found in previous work. For instance, Segal(l983) 
described an ACh-induced reduction in IPSC amplitude but an increase 
in IPSC frequency in dissociated cultures from the rat hippocampus, 
This would be compatible with our notion that ACh blocks GABA, 
receptors. The situation is perhaps different in the hippocampal slice. 
In this preparation, Behrends and ten Bruggencate (1993) observed a 
reversible depression of evoked IPSCs by carbachol. As carbachol also 
reduced the frequency of miniature IPSCs in an atropine-dependent 
manner while responses to iontophoretically applied GABA were not 
depressed, the reduction of evoked IPSCs was assigned to a presynaptic 
mechanism. 

In contrast to the broad literature on receptor modulation by ACh and 
established ACh agonists, little is yet known about the pharmacological 
properties of acetylcarnitine [but see the review by Fritz er a / .  (1993)l. 
The following discussion will therefore address the existing findings on 
the mechanisms of acetylcarnitine-induced effects on central neurons, 
before proceeding to the more general issue of transmitter specificity, 
transmitter coexistence and transmitter cofunction, and the known and 
hypothetical properties of GABA, receptors in the developing retina. 
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Transmitter specificity 
The GABA, receptor channel complex bears various sites for 
interaction with drugs that allosterically regulate GABA-induced CI- 
ion flux (Sieghart, 1992). In addition, this receptor -channel complex 
can be modulated by ligands of other neurotransmitter systems. For 
instance, convergence of GABA and glycine effects at a common receptor 
was seen in cultured neurons (Baev er al., 1992; Lewis and Faber, 1993). 
Furthermore, it has been shown that GABA responses can be reduced 
by the glycine receptor blocker strychnine (Tauck et al., 1988). Our 
present data confirm the latter result (Fig. 3D). Glycine responses, in 
turn, could be reduced by application of the widely used GABA, 
receptor blockers picrotoxin and bicuculline (Akaike and Kaneda, 1989). 
However, it is not clear in each particular case to what extent glycine 
occupies a GABA, receptor or GABA binds to a glycine receptor. It 
should therefore be relevant that in retinal ganglion cells ACh and 
acetylcarnitine failed to reduce the current response to glycine. The lack 
of an ACh-induced rightward shift in the dose - response curve for GABA 
in the lower concentration range (Fig. IOC) was tentatively interpreted 
as a result of GABA binding to an ACh-insensitive glycine receptor. 

Siebler et a/. (1988) reported that in cultured hippocampal neurons 
atropine acted like a competitive antagonist of GABA. In accordance 
with the latter result, we observed that in retinal ganglion cells atropine 
did not abolish the blocking action of acetylcarnitine, but actually 
enhanced it. An even better example of transmitter-receptor cross- 
reaction may be the GABA block by the well known competitive nicotinic 
ACh receptor antagonist D-tubocurarine. In various preparations of the 
mammalian brain D-tubocurarine has proved to be a competitive 
antagonist of GABA (Simmonds, 1982; Lebeda et al., 1982; Siebler 
et al., 1988). Schwartz and Mindlin (1988) also tested several non- 
competitive nicotinic ACh receptor antagonists and found reduced 
[3H]muscimol binding and 36Cl- uptake. However, the relative 
efficacies of these convulsant compounds were different at the ACh and 
the GABA, receptors. Strangely, in retinal ganglion cells D- 

tubocurarine failed to reduce the response to exogenous GABA (Tauck 
et al., 1988, and present result). 

More results along this line have been provided by studies in 
invertebrates. In Aplysia neurons Carpenter et al. (1977) examined the 
effect of curare on responses to several putative neurotransmitters. They 
concluded that curare could not be regarded as a specific antagonist of 
ACh at the nicotinic ACh receptor, because it acted also at other ligand- 
activated receptors, including those for GABA. An unspecific ligand- 
gated C1- channel was characterized in detail by Zufall et al. (1988). 
They found in a crayfish muscle preparation a CI- channel that could 
be activated by ACh, glutamate and GABA. The non-specific C1- 
channel was blocked by mecamylamine, curare, atropine and picrotoxin. 
These results provide strong evidence for common ligand-binding 
properties shared by a group of ligand-gated receptor channel complexes. 
Our results suggest now that an ‘unspecific’, and perhaps phylogenetically 
‘old’ type of CI- channel also exists in the mammalian central nervous 
system, at least during some stage of development. 

