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Evidence for Glycine Modulation of Excitatory Synaptic Inputs to

Retinal Ganglion Cells
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The actions of glycine on the NMDA receptor-mediated
synaptic responses of ganglion cells were studied in the
tiger salamander retinal slice. Ganglion cell excitatory
postsynaptic currents (EPSCs) were elicited either by ex-
citing bipolar cells with potassium puffs or by light stimu-
lation, and were measured using whole-cell patch-clamp
techniques. Increasing bath glycine concentrations to 10
pM had little effect on the amplitude of the puff-evoked
EPSCs, indicating either that synaptic glycine concentra-
tions were saturating or that the added glycine was buf-
fered by uptake mechanisms. However, 5,7-dichlorokynu-
renic acid (5,7-DCK), an antagonist for the glycine site on
the NMDA receptor, reduced the ganglion cell responses
to NMDA puffs, and reduced the potassium puff- and light-
elicited EPSCs. The IC,, values for 5,7-DCK became larger
with increasing glycine concentrations, but not with in-
creasing NMDA concentrations, indicating that 5,7-DCK
acted at the glycine site. The IC,, values for 5,7-DCK were
increased with stronger potassium puffs or light stimuli,
suggesting that synaptic glycine levels increased with the
strength of the stimuli. EPSCs measured in ON-OFF gan-
glion cells at light ON and OFF were reduced by 5,7-DCK.
For dim light stimuli, the IC,, values were lower for the OFF
EPSCs compared to the ON EPSCs, indicating that glycine
concentrations were different at the times of OFF and ON
activity. Estimates of synaptic glycine concentrations sug-
gest that for dim light stimuli, concentrations at the OFF
synapses were not saturated, but concentrations at the ON
synapses were saturated.
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Light-elicited, excitatory synaptic inputs to salamander retinal
ganglion cells are mediated by both NMDA and non-NMDA
receptors (Lukasiewicz and McReynolds, 1985; Mittman et al.,
1990; Diamond and Copenhagen, 1993). The NMDA-mediated
component of the ganglion cell light response, like other NMDA
responses, is voltage and magnesium dependent (Mayer et al.,
1984; Nowak et al., 1984; Mittman et al., 1990). NMDA recep-
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tors can be modulated by several substances, many of which are
found in the retina. Among others, there are binding sites on the
NMDA receptor complex for glycine (Johnson and Ascher,
1987; Mayer et al., 1989), Mg?* (Mayer et al., 1984; Nowak et
al., 1984), Zn>* (Westbrook and Mayer, 1987; Peters et al., 1987)
and polyamines (Ransom and Strec, 1988; Williams et al., 1990).

Glycine was shown to modulate the function of NMDA re-
ceptors by Johnson and Ascher (1987). They demonstrated that
glycine enhanced the actions of glutamate at NMDA receptors.
Subsequent work showed that glycine acted as a coagonist at
many NMDA receptor subtypes (Kleckner and Dingledine,
1988). For these receptors, both glutamate and glycine must bind
to the NMDA receptor for the channel to open. Glycine acts at
a strychnine-insensitive binding site (the glycine modulatory
site) where its actions can be blocked by relatively selective
competitive antagonists (Kemp et al., 1988; Huettner, 1989; Mc-
Namara et al., 1990). In addition to its role as a coagonist, gly-
cine has been shown to decrease desensitization of NMDA re-
ceptors (Mayer et al., 1989; Lester et al., 1993). Glycine has
been shown to enhance NMDA responses on isolated retinal
ganglion cells (Yazejian and Fain, 1992), and antagonists for the
glycine modulatory site have been shown to reduce ganglion
cell NMDA responses (Gottesman and Miller, 1992; Yazejian
and Fain, 1992).

