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The pharmacological properties of the interaction between 
the excitatory amino acid (EAA) analogs kainate and 
N-methyl-D-aspartate (NMDA) have been examined on the 
isolated rat retinal ganglion cell preparation. In addition, we 
have studied the effects on this interaction of 2 noncom- 
petitive NMDA antagonists, the dissociative anesthetic 
phencyclidine (PCP) and the anticonvulsant MK-801. Elec- 
trophysiological measurements were performed with the 
whole-cell patch-clamp technique on cultured ganglion cells 
that had been back-labeled with a fluorescent dye. Whereas 
only 89% of the cells showed responses to NMDA (in the 
absence of extracellular Mg*+), every ganglion cell respond- 
ed to kainate under the same conditions. When a given cell 
was voltage-clamped at -80 mV, the large inward currents 
elicited by 125 PM kainate generally exceeded the responses 
evoked by 200 PM NMDA, when present, by 1 or 2 orders of 
magnitude. There was a poor correlation between the mag- 
nitudes of the currents produced by both agonists for the 
population of cells tested. Furthermore, NMDA proved to be 
an antagonist for the kainate receptor binding site. 

Without influencing the kainate-activated currents, PCP 
(75 PM) and MK-801 (20 NM) completely and reversibly blocked 
the responses evoked by NMDA (200 PM), independent of 
the membrane holding potential. The degree of block pro- 
duced by a submaximal concentration of either antagonist 
was accentuated by increasing the concentration of NMDA. 

The independence of NMDA and kainate currents was ex- 
amined. In the presence of NMDA and PCP (or MK-801), 
kainate-induced responses were comparable in amplitude 
to those generated by the application of kainate and NMDA 
together. Thus, kainate continued to produce an increase in 
membrane conductance at a time when NMDA-activated cur- 
rents were blocked by either antagonist. The NMDA antag- 
onism of kainate-induced currents was shown to be constant 
and independent of PCP or MK-801. Our results suggest that 
the 2 EAA analogs might not share a common ionophore, 
but rather activate separate receptor-ion channel com- 
plexes in rat retinal ganglion cell membranes. 

Received Aug. 3, 1987; revised Nov. 30, 1987; accepted Dec. 3, 1987. 
We would like to thank Drs. M. Frosch and P. Rosenberg for helpful discussions, 

Dr. H. WBssle for encouraeement and sumort. and B. Cahoon and P. Kaiser for 
technical assistance. This kork was supl&ted by the Max-Planck-Gesellschaft, 
FRG. (A.K.) and NIH Grants NS07264 (E.A.), EY05477 (S.A.L.), and NS00879 
(S.A.L.). 

Correspondence should be addressed to Elias Aizenman, Ph.D., Division of 
Neuroscience, The Children’s Hospital-G4, 300 Longwood Ave., Boston, MA 
02115. 
Copyright 0 1988 Society for Neuroscience 0270-6474/88/082895-12$02.00/O 

The excitatory amino acids (EAAs) L-glutamate and L-aspartate, 
or a related substance, are thought to be the primary neuro- 
transmitters that mediate fast synaptic transmission in the ver- 
tebrate CNS (Johnson, 1972; Fonnum, 1984; Foster and Fagg, 
1984). The receptors activated by these transmitters are sub- 
divided into 3 major types according to their affinities for the 
glutamate analogs quisqualate, kainate, and N-methyl-D-aspar- 
tate (NMDA; Watkins and Evans, 198 1). In the retina, as part 
of the CNS, EAAs have been suggested to act as neurotrans- 
mitters both in the outer and inner plexiform layers (Murakami 
et al., 1975; Bloomfield and Dowling, 1985a, b; reviewed by 
Miller and Slaughter, 1986). A fourth type of EAA receptor, 
selective for 2-amino-4-phosphonobutyrate (APB), is appar- 
ently located only on the bipolar cells of the retina (Miller and 
Slaughter, 1986). 

In the inner plexiform layer, where ganglion cells are fed 
postsynaptically from both bipolar and amacrine cells, evidence 
for EAA neurotransmission has been obtained from both im- 
munocytochemical and electrophysiological studies (Berger et 
al., 1977; Ikeda and Sheardown, 1982). Kainate, quisqualate, 
and NMDA have been shown to depolarize all amacrines and 
most ganglion cells in situ in the amphibian retina (Slaughter 
and Miller, 1983). In a previous study (Aizenman et al., 1988) 
we reported that ganglion cells dissociated from the rat retina 
respond to EAA analogs. These responses are comparable to 
those observed in other mammalian central neurons with re- 
spect to current-voltage characteristics and pharmacological 
susceptibilities. It was found that while all cells responded to 
kainate, only a fraction of the cells tested responded to NMDA 
(68%) and quisqualate (50%). Interestingly, horizontal cells, one 
class of interneurons that receive input from photoreceptors in 
the outer plexiform layer, have been shown both in situ and in 
cultures to be depolarized by glutamate, quisqualate, and kai- 
nate, but not by NMDA (Lasater and Dowling, 1982; Ariel et 
al., 1984; Ishida et al., 1984; but see O’Dell and Christensen, 
1986a). Since the different types of EAA receptors seem to be 
expressed in some cells, but not in others, further investigation 
of the receptor-channel complexes present in retinal ganglion 
cells may provide basic information regarding the mechanism 
of excitatory neurotransmission in the inner retina. 

A model for glutamatergic excitation has recently been pro- 
posed for hippocampal and cerebellar neurons; in this model, 
various glutamate analogs open a common receptor-associated 
ionophore to several distinct subconductance states (Cull-Candy 
and Usowicz, 1987; Jahr and Stevens, 1987). In the present 
report, we evaluate this model by examining the properties of 
the NMDA and kainate interaction at the putative receptor sites 
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ganglion cells. 

of our preparation. In addition, we have investigated the effects 
of specific noncompetitive1 antagonists on this interaction in an 
attempt to elucidate the principles of the binding site-channel 
coupling that leads to excitatory neurotransmission in retinal 

optics (IM35; Zeiss, FRG). When UV light was used to identify rat 
retinal ganglion cells under high magnification (500 x ), exposure times 
were kept short in order to prevent damage to the cells by this irradiation. 