GABA, receptors of retinal ganglion cells 
The observation of blocking ACh effects on GABA-induced synaptic 
activity in retinal ganglion cells is interesting because both transmitter 
systems are expressed in amacrine cells (O’Malley et al., 1992), which 
form a major synaptic input to retinal ganglion cells. In mature retinal 
ganglion cells the integration of GABAergic and cholinergic synaptic 
inputs of distinct cellular origin is necessary to maintain directional 
selectivity of receptive fields (Vaney, 1990). In starburst amacrine cells 
GABA and ACh may even coexist and can be coreleased (O’Malley 
et al . ,  1992). A coexistence and corelease situation obviously exists in 

Mechanisms of action of acetylcarnitine in the mammalian 
central nervous system 
Carnitine and its derivatives are endogenous substances. Significant 
amounts of acetylcamitine and carnithe acetyltransferase have been found 
in the mammalian central nervous system (Hosein and Orzeck, 1964; 
McCaman ef al., 1966). Especially in the neonatal brain, the levels of 
carnitine and its derivatives are high, with a peak around postnatal day 
10 in the rat (Morris and Carey, 1983). In aged animals and human 
patients suffering from dementia of the Alzheimer type, acetylcarnitine 
has improved performance in cognitive behaviour tests (Ghirardi et al., 
1988). Carnitine and carnitine acetyltransferase are well known for their 
role in long-chain fatty acid oxidation in the mitochondria (for a recent 
review see Fritz er al., 1993). However, carnitine and especially its 
derivatives may have additional roles. Among other possibilities, it was 
considered that acetylcamitine, together with pyruvate, acts as a precursor 
of acetyl-coenzyme A in ACh synthesis (White and Scates, 1990). In 
fact, carnitine acetyltransferase was found at high concentrations in 
cholinergic terminals (Sterri and Fonnum, 1980). 

A major assumption of the present paper is that acetylcarnitine is a 
cholinomimetic compound. It is suggested that acetylcarnitine mimics 
some effects of ACh because it is chemically close to the endogenous 
transmitter. A structural similarity between acetylcarnitine and ACh was 
discovered long ago by Sass and Werness (1973). A portion of the 
acetylcarnitine molecule shows exactly the same configuration as ACh 
and other cholinergic molecules. A first hint on the cholinergic 
pharmacology of acetylcarnitine was given in 1936 by the study of Weger 
(1936), who found that the depressive effect of acetylcamitine on the 
frog heart was antagonized by atropine and enhanced by eserine. A 
cholinomimetic effect on central neurons was proposed by Ternpesta 
er al. (1985) based on their studies with extracellular recording and 
iontophoretic drug application. These authors found an increase in the 
spontaneous discharge rate that was further enhanced by eserine but not 
affected by atropine. Similar observations were made on neurons in the 
rat somatosensory cortex (Janiri er al., 1991). In this case, atropine 
blocked the acetylcarnitine-induced increase in firing rate, suggesting 
the involvement of muscarinic ACh receptors. Interestingly, a brief 
comment in that paper illuminates the possibility of GABA-ACh 
interaction. It was mentioned that in the presence of acetylcarnitine 
neurons displayed reduced inhibition by GABA. Nonetheless, a blocking 
action of acetylcarnitine at the GABA, receptor was not envisaged at 
this stage of research. 

We propose now that acetylcarnitine, and likewise ACh, acts directly 
at the GABA, receptor. The following observations support this view. 
(i) The blocking action of the cholinergic ligand on GABA-activated 
currents was not abolished by nicotinic or muscarinic ACh receptor 
antagonists (D-tubocurarine and atropine respectively). This excludes 
both nicotinic and muscarinic ACh receptors as a possible site of action. 
(ii) In tests with continuous GABA application, the addition of 
acetylcarnitine was usually followed by recovery of the response to 
exogenous GABA. This can be interpreted as partial resensitization of 
the GABA, receptor by displacement of the natural ligand from its site. 
(iii) The rightward shift of the dose - response curve, at least in the higher 
concentration range of GABA, is characteristic of a competitive 
antagonist. (iv) Acetylcarnitine failed to change ICa(V) (see also Forrnenti 
et a[., 1992). A presynaptic action via Ca2+ channel modulation is 
therefore unlikely, at least in the case of acetylcarnitine. 