Glycine’s role as a modulator of NMDA receptor-mediated
synaptic inputs in the retina has gone largely unstudied. Sala-
mander ganglion cells receive glycinergic synaptic inputs from
several major subtypes of amacrine cells (Yang et al.,, 1991),
including transient, ON-OFF amacrine cells (Belgum et al,,
1984; Yang et al., 1991). At least one-third of the amacrine cells
in salamander retina utilize glycine as a transmitter (Yang and
Yazulla, 1988). In addition to their direct inhibitory roles (Miller
et al., 1981; Belgum et al., 1984; Lukasiewicz and Werblin,
1990), glycinergic synaptic inputs may also regulate both the
magnitude and the kinetics of ganglion cell excitatory synaptic
inputs.

We report here that EPSCs elicited in ganglion cells either by
light or by puffs of potassium in the outer retina were reduced
by 5,7-dichlorokynurenic acid (5,7-DCK), a competitive antag-
onist at the glycine modulatory site. The IC,, for 5,7-DCK
changed as a function of light or puff stimulus strength. This
suggests that glycine concentrations at the NMDA receptors are
not constant. These findings suggest that glycinergic amacrine
cells may modulate the strength of excitatory synaptic inputs to
ganglion cells.

Materials and Methods

Whole-cell patch recording in retinal slices. Whole-cell patch record-
ings (Hamill et al., 1981) were made from ganglion cells in retinal slice



preparations (Werblin, 1978). The recording procedures have been de-
scribed in detail elsewhere (Barnes and Werblin, 1986, 1987; Lukasiew-
icz and Werblin, 1988; Lukasiewicz and Werblin, 1994). Slices were
prepared by placing a small square, cut from the back of the eye, vitreal
side down onto a piece of Millipore filter. The sclera was pulled away,
leaving the retina adhering to the filter. The retina and filter were then
sliced with a tissue chopper at 150 wm intervals using a micrometer-
controlled stage. The slices were positioned so that the cells along the
cut face of the slice could be viewed by the experimenter. The slices
were immobilized by embedding the ends of the filter, which extended
beyond the retina, in vacuum grease.

Electrode and bathing solutions. The intracellular/electrode solution
(Mittman et al., 1990) consisted of (in mm) cesium fluoride 90.5, so-
dium chloride 3.4, magnesium chloride 0.4, calcium chloride 0.4, EGTA
11, and sodium HEPES 10, adjusted to pH 7.7 with cesium hydroxide
(the free calcium concentration was 10~? m). Fluoride greatly enhanced
the probability of obtaining high quality seals and had no effect on
ganglion cell EPSCs ( Mittman et al., 1990; Diamond and Copenhagen,
1993; Lukasiewicz and Werblin, 1994). The bathing medium contained
(in mM) sodium chloride 112, potassium chloride 2, calcium chloride
2, magnesium chloride 1, glucose 5, and HEPES 5, adjusted to pH 7.8
with NaOH. Unless otherwise indicated, all chemicals were obtained
from Sigma Chemical (St. Louis, MO). CNQX (6-cyano-7-nitroquinox-
aline-2,3-dione) and the glycine site antagonists, 7-chlorokynurenic acid
and 5,7-dichlorokynurenic acid, were obtained from Research Biochem-
icals International (Natick, MA). Experiments were performed at room
temperature (20-24°C).

Drugs were applied locally over a relatively large area of the slice
under study (several mm in width) by a gravity-driven superfusion sys-
tem at a rate of 1-2 ml/min. Fine PE tubings from ten 10 ml syringes
were fastened inside a plastic micropipette tip. The pipette tip (400 wm
inner diameter) was placed at least 1| mm from the slice. Solutions
flowed from the ganglion cell side to the photoreceptor side of the slice.
In addition to the local drug application, the entire recording chamber
was continually superfused at a rate of 1-2 ml/min to accelerate wash-
out of the applied drugs.