The whole-cell configuration of the patch-clamp method (Hamill et 
al., 198 1) was used to record the macroscopic membrane currents of 

- - 
A possible distinction between the channels activated by kain- 

ate and NMDA receptors is of potential clinical importance, 
since these 2 agonists have been shown to have disparate actions. 
For example, excessive stimulation of NMDA receptors has 
been implicated in the pathophysiology of neuronal degenera- 
tion caused by a variety of conditions, such as ischemia (Roth- 
man and Olney, 1987). Therefore, antagonists would prove cli- 
nicially useful ifthey could inhibit selectively and more effectively 
as the concentration of NMDA increased (e.g., by blocking spe- 
cific ionic channels in an agonist-dependent manner). We report 
here such an effect of the antagonist MK-801. 

Part of this work has appeared previously in abstract form 
(Karschin et al., 1987). 

pulled From soft glass (hemaiocrit capillaries) in a 2-stage process on a 
the ganglion cells under voltage-clamo conditions. Patch electrodes were 

BB-CH puller (Mecanex, Geneva, Switzerland), coated with Sylgard and 
fire-polished on a microforge. The micropipettes had resistances of 4- 
8 MQ when measured prior to cell contact with a conventional internal 
solution of Na+ or K+ saline. During whole-cell recording, the input 
resistance of the cell was generally from 850 MQ to 5 GB. The internal 
solution usually consisted of (in mM) CsCl, 120; TEACl, 20; MgCl,, 1; 
CaCl,, 1; EGTA, 1.5; HEPES-NaOH, 10; pH 7.2. Cesium and tetraeth- 
ylammonium (TEA) were added to suppress potassium currents; holding 
potentials maintained for several tens of seconds prior to drug appli- 
cation abolished voltage-dependent transient sodium and calcium con- 
ductances. The indifferent reference electrode was an Ag-AgCl wire 
connected to the bath solution via an agarose bridge; leakage currents, 
liquid junction potentials, and series resistance were corrected as de- 
scribed in Fenwick et al. (1982). 

Materials and Methods 
Identification, dissociation, and culture of cells. Retinal ganglion cells 
were specifically labeled in vivo by retrograde transport of the fluorescent 
dye granular blue (Leifer et al., 1984) which both stains the nucleus 
and cytoplasm of the cells and has been shown not to adversely affect 
the cells under electrophysiological study (Lipton and Tauck, 1987). A 
suspension of the dye in saline was injected into the ganglion cells’ 
projection site, the superior colliculus, of pigmented Long-Evans 5-d- 
old rats (Charles River) under cryoanesthesia, as previously reported 
(Leifer et al., 1984). 

Details of the dissociation procedure and conditions of the tissue 
culture have been described in preceding papers (Lipton and Tauck, 
1987; Lipton et al., 1987; Aizenman et al., 1988). Briefly, the animals 
were killed 3 d after dye injection by cervical dislocation, enucleated, 
and the retinas dissected. Following digestion in a papain enzyme so- 
lution, retinas were mechanically dispersed by gentle trituration. The 
isolated cells were plated onto poly-L-lysine-coated glass coverslips in 
tissue culture dishes and incubated in Eagle’s minimal essential media 
(Gibco) with methylcellulose (0.7% wt/vol), glutamine (2 mM), glucose 
(16 mM), and fetal calf serum (10% vol/vol) for at least 6 hr. 

The freshly dissociated ganglion cells, identified by their blue fluo- 
rescence, usually appeared to be lo-25 pm in diameter and retained l- 
4 primary stout processes up to 60 pm in length, but lacked the extensive 
dendritic arborization typical for retinal ganglion cells in situ. By the 
time electrophysiological recordings were made (6-24 hr following plat- 
ing), these processes had retracted into the cell soma, producing cells 
of spherical shape, approximately 10% of which remained solitary, with 
no identifiable connections to other cells. With increasing time in culture 
(greater than 24 hr), ganglion cells were observed to regrow numerous 
short spiny processes and infrequently displayed elongated neurite out- 
growth with the appearance of obvious growth cones. 

Electrophysiological recordings. The recording chamber consisted of 
a stainless steel insert placed into the tissue culture dishes, which limited 
the fluid volume to approximately 100 pl. The cells were continuously 
superfused at a rate of 0.8 ml/min with a bath solution containing a 
Na+ saline based on Hanks’ balanced salts (in mM): NaCl, 138; NaHCO,, 
1; Na,HPO,, 0.34; KCl, 5.36; KH,PO,, 0.44; CaCl,, 2.5; HEPES-NaOH, 
5; glucose, 22.2; pH 7.2 with phenol red indicator (0.001% vol/vol). 
Since NMDA-evoked currents are subject to voltage-dependent block 
by extracellular Ma*+ (Ault et al.. 1980: Nowak et al.. 1984: Maver and 
Westbrook, 1985),no magnesium salts’were added to the bath solution. 
The superfusion solution was temperature-controlled to 32-35°C by the 
heated stage of an inverted microscope equipped with phase-contrast 

Currents were recorded with an EPC-7 patch-clamp amplifier (List 
Electronics, FRG), digitized with a 12-bit, 125 kHz analog-to-digital 
converter (Model DT2782 DMA, Data Translation, Marlborough, MA), 
and viewed on a Hewlett-Packard diaital disolav (Model 1345A). The 
sampling rate was set at l-2.5 kHz and the signals filtered at 5Ob kHz 
(Model 4302 with a Bessel cutoff frequency of 48 dB/octave, Ithaca, 
Ithaca, NY). The holding and command potentials were generated by 
a PDP- 1 l/23 computer (Digital Equipment, Maynard, MA) interfaced 
with a digital-to-analog converter (Cheshire Data, Hamden, CT). Data 
were stored on a 30-megabyte Winchester disk (Model 880; Data Sys- 
tems Design, San Jose, CA) and transferred to streaming tape (Model 
LSI-50; Alloy Computer Products, Marlborough, MA). 