A possible explanation for the acetylcarnitine - GABA, receptor 
interaction may again be provided by the special structural features of 
acetylcarnitine. Acetylcarnitine is an acetylated derivative of carnitine 
(a trimethylbetaine of y-amino-6-hydroxybutyric acid), the latter being 
similar in structure to both choline and GABA. 
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quite a few neuron types in the central nervous system (Burnstock, 1976; 
Docherty et al., 1987), including the rodent retina, where many amacrine 
cells were found to be GABAergic-peptidergic (Li et al., 1990). It 
remains to be clarified how GABA, receptor selectivity changes in the 
course of further maturation and synapse development. 

Since a block of the GABA-induced currents was not observed in all 
neurons tested with ACh or acetylcarnitine, we suggest that the blocking 
action of cholinergic ligands at the GABA, receptor requires a 
particular subunit composition. At present, it is entirely unclear which 
subunits could accept also ACh or acetylcarnitine as a ligand. Its 
pronounced bicuculline sensitivity clearly puts the ACh-sensitive GABA 
receptor in contrast to the newly discovered retinal GABA receptor 
formed by dimeric e subunits (Cutting et al . ,  1991 ; Kusama et al., 
1993). It is noteworthy that in retinal ganglion cells the Hill coefficient 
extracted from the fitted dose-response curve for GABA was - 1, 
suggesting a lack of cooperativity between the subunits of immature 
GABA, receptors in retinal ganglion cells. On the other hand, the 
presence of benzodiazepine potentiation points to an assembly of at least 
one a and one y subunit. Similar results were obtained in the study by 
Pritchett et al., (1988), despite successful coexpression of a l ,  PI and 
y2 subunits. 
In situ hybridization and immunohistochemical data concerning the 

GABA, receptor in the retina are still very scarce (Brecha, 1992). It 
is suggested that the major subunit classes of the GABA, receptor are 
also present in the retinal ganglion cell layer, including the subunits a 1, 
a2, a3, P2 and 03. The regulatory sites of GABA, receptors in retinal 
ganglion cells remained largely unexplored. It was therefore important 
to screen pharmacological GABA, receptor properties of retinal 
ganglion cells in situ. These experiments revealed that even very young 
postnatal retinal ganglion cells exhibit many of the types of modulation 
known for GABA, receptors in older neurons of other structures, 
although the existence of pronounced ZnZ+ sensitivity seemed to 
indicate that a major fraction of GABA, receptors is still immature. On 
the other hand, large Zn2' effects on GABA,-mediated responses were 
recently found in adult preparations (Davies er al., 1993). The 
pronounced potentiating effect of clonazepam in postnatal retinal ganglion 
cells is somewhat in contrast to previous observations in the hippocampus, 
where benzodiazepine was absent during the first 2 weeks postnatally 
(Rovira and Ben-Ari, 1991). This, again, underlines the necessity of 
developmental pharmacological studies in identified neurons. 
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3a-hydroxy-5a-pregnan-20-one 
acetylcholine 
6,7-dinitroquinoxaline-2,3-dione 
y-aminobutyric acid 
N-2-hydroxyethylpiperazine-N '-2-ethanesulphonic acid 
voltage-activated Na' current 
inhibitory postsynaptic current 
postnatal day 
standard saline solution 
holding voltage 

References 

Akaike. N. and Kaneda, M. (1989) Glycine-gated chloride current in acutely 
isolated rat hypothalamic neurons. J .  Neuropliysiol.. 62. 1400- 1409. 

Arienti, G . .  Ramacci, M. T. ,  Maccari, F., Casu. A. and Corazzi, L. (1992) 
Acetyl-L-carnitine influences the fluidity of brain microsomes and of liposomes 
made of rat brain microsomal lipid extracts. Neurochem. Res. ,  17. 671 -675. 

Baev, K. V.. Rusin. K. I. and Safronov, B. V. (1992) Primary receptor for 
inhibitory transmitters in lamprey spinal cord neurons. Neuroscience, 46. 

Behrends. J.  C. and ten Bruggencate. G. (1993) Cholinergic modulation of synaptic 
inhibition in the guinea pig hippocampus in vitro: excitation of GABAergic 
interneurons and inhibition of GABA-release. J .  Neurophysiol.. 69,626 -629. 

Betz. H. (19%) Ligand-gated ion channels in the brain: The amino acid receptor 
superfamily. Neuron, 5. 383 -392. 

Brecha, N. C. (1992) Expression of GABA, receptors in the vertebrate retina. 
Prog. Brain Res. ,  90, 3-28. 