Puffing potassium at the bipolar dendrites. Synaptic responses in gan-
glion and amacrine cells were elicited by “puffing” potassium chloride
(KCD) (120 mm) through pipettes with 1 pM diameter tips onto bipolar
cell dendrites (Lukasiewicz and Werblin, 1994). The resulting depolar-
ization of bipolar cells caused them to release glutamate onto ganglion
cells. Puffs of potassium were given once every 40 sec to avoid desen-
sitizing the excitatory synaptic inputs. The K* puffing solution was
similar to the bathing solution, but equimolar potassium chloride was
substituted for sodium chloride. A Picospritzer (General Valve Corp.,
Fairfield, NJ) was used to puff K* onto the dendrites (pressure, 5-20
psi). The puffer pipette tip was positioned less than 10 pm from the
bipolar cell dendrites. The puff method and its calibration are described
in detail in Lukasiewicz and Werblin (1990).

The ganglion cell EPSCs were pharmacologically isolated by block-
ing GABAergic and glycinergic inhibitory synaptic inputs with picro-
toxin (150 uM) and strychnine (2 pMm), respectively (Belgum et al.,
1984; Lukasiewicz and Werblin, 1990; Mittman et al., 1990; Diamond
and Copenhagen, 1993). Voltage-gated sodium currents were blocked
by including 0.5 uM tetrodotoxin in the bath, and voltage-gated potas-
sium currents were blocked by including cesium in the recording elec-
trodes (Lukasiewicz and Werblin, 1988).

Light stimulation. The light source was a tungsten halogen lamp (20
W) (Ealing Electro-Optics, Holliston, MA). The light was focused onto
the preparation through the microscope objective via a light pipe that
was attached to the horizontal eyepiece tube of a Nikon Q2 quadrocular
body. Fuil-field, white light stimuli were used. A shutter, controlled by
a 33 MHz 386-PC, was placed in the light path and controlled the
duration of the light stimuli. Neutral density filters were used to atten-
uate the intensity of the light stimulus. The intensity of the unattenuated
light stimulus was equivalent to 3.6 X 10? photons per wm? per sec of
a monochromatic light of 500 nm.

For light stimulation experiments, the dissections and preparation of
the slices were performed under dim red illumination. Infrared viewers
(Electrophysics Corp., Nutley, NJ) were used to view the slices under
infrared illumination during the recording procedures. Since dim red
illumination was used during the dissection, the slices may have been
incompletely dark adapted (see Hensley et al., 1993)

Liquid junction potential correction. Membrane potential values giv-
en in this article were corrected for junction potentials. Liquid junction
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potentials were determined as described by Fenwick et al. (1982). They
were typically —6 mV for the cesium fluoride (CsF) electrode solution.

Cell identification. Ganglion cells were identified by their character-
istic current responses to light stimuli (Mittman et al., 1990). More than
90% of ganglion cells were ON-OFF cells that responded with transient
EPSCs at light onset and offset. The remaining cells were ON cells that
responded with a sustained EPSC to the light stimulus. Almost all of
the results reported here were obtained from ON-OFF ganglion cells.
Some cells were stained by including Lucifer Yellow CH (0.25%) (Al-
drich Chemicals, Milwaukee, WI) in the electrode (Stewart, 1978). The
stain diffused into the cell and its processes so that identification could
be made following the recording. Cell processes usually filled in several
minutes. Cells and processes were viewed using a Nikon mercury flu-
orescent epiilluminator with an Omega Optical XF15 filter set (Brattle-
boro, VT). Ganglion cell subtypes were identified by the ramification
of their dendrites at different depths in the inner plexiform layer (IPL)
(Famiglietti and Kolb, 1976; Famiglietti et al., 1977; Nelson et al.,
1978).