Drugs and drug application. Test substances were applied to the retinal 
ganglion cells by pressure ejection from fine micropipettes having a tip 
diameter of 5-10 Frn and positioned 20-40 brn from the cell bodies. 
Up to 4 micropipettes were arranged in a half-circle around the cell 
under study and kept apart to minimize possible diffusion of drugs from 
one pipette into another. When the interaction of EAA receptor agonists 
and antagonists was tested, the drugs were applied in combination from 
the same pipette. This microperfusion technique was automatically con- 
trolled by the computer and generated reproducible current responses, 
although the exact final concentration of the drugs tested at the cell 
membrane was not known (the values listed in Results represent the 
drug concentrations in the application pipettes). Differences in delay or 
rise time of the recorded whole-cell response following a pressure pulse 
were mainly due to the position of the pipettes, the tip diameter, and 
the pressure applied. Even if these differences reflected changes in the 
characteristics of receptor binding or channel opening kinetics, this would 
likely go undetected on the slow time scale we used and thus was not 
the subject of study. 

Kainate and phencyclidine-o,-hydrochloride (PCP) were obtained from 
Sigma, NMDA from Cambridge Research Biomedicals (UK), MK-801 
([+])-5-methyl-l0,1l-dihydro-5H-dibenzo[a,d]cyclohepten-5,1O-im- 
ine maleate) was a gift from Dr. P. Anderson (Merck Sharp and Dohme, 
West Point, PA). 

Quantitative analysis of antagonistic drug effects. In experiments in 
which the interactions of agonists and antagonists at the EAA receptor 
channel complex were examined, the mode of antagonism was evaluated 
according to the method described by Ascher et al. (1979) and Rang 
(198 1). At equilibrium, the antagonistic effect of a drug is described by 
the response ratio A, defined as 

A = R(O)/R(B), 
where R(0) is the fraction of receptors activated when no antagonist is 
present, and R(B) is the fraction activated by the same agonist concen- 
tration in the presence of the antagonist. Thus, A can be obtained ex- 
perimentally from 2 measured responses. A convenient index for the 
degree of antagonism can be expressed by A - 1, so that if A - 1 = 0, 
there is no antaaonism. On the basis of this scheme. a comoetitive mode 
of antagonism can be distinguished from the actions of uncompetitive 
channel blocking antagonists. With a competitive antagonist, the degree 
of block, which is expressed by A - 1, is expected to decrease as the 
agonist concentration is increased, whereas with a channel blocking 
drug, A - 1 increases with increasing agonist concentrations. 

’ Within this report, the term “noncompetitive” is used to define the action of 
an antagonist that acts at a site different from that of the agonist (in contradis- 
tinction to a comoetitive antaaonistk In the exoeriments described. noncomoeti- 
tive antagonism includes “uncompeiitive” inhibition, which is the t&m used when 
antagonism is continent upon prior activation of the receptor by the agonist. 



Results 
Whole-cell voltage-clamp recordings were usually made 6-24 
hr after dissociation of the retinas. No apparent variations of 
the ganglion cell responses elicited by EAA analogs have been 
noticed at the different times (Aizenman et al., 1988). Record- 
ings were made from a total of 108 solitary, randomly chosen 
ganglion cells of different sizes, identified by their blue labeling 
under epifluorescence. In these cultures, at least 2 subclasses of 
ganglion cells can be identified on the basis of size (Perry, 1979; 
Drager and Holbauer, 1984; Lipton and Tauck, 1987): large 
a-like cells and smaller types. However, no differences in EAA 
responses based upon these subclasses were noted. The cells 
were typically spherical in shape, did not exceed 25 pm in di- 
ameter, and lacked long processes because of the short incu- 
bation time. Therefore, an adequate space-clamp in the whole- 
cell recording mode was ensured. 

NMDA and kainate currents 
Thirty-eight out of 55 cells tested (69%) showed responses fol- 
lowing microperfusion of the glutamate analog NMDA at a 
concentration of 200 PM, the maximal nondesensitizing dose 
(Aizenman et al., 1988). In the absence of extracellular Mg2+ 
and with the cells voltage-clamped to their resting potential of 
-60 mV (Lipton and Tauck, 1987), the maximal currents evoked 
by NMDA, when present, were usually small, varying from - 5 
to -40 pA. Under the same conditions, kainate (125 PM) caused 
inward currents in all retinal ganglion cells to which it was 
applied (n = 67). Kainate-induced currents were nondesensi- 
tizing at this concentration and ranged in amplitude from - 80 
to -750 pA. In the solutions used here, the responses induced 
by both kainate and NMDA reversed in polarity near 0 mV. In 
general, when both glutamate analogs were applied separately 
to the same cell, the kainate response usually exceeded the NMDA 
response by 1 or 2 orders of magnitude at a given concentration 
(Fig. 1A). In rare cases, however, the ratio of the currents gen- 
erated by kainate and NMDA came close to 1 (Fig. 1B). The 
scattergram in Figure 1C shows that, for 2 different concentra- 
tions of NMDA and kainate, there is a poor correlation between 
the amplitudes of currents generated by these agonists (Spear- 