Burnstock, G. (1976) Do some nerve cells release more than one transmitter? 
Neuroscience. 1, 239-248. 

Butterfield, D. A. and Rangachari. A. (1993) Acetylcamitine increases membrane 
cytoskeletal protein-protein interactions. Life Sci.. 52, 297 -303. 

Caldwell, J. H. and Daw, N. W. (1978) Effects of picrotoxin and strychnine 
on rabbit retinal ganglion cells: changes in centre surround receptive fields. 

Carpenter, D. 0.. Swann, J .  W. and Yarowsky, P. J .  (1977) Effect of curare 
on responses to different putative neurotransmitters in Aplysia neurons. J .  
Neurobiol., 8, 119- 132. 

Cherubini, E., Rovira, C., Gaiarsa. J. L.. Corradetti, R. and Ben Ari, Y. (1990) 
GABA mediated excitation in immature rat CA3 hippocampal neurons. Int. 
J .  Dev. Neurosci.. 8. 481 -490. 

Cutting, G. R., Lu, L.. O'Hara, B. F., Kasch, L. M.,  Montrose-Rafizadeh, C., 
Donovan, D. M., Shimada, S., Antonarakis, S. E., Guggino, W. B.. Uhl, 
G .  R. and Kazazian, H. H., Jr  (1991) Cloning of the gamma-aminobutyric 
acid (GABA) e ,  cDNA: a GABA receptor subunit highly expressed in the 
retina. Proc. Nut1 Acad. Sci. USA, 88, 2673-2677. 

Davies, M. F., Maguire, P. A. and Loew, G. H. (1993) Zinc selectively inhibits 
flux through benzodiazepine-insensitive gamma-aminobutyric acid chloride 
channels in cortical and cerebellar microsacs. Mol. Pharmacol., 44.876-881. 

Docherry. M., Bradford, H. F. and Wu, J.-Y. (1987) Co-release of glutamate 
and aspartate from cholinergic and GABAergic synaptosomes. Narure, 330. 
64-66. 

Feigenspan. A,. Wassle, H. and Borman. J. (1993) Pharmacology of GABA 
receptor CI- channels in rat retinal bipolar cells. Nature. 361. 159- 162. 

Formenti, A , ,  Arrigoni, E., Sansone, V., Arrigoni-Martelli, E. and Mancia. M. 
(1992) Effects of acety-L-camitine on the survival of adult rat sensory neurons 
in primary cultures. Int. J. Dev. Neurosci.. 10. 207-214. 

Fritz, I. B. and Arrigoni-Martelli, E. (1993) Sites of action of carnitine and its 
derivatives on the cardiovascular system: Interactions with membranes. Trends 
Pharmacol. Sci. ,  14. 355 -360. 

Fly, K.  R., Chen. N.-X., Glazebrook, P. A. and Lam, D. M. K. (1991) Postnatal 
development of ganglion cells in the rabbit retina: characterization with AB5 
and GABA antibodies. Dev. Brain Res. ,  61, 45-53. 

Ghirardi, 0.. Milano, S . ,  Ramacci. M. T. and Angelucci, L. (1988) Effects of 
acetyl-L-carnitine chronic treatment on discrimination model in aged rats. 
Physiol. Behav., 44. 769-773. 

Gray, R. and Johnston, D. (1985) Rectification of single GABA-gated chloride 
channels in adult hippocampal neurons. J .  Neurophysiol.. 54. 134- 142. 

Hosein, E. A. and Orzeck, A. (1964) Some physiological and biochemical 
properties of acetyl-L-carnitine isolated from brain tissue extracts. Inr. J.  
Neuropharmacol., 3. 71 -76. 

Ishida, A. T. and Cohen, B. N. (1988) GABA-activated whole-cell currents in 
isolated retinal ganglion cells. J .  Neurophwiol.. 60, 381 -394. 

Janiri, L.. Falcone. M., Persico, A. and Tempesta. E. (1991) Activity of L- 
carnitine and L-acetylcarnitine on cholincceptive neocortical neurons of the 
rat in vivo. J .  Neural Transm., 86, 35 - 146. 

Kosower, E. M. (1988) A partial structure for the gamma-aminobutyric acid 
(GABA,) receptor is derived from the model for the nicotinic acetylcholine 
receptor. FEBS Len.,  231, 5 -  10. 

Kraszewski, K. and Grantyn, R. (1992a) In v i m  development of GABAergic 
synaptic connections: increase of synaptic strength despite unchanged quantal 
response. J .  Neurobiol., 23, 345-361. 