Recording system. Cells were viewed with a Nikon Optiphot 2 mi-
croscope modified to have a fixed stage. A Nikon 40X long-working
distance water immersion objective with Hoffman Modulation contrast
optics (Modulation Optics, Inc., Greenvale, NY) allowed for easy vi-
sualization of cells on the surface of the slice. Recordings were obtained
primarily with a Dagan 3900A (Minneapolis, MN) patch clamp ampli-
fier, although some recordings were obtained with an Axopatch 200A
(Axon Instruments, Foster City, CA). Electrodes were pulled from bo-
rosilicate glass (TW150F-4, World Precision Instruments, Sarasota, FL)
with a Sachs-Flaming puller (Sutter Instruments, Novato, CA) and had
measured resistances of less than 5 M() The measured series resistances
were typically 15-25 MQ The magnitude of the series resistance com-
pensation, read off of the Dagan 3900A compensation counting dial,
was 5-10 M. pcLamp software (Axon Instruments, Foster City, CA)
was used to generate voltage command outputs, acquire data, and trig-
ger the KCI application puffer. The data were digitized and stored with
a 33 MHz 386-PC using a Labmaster DMA data acquisition board (Sci-
entific Solutions, Solon, OH). Responses were filtered at 2 kHz with
the four pole Bessel low-pass filter on the Dagan 3900A and sampled
at 100 Hz. Data were analyzed using cLAMPAN (Axon Instruments, Fos-
ter City, CA). Nonlinear regression (Sigma Plot for Windows 1.02, Mar-
quart-Levenberg algorithm; Jandel Scientific, San Rafael, CA) was used
to fit the concentration-response data with Equation 1. Results are ex-
pressed as mean value * the sample standard deviation.

Results

Glycine site antagonists reduce ganglion cell EPSCs

In order to study the interactions between glycine and glutamate
at ganglion cell NMDA receptors, we utilized selective, com-
petitive antagonists for the glycine modulatory site. Initial ex-
periments showed that both 5-chloroindole-2-carboxylic acid
(500 uM) (Huettner, 1989) or 7-chlorokynurenic acid (5 pM)
(Kemp et al., 1988) reversibly reduced the NMDA component
of ganglion cell EPSCs. Since 7-chlorokynurenic acid can act at
non-NMDA receptors (Kleckner and Dingledine, 1989), we used
the more potent and selective glycine site antagonist 5,7-dichlo-
rokynurenic acid (5,7-DCK) (McNamara et al., 1990) for all of
the experiments reported here.

Figure 1A shows a family of potassium puff-elicited EPSCs
recorded from an ON-OFF ganglion cell. The cell was clamped
to —30 mV to maximize the NMDA component of the response
by relieving the voltage-dependent Mg** blockade of the NMDA
channel (Mittman et al., 1990; Diamond and Copenhagen,
1993). The bathing medium was nominally glycine free. The
peak amplitude of the synaptic response was reduced by 5,7-
DCK in a concentration-dependent manner. The smallest effec-
tive concentration of 5,7-DCK was generally 0.1 or 0.3 uM. The
peak amplitudes of the responses were plotted as a function of
5,7-DCK concentration in Figure 1B. The solid line is the best
fit obtained from the four parameter logistic function
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5,7-Dichlorokynurenic acid (5,7-DCK) reduces ganglion cell EPSCs. A, Family of EPSCs elicited by puffing potassium onto bipolar

cell dendrites. Each current trace is the average of three to four responses recorded when the bath contained the indicated concentration of 5,7-
DCK. The cell was voltage clamped to —30 mV. The duration of the puff stimulus is indicated by the bar above the current responses in this and
subsequent figures. 5,7-DCK reduced the amplitude of the EPSCs in a concentration-dependent manner. B, Plot of the peak amplitude of the ganglion
cell EPSCs as a function of log concentration of 5,7-DCK. The responses are normalized to the peak amplitude of the control response in this and
subsequent figures. The peak responses recorded in the presence of different concentrations of 5,7-DCK are indicated by the solid circles. The line
is the best fit obtained using Equation I. In this and subsequent figures, the response minimum is not zero because of the remaining non-NMDA
receptor component of the response. Since CNQX also acts as an antagonist at the glycine modulatory site, it could not be used to block the non-

NMDA component.
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where a is the asymptotic maximum, b is the slope parameter,
¢ is the asymptotic minimum, and IC,, is the antagonist concen-
tration that reduced [/ to one-half of /. For this cell, the IC,,
for 5,7-DCK was 1.15 um. The mean IC,, for the 5,7-DCK-
induced reduction of the NMDA receptor-mediated EPSCs was
1.1 = 0.9 um (n = 13) (range, 0.25-3.5 um). We show below
that the large variability in IC,, values can be attributed to dif-
ferences in the strengths of the puff stimuli used to elicit EPSCs.