+ 

Figure 1. Currents induced by N-methyl-D-aspartate (NMDA) and 
kainate in the whole-cell configuration recorded from solitary retinal 
ganglion cells in culture. Traces show the variation of current responses 
evoked by 200 PM NMDA and 125 PM kainate for different cells. Drugs 
were applied by pressure ejection from glass microcapillaries during the 
time period indicated by the dashed line above the traces. The neurons 
were voltage-clamped at -60 mV, at which potential both EAA analogs 
induced inward currents indicated as downward deflections. A, Relation 
between current amplitudes observed for the majority of the cells tested. 
In this case, 200 PM NMDA induced an inward current of - 10 pA, and 
125 FM kainate produced a response of -738 pA, which was at the 
upper end ofthe scale for kainate responses observed. B, Rarely, NMDA 
and kainate at these concentrations induced currents of similar ampli- 
tude in a given cell. NMDA elicited an unusually large inward current 
of -47 pA, while kainate produced a current with an amplitude of -97 
pA. C, Scattergram shows the amplitudes of kainate-induced currents 
(abscissa) versus the NMDA-induced currents (ordinate) for various 
ganglion cells (n = 22). Current amplitudes generated by 50 FM NMDA 
versus 50 PM kainate and by 200 PM NMDA versus 125 PM kainate, 
were plotted. Because of the lack of NMDA responses in a fraction of 
cells, some points in the diagram cluster at the abscissa. Otherwise a 
poor correlation is seen between the currents induced by kainate and 
NMDA (see text). 
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Figure 2. Effects of the antagonist MK-80 1 on the currents induced by NMDA. Responses were recorded from a retinal ganglion cell after addition 
of 200 PM NMDA and simultaneously applied antagonist (at concentrations of 5, 10, or 20 PM). Recordings in A and B were made from the same 
cell, voltage-clamped at its resting potential of - 60 mV (A) and + 30 mV (B). The traces show the voltage-independent antagonistic effect of MK- 
80 1 on NMDA currents under these conditions; 20 PM MK-80 1 was the minimal concentration of the drug to totally block the NMDA-induced 
responses. C, D, The antagonistic effect of MK-801 (6 PM) on NMDA-induced currents for 2 different agonist concentrations. The neuron was 
voltage-clamped at both -60 mV (C) and +30 mV (0). This concentration of MK-801, which partially antagonized the current responses to 200 
KM NMDA, was found to almost totally block the responses induced by 500 PM NMDA at both potentials. This indicates that the degree of block 
by MK-801 increases with increasing agonist concentration. The apparent nonlinearity of the control responses in A and B is likely due to residual 
magnesium in the bathing medium. 

man rank correlation coefficient, R, = 0.197; p = 0.38 1; n = 
22). No relationship between the size of the ganglion cells and 
their responses to either EAA was found. 

Effects of MK-801 and PCP 

dissociative anesthetic PCP on the ganglion cell responses to 
NMDA and kainate. 

Influence on NMDA currents. MK-801 was found to antag- 
onize the NMDA (200 j&I)-elicited inward currents (Vu = -60 
mV; n = 9). The minimal concentration for total blockade of 

To gain insight into the configuration of the NMDA and kainate NMDA currents by this antagonist was 20 PM, at which dose 
receptor binding sites and their association with an ionophore, infrequent single-channel openings could be observed in the 
we studied the effects of the anticonvulsant MK-801 and the whole-cell recording mode (Fig. 2A). MK-801 produced the 



The Journal of Neuroscience, August 1988, 8(8) 2999 
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+ 75 pM PCP 
+ 25 pM PCP 

VH=-60 mV VH=-60 mV 

B 200 /JM NMDA 

vH=+30 mv 

+ 25 pM PCP Figure 3. Effects of the antagonist phencyclidine (PCP) on the currents 
induced by NMDA. A, Effects of 3 different concentrations of PCP (25, 
50, and 75 PM) are shown with the neuron voltage-clamped at -60 mV. 
Although the block of NMDA currents was complete when 75 PM PCP 
was applied, most of the NMDA-induced inward current was suppressed 
by 25 PM PCP in this ganglion cell. B, Records from another cell show 
that PCP (25 PM) blocked the currents induced by NMDA (200 FM) to 
the same degree irrespective of the cell’s holding potential. At both V, 
= +30 mV (top truces) and V, = -60 mV (bottom traces), the NMDA- 
evoked current was depressed by approximately 30%. C, PCP (25 PM) 
partially antagonized the current responses induced by 200 PM NMDA 

VH=-60 mV in this neuron. However, the same dose of antagonist suppressed the 
cell’s response to 500 PM NMDA to a greater degree. 

same degree of block regardless of the membrane holding po- 
tential (Fig. 2B). 

It has been suggested that the MK-80 1 antagonism of NMDA 
is noncompetitive and agonist-dependent in character (Kemp 
et al., 1986; Wong et al., 1986). In our preparation, a concen- 
tration of 6 PM MK-80 1, which only partially antagonized the 
response to 200 WM NMDA at the resting potential, almost 
totally blocked the response to 500 PM NMDA (Fig. 2C). The 
same pattern of inhibition was observed at membrane potentials 
of + 30 mV (Fig. 20). A similar effect was seen in the action of 
PCP on NMDA responses (n = 19). It was observed that 75 PM 

PCP totally and reversibly abolished NMDA (200 PM)-induced 
currents (Fig. 3A) at -60 mV. The depression of NMDA re- 
sponses was also found to be voltage-independent (Fig. 3B). In 
addition, for the cell illustrated in Figure 3C the degree of block 
produced by 25 PM PCP, a dose that half-maximally suppressed 

the 200 PM NMDA response, increased with higher concentra- 
tions of agonist. The diagram in Figure 4 shows the parameter 
A - 1 (defined in Materials and Methods), which expresses the 
degree of blockade by both MK-801 and PCP as a function of 
the concentration of NMDA. As may be noted, the degree of 
inhibition by both antagonists increases with increasing NMDA 
concentration. Rang (198 1) showed that this type of A - 1 ver- 
sus agonist curve suggests that both MK-80 1 and PCP may act 
as uncompetitive blockers of the open state of the NMDA re- 
ceptor-ionophore. 