Kraszewski, K. and Grantyn, R. (1992b) Unitary. quantal and miniature GABA- 
activated synaptic chloride currents in cultured neurons from the rat superior 
colliculus. Neuroscience, 47, 555 -570. 

931 -941, 

J .  Physid.  (Land.), 276, 299-310. 



Cholinergic - GABAergic interaction 1099 

Kusama, T.. Spivak, C. E..  Whiting. P.. Dawson, V. L.,  Schaeffer, J. C. and 
Uhl, G. R. (1993) Pharmacology of GABA rho1 and GABA a/b receptors 
expressed in Xenopus oocytes on COS cells. Br. J. Pharmucol., 109,200-206. 

Lebeda, F. J., Hablitz, J .  J. and Johnston, D. (1982) Antagonism of GABA- 
mediated responses by D-tubocurarine in hippocampal neurons. J.  
Neurophuiol.. 48. 622-632. 

Lewis, C. A. and Faber. D. S. (1993) GABA responses and their partial occlusion 
by glycine in cultured rat medullary neurons. Neuroscience, 52, 83 -96. 

Li, H.-B., Watt, C. B. and Lam, D. M.-K. (1990) Double-label analyses of 
somatostatin's coexistence with enkephalin and gamma-aminobutyric acid in 
amacrine cells of the chicken retina. Bruin Res., 525, 304-309. 

Lugo-Garcia, N. and Blanco, R. E. (1991) Localization of GAD- and GABA- 
like immunoreactivity in ground squirrel retina: retrograde labeling demonstrates 
GAD-positive ganglion cells. Brain Res., 564, 19-26. 

Luddens. H. and Wisden. W. (1991) Function and pharmacology of multiple 
GABA, receptor subunits. Trends fhurmucol. Sci., 12, 49-51. 

McCaman, R. E., McCaman, M. W. and Stafford, M. L. (1966) Carnitine 
acetyltransferase in nervous tissue. J .  Biol. Chem., 241, 930-934. 

Morris. A .  J. and Carey, E. M. (1983) Postnatal changes in the concentration 
of carnitine and acylcarnitines in rat brain. Dev. Bruin R e x ,  8, 381 -384. 

O'Malley, D. M., Sandell, J. H. and Masland, R. H.  (1992) Co-release of 
acetylcholine and GABA by the starburst amacrine cells. J.  Neurosci., 12, 

Olsen. R. W., McCabe, R. T. and Wamsley, .I. K. (1990) GABA, receptor 
subtypes: autoradiographic comparison of GABA, benzodiazepine, and 
convulsant binding sites in the rat central nervous system. J. chem. Neuroanat., 
3, 59-76. 

Perouansky, M. and Grantyn, R. (1990) Is GABA release modulated by 
presynaptic excitatory amino acid receptors? Neurosci. Len. , 113, 292 -297. 

Pritchett, D. B.. Sontheimer, H., Gorman, C. M., Kettenmann, H., Seeburg, 
P. H. and Schofield, P. R. (1988) Transient expression shows ligand gating 
and allosteric potentiation of GABA, receptor subunits. Science, 242, 
1306-1308. 

Qian, H. and Dowling, J. E. (1993) Novel GABA responses from rod-driven 
retinal horizontal cells. Nurure, 361, 162- 164. 

Reichenbach, A,, Hagen, E., Schippel, K. and Eberhardt, W. (1988) Quantitative 
electron microscopy of rabbit Muller (glial) cells in dependence on retinal 
topography. Z.  Mikrosk. Anar. Forsch., 102, 721 -755. 

Rorig, B. and Grantyn, R. (1993a) Rat retinal ganglion cells express 
Ca*+-permeable non-NMDA glutamate receptors during the period of 
histogenetic cell death. Neurosci. Len., 153, 32-36. 

Rorig, B. and Grantyn, R. (1993b) Glutamatergic and GABAergic synaptic 
currents in ganglion cells from isolated retinae of pigmented rats during postnatal 
development. Dev. Bruin Res. ,  74, 98- 110. 

Rovira, C. and Ben-Ari. Y. (1991) Benzodiazepines do not potentiate GABA 
responses in neonatal hippocampal neurons. Neurosci. Len., 130, 157- 161. 

Sass, R. L. and Werness, P. (1973) Acetylcarnitine: on the relationship between 
structure and function. Biochem. Biophys. Res. Commun., 55, 736-742. 