The response that remained in the presence of 10 um 5,7-
DCK was most likely mediated by non-NMDA receptors. This
1s because in the presence of 5 um CNQX, the EPSCs were
completely blocked by 10 um 5,7-DCK (data not shown). The
time course of non-NMDA receptor component of the puff-elic-
ited ganglion cell response was similar to that of the NMDA
receptor component. Diamond and Copenhagen (1993) reported
similar results for ganglion cell light-evoked EPSCs in the dark
adapted retina. They suggested that the similar time courses for
the two receptor components were due to the slow rate of trans-
mitter release from bipolar cells that “‘smears out” the kinetic
differences between NMDA and non-NMDA receptors. The
similar time courses for the two glutamate receptor-mediated
components of the responses in our experiments suggest that the
puff stimuli also produced a slow rate of transmitter release from
bipolar cells.

EPSC desensitization is unaffected by glycine

Glycine has been shown to reduce the degree of desensitization
of NMDA receptors in cultured mouse hippocampal neurons

(Mayer et al., 1989). This suggests that the level of extracellular
glycine could modulate the rate of desensitization of NMDA
receptor-mediated synaptic responses. However, recent work by
Lester et al. (1993) has shown that the desensitization of NMDA
receptor-mediated synaptic responses in hippocampal neurons
was insensitive to glycine concentration. We tested whether gly-
cine could regulate desensitization of the NMDA receptor-me-
diated EPSCs in ganglion cells in the slice preparation. Figure
2 shows NMDA receptor-mediated EPSCs that were evoked
with outer plexiform layer (OPL) potassium puffs, in an ON-
OFF ganglion cell that was voltage clamped at —75 mV. To
isolate the NMDA component of the response, the bath was
nominally Mg?* free, contained 5 pM CNQX to block non-
NMDA receptor-mediated synaptic inputs, and 5 uM glycine to
counter the competitive, antagonistic actions of CNQX at the
glycine modulatory site (Lester et al., 1989). The amplitude of
the EPSC was reduced to approximately 40% of its control am-
plitude by 2 um 5,7-DCK (Fig. 2A). Figure 2B shows that when
the EPSC measured in the presence of 5,7-DCK was scaled to
the peak amplitude of the control current, its waveform was
similar to that of the control current. In all cases (n = 4), the
antagonized, scaled currents were superimposable on control
currents. This suggests that under our experimental conditions
the glycine modulatory site activation does not significantly af-
fect the degree of desensitization of NMDA receptor-mediated
synaptic currents in retinal ganglion cells.

Glycine concentrations at NMDA receptors vary with OPL
puff stimulus strength
The control of glycine concentrations at the retinal ganglion cell

synapses has not been well studied. Several subtypes of ama-
crine cells in the salamander retina are glycinergic (Yang and
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Figure 2. Glycine modulatory site antagonists do not alter ganglion

cell EPSC kinetics. A, Excitatory synaptic current responses in response
to excitation of bipolar cells by potassium puffs. The large amplitude
response was the control response recorded when the cell was held at
—30 mV. When the bath contained 5,7-DCK, the response indicated by
the arrow was reduced to about 40% of the control amplitude. B, The
response recorded in the presence of 5,7-DCK was scaled to the peak
of the control response. The scaled current trace was shifted slightly so
that the peaks of both traces coincided. Both the control and scaled
responses decayed with the same time course. This indicates that 5,7-
DCK did not affect the kinetics of the ganglion cell EPSC. The bath
contained 5 pM CNQX and 5 pM glycine, and was nominally Mg2*
free.