Efects of MK-801 and PCP on kainate-induced currents. 
Kainate (75-l 50 p&induced responses were found to be largely 
unaffected by either PCP (100 PM; n = 9; Fig. 5A) or MK-801 
(20 PM; n = 8; Fig. 5B). These 2 antagonists produced no re- 
sponse when applied in the absence of the glutamate analogs 
(Fig. 50. 
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Figure 4. The parameter A - I (defined in Materials and Methods) 
asa function of-the NMDA concentration for the antagonistic effects 
of both MK-80 1 (6 UM) and PCP (25 UM). The degree of block bv either 
one of the NMDA’antagonists (expressed as A ‘- 1) increased as the 
agonist concentration ([NMDA]) increased. 

NMDA-kainate interaction 
Figure 6A shows responses of a retinal ganglion cell after ad- 
dition of 50 and 125 PM kainate, both in the absence and pres- 
ence of 200 PM NMDA. The coapplication of NMDA and kain- 
ate produced a smaller response than that elicited by kainate 
alone. The same data are represented in Figure 6B by plotting 
the parameter A - 1 as a function of kainate concentration. The 
negative slope of the resulting graph is indicative of a compet- 
itive block (Rang, 198 1) of kainate-induced currents by NMDA. 
Alternatively, if kainate receptors show positive cooperativity 
(see Migani et al., 1985), NMDA may act as a noncompetitive 
antagonist acting at an allosteric site on the kainate receptor 
molecule. To confirm that this antagonism actually represents 
an action of NMDA at the kainate receptor, we tested this block 
in cells having no measurable response to NMDA alone. Figure 
6C denotes such an experiment, in which NMDA (200 PM) was 
still observed to substantially reduce the current generated by 
kainate (125 PM). Measured for a total of 11 cells, the responses 
produced by 125 I.LM kainate were decreased by an average value 
of 5 1% by 200 PM NMDA. This value includes those cells with 
no underlying NMDA responses and takes into account the 
currents elicited by NMDA in those cells in which one could 
be measured. 

Efects of PCP and MK-801 on the NMDA-kainate 
interaction 
PCP and MK-801 were shown to be putative blockers of the 
open NMDA channel. If NMDA and kainate activate a common 
channel by binding to their specific receptors, the blockade of 
the NMDA-ionophore by either antagonist should prevent the 
induction of current flow by simultaneously applied kainate. 
Figure 7A illustrates the addition of 125 PM kainate, in con- 
junction with 200 PM NMDA and 100 PM PCP. This dose of 

NMDA plus PCP resulted in no net current (middle trace). The 
combination of all 3 drugs produced an increase in membrane 
conductance of the same order of magnitude as that produced 
by kainate alone in other cells. The net current was similar to 
that produced by NMDA and kainate applied together (Fig. 7B). 
The same phenomenon was observed after substituting MK- 
80 1 (1 O-20 PM) for PCP (not shown). 

In another set of experiments we tested whether or not the 
NMDA and kainate sites were linked by examining the agonist- 
induced currents in the presence and absence of the antagonist 
PCP or MK-80 1. We define the parameters o( and (Y’ as follows: 

(1) a’ = (ZKA - Z,)lZ, 
(2) a’ = um.4 - LLJ~KN, 

where ZK, IA, and ZKA are, respectively, the amplitudes of the 
currents produced by kainate, antagonist (PCP or MK-801) and 
both kainate and antagonist together, and I I KNY KNA, and ZNA are, 
respectively, the amplitudes of the currents resulting after the 
addition of kainate and NMDA together, of kainate, NMDA, 
and antagonist together, and of NMDA and antagonist together. 
The contribution of the NMDA-induced current to ZKN was gen- 
erally small (see Fig. 1). These equations represent the effects 
of either PCP or MK-80 1 on the kainate-induced current, both 
in the absence and presence of NMDA. Equation (1) implies 
that if there is no effect of the NMDA antagonists on the kainate 
response, o( would be expected to be close to 1, independent of 
the kainate concentration. If the lack of effect of the antagonist 
on the current response induced by binding to the kainate re- 
ceptor is not altered when NMDA is added, then (Y’ in equation 
(2) would also approach unity. For convenience, we used con- 
centrations of 100 I.LM PCP and 20 PM MK-801, which were 
shown to totally abolish the responses to 200 WM NMDA (Figs. 
2, 3). This reduced the term ZNA to zero and simplified equation 
(2). Since both antagonists produced no responses when added 
alone at these concentrations (Fig. SC>, the term Z, was also 
zero. In this manner, either cy or cy’ could be obtained experi- 
mentally in one cell, for 2 different concentrations of kainate, 
with only 4 pressure-ejection pipettes. For the number of cells 
tested in this manner (n = 1 l), it is statistically irrefutable that 
at least some cells were included that had measurable NMDA 
responses in the absence of antagonists. 

Two experiments in which both o( and 00 were obtained for 
2 kainate concentrations are shown in Figure 8. Figure 8A pre- 
sents the currents elicited by 50 and 125 WM kainate both in the 
presence and absence of 20 PM MK-801; from these 2 param- 
eters, o( can be calculated. Figure 8B shows the currents obtained 
in an experiment with 100 PM PCP, from which (Y’ can be cal- 
culated for 2 concentrations of kainate (50 and 125 PM, in the 
presence of 200 I.LM NMDA). Figure 9, A, B, summarizes the 
values of a and (Y’ obtained for 2 kainate concentrations for both 
PCP and MK-801. For each antagonist, o( and 00 were found 
not to be statistically different. 