Schwartz, E. A. (1987) Depolarization without calcium can release gamma- 
aminobutyric acid from a retinal neuron. Science, 238, 350-355. 

1394- 1408. 

Schwartz. R. D. and Mindlin, M. C. (1988) Inhibition of the GABA receptor- 
gated chloride ion channel in brain by noncompetitive inhibitors of the nicotinic 
receptor-gated cation channel. J .  f hamco l .  Exp. Ther., 244, 963 -970. 

Seeburg, P. H., Wisden, W., Verdoorn, T. A., Pritchett, D. B., Werner, P., 
Herb, A, ,  Liiddens, H., Sprengel, R. and Sakmann, B. (1990) The GABA, 
receptor family: molecular and functional diversity. Cold Spring Harbor Symp. 
Quunr. Biol., 55, 29-40. 

Segal, M. (1983) Rat hippocampal neurons in culture: Responses to electrical 
and chemical stimuli. J .  Neurophysiol., 50, 1249- 1264. 

Siebler, M., Koller, H., Schmalenbach, C. and Muller, H. W. (1988) GABA 
activated chloride currents in cultured rat hippocampal and septal region neurons 
can be inhibited by curare and atropine. Neurosci. Len., 93, 220-224. 

Sieghart, W. (1992) GABA, receptors: ligand-gated CI- ion channels modulated 
by multiple drug-binding sites. Trends Phurmacol. Sci., 13, 446-450. 

Simmonds, M. A. (1982) Classification of some GABA antagonists with regard 
to site of action and potency in slices of rat cuneate nucleus. Eur. J.  Phumcol., 

Sterri, S. H. and Fonnum, F. (1980) Acetyl-CoA synthesizing enzymes in 
cholinergic nerve terminals. J. Neurochem., 35, 249-254. 

Tauck, D. L., Frosch, M. P. and Lipton, S. A. (1988) Characterization of GABA- 
and glycine-induced currents of solitary rodent retinal ganglion cells in culture. 
Neuroscience, 27, 193 -203. 

Taylor, J., Docherty, M. and Gordon-Weeks, P. R. (1990) GABAergic growth 
cones: release of endogenous gamma-aminobutyric acid precedes the expression 
of synaptic vesicle antigens. J.  Neurochem., 54, 1689- 1699. 

Tempesta, E., Janiri, L. and Pirrongelli, C. (1985) Stereospecific effects of 
acetylcarnitine on the spontaneous activity of brainstem neurones and their 
responses to acetylcholine and serotonin. Neurophumcology ,  24, 43 -50. 

Toselli, M., Lang, J., Costa, T. and Lux, H. D. (1989) Direct modulation of 
voltagedependent calcium channels by muscarinic activation of a pertussis toxin- 
sensitive G-protein in hippocampal neurons. Pfliigers Arch., 415, 255 -261. 

Unwin, N. (1993) Neurotransmitter action: opening of ligand-gated ion channels. 
Cell, 72, 31 -41. 

Vaney, D. I. (1990) The mosaic of amacrine cells in the mammalian retina. f rog .  
Retinal Res., 9, 1-46. 

Wanke, E., Ferroni, A,, Malgaroli, A., Ambrosini, A,, Pozzan, T. and Meldolesi, 
J. (1993) Activation of muscarinic receptor selectively inhibits a rapidly 
inactivated Ca current in rat sympathetic neurons. Proc. Nutl. Acad. Sci. USA, 
84, 4313-4317. 

Wassle, H., Chun, M. H.  and Miiller, F. (1987) Amacrine cells in the ganglion 

Weger, P. (1936) Zur Physiologie des Camitins und des Acetylcamitins. Biochem. 

Weiss, D. S . ,  Barnes, E. M. and Hablitz, J. J. (1988) Whole-cell and single 
channel recordings of GABA-gated currents in cultured chick cerebral neurons. 
J. Neurophysiol., 59, 495-513. 

White, H. L. and Scates, P. W. (1990) Acetyl-r-carnitine as a precursor of 
acetylcholine. Neurochem. Res. ,  15, 597-601. 

Zufall, F., Franke, C. and Hatt, H. (1988) Acetylcholine activates chloride channel 
as well as glutamate and GABA. J .  Comp. Physiol. A ,  163, 609-620. 

80. 347-358. 

cell layer of the cat retina. J .  Comp. Neurol., 265, 391 -408. 

Z., 287, 424 - 432. 