If o( and a’ had been found to be substantially different, then 
the NMDA and kainate responses would have to have been 
linked, perhaps by a common ionophore. The results show that 
the antagonists had no effect on the kainate response in the 
absence of NMDA [eq. (l)]; also, there was no significant effect 
of the antagonists on the response mediated by kainate receptor 
activation when NMDA was added, since the values of (Y and 
00 are comparable. Therefore, the fact that the antagonists are 
thought to be open channel blockers suggests that the location 
ofaction of PCP and MK-80 1 on the NMDA-activated channels 
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VH=-60 mV 
I- 

983 ms 

125 pM KAINATE 

VH=-60 mV 
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Figure 5. Whole-cell responses of retinal ganglion cells to kainate and 
the influence of simultaneously applied PCP (4) and MK-801 (II). Con- 
centrations of PCP (100 PM in A) and MK-801 (20 PM in B), which 
were shown to totally block the current responses to 200 PM NMDA, 
did not affect the inward currents evoked by different concentrations of 
kainate (75-150 PM). The neurons were voltage-clamped at a holding 
potential of -60 mV. C, Control showing that the application of 100 

VH=-60 mV PM PCP or 20 PM MK-80 1, respectively, did not produce responses in 
retinal ganglion cells. 

is different from the channels activated by kainate (or kainate latter were correct, then (Y’ would have been significantly ac- 
in the presence of NMDA as a competitive or allosteric inhib- centuated by increasing concentrations of kainate, but this was 
itor). not observed experimentally (Fig. 9). 

In addition, the value of cl at d$erent concentrations of kai- 
nate may also prove useful in determining whether or not kain- 
ate and NMDA share a common ionophore, as explained below. 
When kainate, NMDA, and the antagonist PCP or MK-801 
were added together, a large current resulted. Under the con- 
ditions of the experiment, the large current induced by binding 
to the kainate receptor could have been due to 2 different mech- 
anisms: (1) activation of a separate conductance that is inde- 
pendent of PCP or MK-801 blockade of the NMDA-activated 
channels, or (2) removal of the block by PCP or MK-801 by 
some unknown mechanism, such as displacement of the antag- 
onist by kainate and activation of the associated ionophore 
(which might be shared by both kainate and NMDA). If the 

Discussion 
The objective of the present investigation was to evaluate the 
responses of the glutamate analogs kainate and NMDA on mam- 
malian retinal ganglion cells, the interactions between these 2 
agonists, and how this interaction might be affected by the NMDA 
antagonists MK-80 1 and PCP. These experiments also yielded 
insight into the question ofwhether kainate and NMDA activate 
the same or separate ion channels. Referring to these aims, 3 
major conclusions can be drawn from our observations. 

First, the amplitudes of the currents produced by nearly max- 
imal nondesensitizing doses of NMDA and kainate seem to be 
independent and not correlated with each other for the popu- 
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lation of ganglion cells tested. Not only did the ratio of the 
currents produced by both agonists vary substantially, but as 
many as 3 1% of the cells had no measurable response to NMDA, 
while all cells responded to kainate. Second, NMDA appears to 
act as either a competitive or allosteric antagonist at the kainate 
receptor. Third, the noncompetitive antagonist action of MK- 
80 1 and PCP on the NMDA receptor channel does not influence 
a simultaneously evoked kainate response, suggesting a segre- 
gation of separate receptor-ionophore complexes for each EAA 
analog. 

The ability of the novel NMDA antagonist MK-801 (Cline- 
Schmidt et al., 1982) to antagonize NMDA responses has pre- 
viously been shown in electrophysiological and biochemical ex- 
periments to be use-dependent and noncompetitive. Thus, the 
degree of blockade augments with increasing NMDA concen- 
tration (Kemp et al., 1986; Wong et al., 1986). Using 3H-MK- 

------I 125 pM KAINATE 

\ 

200 pM NMDA 

125 pM KAINATE + 200 pM NMDA 

VH=-60 mV 

Figure 6. Whole-cell current recordings showing the interaction of 
NMDA and kainate in retinal ganglion cells. A, The coapplication of 
kainate and NMDA produced a smaller response than that elicited by 
kainate alone, as shown for 2 different concentrations of kainate (SO 
and 125 PM). The values for this experiment are demonstrated again in 
the diagram in B, where the degree of block by NMDA (A - 1) is plotted 
as a function of the kainate concentration. The negative slope of the 
graph, showing a decrease in the degree of block with increasing agonist 
concentration, is consistent with a competitive or allosteric mode of 
antagonism for the action of NMDA on kainate responses. C, A con- 
centration of 200 PM NMDA, which did not produce a response itself 
in this ganglion cell (middle truce), still resulted in a decrease in the 
inward current elicited by 125 PM kainate (top trace) by 66% (bottom 
truce). This suggests that NMDA is acting as an antagonist at the kainate 
binding site. 

80 1, a unique class of high-affinity binding sites could be dem- 
onstrated in rat brain membranes (Wong et al., 1986), and other 
NMDA antagonists, such as PCP, ketamine, or SKF 10.047 
were shown to compete for the same binding sites. Lowering 
the agonist concentration, as well as application of competitive 
NMDA antagonists, such as AP5 or AP7, reduced the number 
of binding sites but not the affinity of 3H-MK-801 (Foster and 
Wong, 1987). These observations suggested that MK-80 1 binds 
to the open state of the NMDA-activated ion channel (Foster 
and Wong, 1987). The same mode of noncompetitive antago- 
nism, indicating a slow open channel block, has also been pro- 
posed for PCP and ketamine in cultured mouse spinal cord 
neurons (Honey et al., 1985). 

The results presented here show that the degree of block pro- 
duced by MK-801 and PCP increases as the NMDA concen- 
tration is raised, and thus support the aforementioned hypoth- 
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Figure 7. Effects of kainate on the PCP-MK-80 I-NMDA interaction 
in retinal ganglion cells. A, Whole-cell currents induced by 200 PM 
NMDA were shown to be suppressed by simultaneous application of 
100 PM PCP. Addition of 125 PM kainate to the composition of the 
drugs introduced a large macroscopic inward current (bottom truce), 
with the neuron voltage-clamped at - 60 mV. B, The magnitude of the 
inward current evoked by all 3 drugs is similar to that induced by 
simultaneous pressure ejection of both NMDA and kainate. 

esis. This particular type of noncompetitive open channel 
blocking mechanism has been described in rat autonomic gan- 
glia for cholinergic agents by Ascher et al. (1979) where the 
term “uncompetitive” was used. Other possible modes of un- 
competitive action of an antagonist include a reduction in the 
single-channel conductance (or even prevention from opening 
altogether) and induction of a desensitized state. In future ex- 
periments, single-channel recordings will be necessary to con- 
firm the possibility that PCP and MK-801 operate as true 

+ 100 pM PCP 

VH=-60 mV 

Figure 8. Whole-cell responses from retinal ganglion cells showing that 
kainate-evoked currents are independent of the NMDA antagonists MK- 
801 and PCP in both the presence and absence of NMDA. A, A con- 
centration of 20 PM MK-801 is shown not to significantly affect the 
current responses evoked by 2 different concentrations of kainate (50 
and 125 PM). B, In the presence of 100 PM PCP, the responses to 50 
and 125 PM kainate were again not substantially influenced by the ad- 
dition of 200 PM NMDA. 

uncompetitive antagonists by means of a mechanism of slow 
open-channel blockade following agonist action. 

A recent study by Honey et al. (1985) in cultured mouse spinal 
cord neurons reported that the inhibiting effect of PCP and 
ketamine on aspartate-induced responses was voltage-depen- 
dent. In direct contrast to the observations of these authors, we 
found that in the continued presence of agonist (NMDA), the 
degree of block produced by the antagonist (PCP or MK-801) 
was independent of the holding potential. Whether differences 
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Figure 9. The type of results shown in 
Figure 8 are summarized diagrammat- A B ll\rlK-8011 

ically for a total of 11 cells treated with 
the NMDA antagonists PCP (A) or MK- 
801 (B). In both A and B, 01 and LY’ (as 
defined in the text), which express the 
effect of the NMDA antagonists on 
kainate-induced currents in the pres- 
ence and absence ofNMDA, are plotted 
as a function of the kainate concentra- 
tion. Values shown are mean plus SEM. 
For each antagonist, 01 and (Y’ were not 
statistically different at either concen- 
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will also be seen in other preparations remains to be seen. This 
observed lack of voltage-dependence may be indicative of bind- 
ing site segregation in the NMDA channel for Mgz+ cations and 
the 2 NMDA antagonists studied here, since the block effected 
by Mg2+ is highly voltage-dependent in rat retinal ganglion cells 
(Aizenman et al., 1988). In other types of neurons, it has been 
proposed that magnesium and other divalent cations perform 
their strong voltage-dependent block of NMDA-activated con- 
ductances by binding to the open state of the channel close to 
the intracellular surface at a point that is most sensitive to the 
transmembrane electrical field (Ascher and Nowak, 1987). 

Several interesting interactions between the different EAA 
analogs at their receptor binding sites have already been re- 
ported. Quisqualate, besides binding to its specific receptor, has 
been shown to antagonize the kainate response (O’Dell and 
Christensen, 1986b; Aizenman et al., 1988), presumably via an 
uncompetitive mechanism (Ishida and Neyton, 1985). A minor 
diminution of kainate-evoked currents by simultaneously ap- 
plied NMDA has recently been reported in chick spinal cord 
neurons in culture (Vlachova et al., 1987). A similar interfer- 
ence, but with a higher potency for NMDA as an antagonist, 
was shown in our studies. Thus, NMDA seems to act at 2 distinct 
sites in cultured rat retinal ganglion cells: one is the NMDA 
recognition site, which is present in only 69% of the cells, and 
where NMDA opens its specific conductance; the other site is 
on the kainate-specific receptor of all cells, where it either com- 
petes with the agonist for the binding site or acts allosterically 
to reduce kainate-induced currents. In principle, a kainate an- 
tagonism at the NMDA receptor site is also plausible. However, 
the responses generated by the maximal nondesensitizing dose 
of NMDA (200 PM) in our preparation were rather small, some- 
times appearing only as an increase in noise during whole-cell 
recording. Thus, the direct effects of simultaneously applied 
kainate on the NMDA responses would likely go undetected. 
Furthermore, since every ganglion cell responds to the appli- 
cation of kainate, the lack of specific noncompetitive antagonists 
of the kainate-induced conductance prevents the analysis of 
possible kainate antagonism on NMDA-induced currents. 

The crucial experiment (as shown in Fig. 7) for a better un- 
derstanding of the EAA receptor-channel complex expressed in 
our preparation was the simultaneous pressure ejection of a 
composition of NMDA, kainate, and one of the NMDA antag- 
onists (MK-80 1 or PCP). The current resulting from this mixture 
of drugs was entirely accounted for by the kainate response and 
was easily identified by its uniquely large amplitude. The kainate 
response was antagonized to some degree by NMDA, but this 

interaction was shown to be independent of the block produced 
by PCP or MK-80 1 of the NMDA-induced current. On the basis 
of our findings, the model of a single ionophore shared by each 
EAA receptor proposed by Jahr and Stevens (1987) and Cull- 
Candy and Usowicz (1987) seems to be questionable, at least 
in our preparation. If the ion channel is opened by NMDA and 
subsequently plugged by one of the putative NMDA channel 
blockers, no current how through the shared channel should 
have been observed following the binding of kainate to its rec- 
ognition site. 

As demonstrated by single-channel recordings in other prep- 
arations (Nowak et al., 1984; Cull-Candy and Usowicz, 1987; 
Jahr and Stevens, 1987) the mean NMDA-induced conduc- 
tance is larger than the kainate-evoked conductance; NMDA 
tends to activate 40-50 pS channels, while kainate predomi- 
nantly opens smaller 5- 10 pS channels, but there is some overlap 
of the 2 agonists in activating the larger and smaller conduc- 
tances. Different conductance states are generally based on a 
different open radius of the channel pore (Hille, 1984), and are 
also reflected in this case by the fact that the largest NMDA- 
activated channel is not only permeable to monovalent cations, 
as are the kainate-activated channels, but also permits sig- 
nificant calcium influx (MacDermott et al., 1986). Whether 
MK-801 and PCP, as well as MGZ+ ions, prevent the large 
NMDA-activated conductance directly by physically clogging 
the ionophore, or allosterically via a conformational change of 
the receptor channel protein to regulate channel permeability is 
still unclear. In either case, however, the model of a shared 
ionophore may not account for the small K+ and Na+ conduc- 
tances opened by kainate after the channel has been affected by 
the antagonists. 

If a single ionophore was coupled to all EAA binding sites, 
one would predict a close relationship between the amplitudes 
of the whole-cell currents induced by NMDA and kainate. This, 
however, was not observed in our experiments. In addition, the 
macroscopic currents (Z,,,,) recorded in the whole-cell config- 
uration should reflect the single-channel currents (i) and open 
probability (PO) of the number of ion channels (N) opened by 
an agonist according to I,,,,, = N. i ‘p,,. Considering the ratio of 
NMDA-induced versus kainate-induced currents in our prep- 
aration, the open-channel probability of the NMDA conduc- 
tance (mean open time >5 msec; major conductance, 50 pS; 
see Mayer, 1987) would be calculated to be approximately lo3 
times smaller than that of the major kainate-activated channel 
(mean open time, 0.5 msec; conductance, 5 pS). Assuming that 
we do not have to account for completely different agonist re- 
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ceptor affinities, functional receptor-channel complexes, each 
with binding sites for both NMDA and kainate (i.e., N = con- 
stant) can hardly account for our results. 

From dose-response measurements, we were able to estimate 
half-maximum effective doses (ED,,) for kainate and NMDA 
to be less than 10m4 M, which were similar to those reported for 
other preparations (O’Brien and Fischbach, 1986; Vlachova et 
al., 1987). Although this indicates that our experiments used 
pharmacologically relevant concentrations of agonists, the exact 
affinities of the several EAAs for either their specific or each 
other’s receptors are still unknown. Thus, if kainate, at the con- 
centrations used, displaced NMDA from its specific binding 
sites without substantially activating the large conductance states, 
PCP or MK-80 1 might not have been able to block an ionophore 
common to both kainate and NMDA (these antagonists are 
presumed to bind only after NMDA binds). Alternatively, kai- 
nate might have induced a response via a putative shared ion- 
ophore by displacing the antagonists PCP or MK-80 1 (perhaps 
by inducing a conformational change in the receptor molecule). 
We attempted to examine this possibility by using 2 different 
concentrations of kainate in the composition of drugs applied 
and found no dependence on concentration (Fig. 9). Thus, since 
a displacement of the antagonist by kainate does not occur, our 
results further support the notion that separate ionophores are 
responsible for the kainate- and NMDA-induced responses. 

If, however, the different EAA receptors are, in truth, not 
coupled to separate channel proteins but exist as a single mac- 
romolecular assembly, a possible explanation for our findings 
might be that the antagonists MK-80 1 and PCP block only the 
large conducting state but not the smaller states. If this were the 
case, kainate would still activate a substantial current in the 
presence of the antagonists and NMDA. Another possibility 
would be the differential expression of receptor subunits, pos- 
sibly via posttranslational modifications of the receptor-ion- 
ophore complex. That is, the putative EAA receptor entity in 
retinal ganglion cells could sometimes be incompletely ex- 
pressed. For example, the receptors of a given receptor-channel 
complex might lack either one of the agonist-specific binding 
sites. This possibility could account for the distribution of the 
magnitudes of kainate and NMDA responses (Fig. 1 c> and an 
MK-80 1 and PCP inhibition of NMDA responses that does not 
affect the kainate-activated conductances (Figs. 8, 9). Such a 
molecular arrangement would likely be detected in experiments 
similar to those of Jahr and Stevens (1987) and Cull-Candy and 
Usowicz (1987), where NMDA would, in some instances, not 
activate channels in a patch in which kainate was effective. In 
retinal ganglion cells, with a calculated number of NMDA-ac- 
tivated channels per cell between 0 and 30, the probability of 
finding a patch with such a channel was unfortunately extremely 
low. Thus, it was not possible to examine our preparation under 
these criteria to determine whether EAA receptors in cultured 
retinal ganglion cells are different than those in other prepara- 
tions in this respect. Even if this were the case, our data indicate 
that not all of the functional EAA receptors are inexorably linked 
to a shared ionophore, since at least some receptor-channel 
complexes would be missing specific EAA recognition sites. 

What do the EAA responses mean in terms of retinal phys- 
iology? The physiological dichotomy of the ON/OFF center- 
surround organization of ganglion cell receptive fields appears 
to be formed proximally in the retina, at the level of horizontal, 
amacrine, and bipolar cells (Nelson et al., 198 1; Schiller, 
1982; Sterling, 1983). Thus, it is unlikely that EAA receptors 

on ganglion cells contribute to this aspect of their responses. 
Nevertheless, EAA receptors are present on all second- and 
third-order neurons and appear to play a major role in synaptic 
transmission in the inner and outer plexiform layers. Responses 
to kainate appear to mimic the effect of light on ganglion cells, 
at least in some mammalian species (Massey and Miller, 1985). 
In contrast, the blockade of NMDA receptors by specific an- 
tagonists does not significantly affect the light response (Slaugh- 
ter and Miller, 1983; Massey, 1987). Our present observations, 
together with those presented earlier, which show a small con- 
tribution of NMDA to the EAA response of rat retinal ganglion 
cells (Aizenman et al., 1988), confirm the reports that NMDA 
receptors might play a minor and subordinate role in mediating 
information-processing at the level of the ganglion cells as com- 
pared to kainate receptors. 

Note added in prooj! After submission of our manuscript, 
another paper appeared (MacDonald et al., 1987) that showed 
that ketamine blocks NMDA- but not kainate-induced currents 
in mouse hippocampal neurons. Moreover, the blockade of 
NMDA-gated channels by this antagonist had no effect on sub- 
sequent responses to kainate. These findings are consistent with 
our results and suggest that the kainate and NMDA receptors 
are coupled to distinct ionophores. 
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