Yazulla, 1988; Yang et al., 1991). Presumably, these amacrine
cells release glycine as a function of membrane depolarization.
Since amacrine cells are also excited by puffing onto bipolar cell
dendrites (Maguire et al., 1989), we wanted to determine if vari-
ations in the OPL puft strength used to stimulate EPSCs in gan-
glion cells also caused varying amounts of glycine release by
amacrine cells, and whether this increase in glycine might reach
NMDA receptors.

Ganglion cell EPSCs were measured in response to different
OPL puff stimulus strengths. The puff stimulus strength was
changed by varying the duration of the puff. Figure 3A shows
EPSCs recorded in response to a short duration OPL puff stim-
ulus in a ganglion cell that was voltage clamped at —30 mV.
The amplitude of the short duration puff response was reduced
by 5,7-DCK in a concentration-dependent manner. When the
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duration of the puft was increased from 27 to 300 msec (on the
same cell), the amplitude of the EPSC was increased from 132
to 300 pA (Fig. 3B). The responses to the longer duration pufts
were also reduced by 5,7-DCK in a concentration-dependent
fashion. However, the concentration dependence was different
for the short- versus long-duration putfs; 5,7-DCK was more
potent at reducing the responses elicited by the short duration
puffs than those elicited by the long duration puffs (Fig. 3C).
The concentration—response data was fit with Equation 1 to ob-
tain the IC, values. The 1C,, of 5,7-DCK was 0.08 uMm for the
weak puff stimulus and 0.56 um for the strong puff stimulus.
Similar shifts for 5,7-DCK IC,, values were seen in four addi-
tional cells. The absolute IC,, values varied due to cell-to-cell
variation of the puff stimuli. They ranged from 0.08 to 1 pM for
the weak puff stimuli and from 0.56 to 5.4 pMm for the strong
puff stimuli. The ICs, value for 5,7-DCK was 8.47 + 3.87 (n
= 5) times greater for the long puffs than for the short puffs.
Since 5,7-DCK is a competitive antagonist at the glycine mod-
ulatory site (McNamara et al., 1990), its IC,, values reflect the
relative glycine concentrations at the NMDA receptors. These
data indicate that the glycine concentrations at the NMDA re-
ceptors were higher during the responses to the long puff stimuli
than during the responses to the short puff stimuli. This is con-
sistent with glycinergic amacrine cells releasing more glycine in
response to strong OPL puffs compared to weak OPL putts.

The findings illustrated in Figure 3 are consistent with 5.7-
DCK acting competitively at the glycine modulatory site on the
NMDA receptor complex. However, an alternative explanation
that could account for these data is that 5,7-DCK could be acting
competitively at the glutamate recognition site of the NMDA
receptor. To distinguish between these two possibilities, we test-
ed the interactions between 5,7-DCK and glycine as well as 5,7-
DCK and NMDA.

5,7-Dichlorokynurenic acid acts competitively with glvcine 1o
reduce EPSCs

To confirm that 5,7-DCK was acting competitively at the glycine
site, we tested its ability to reduce puft-elicited EPSCs in gan-
glion cells when either 10 or 60 uM glycine bathed the slice
preparation (Fig. 4). The cells were clamped to —30 mV to
maximize the NMDA component of the response. The peak con-
trol responses were not changed when the bath glycine concen-
tration was increased from 10 to 60 pm. However, 5.7-DCK was
more effective in reducing EPSCs when the slices were bathed
in 10 p™m glycine than in 60 pM glycine. The points are the
mean responses from four cells, and the bars indicate one stan-
dard deviation. The two curves, fit to Equation 1, were roughly
parallel, and the concentration-response curve was shifted to the
right with higher glycine concentration. The IC,, value for 5,7-
DCK was 0.78 uM when the bath contained 10 uM glycine and
was increased to 3 pM when the bath contained 60 pm glycine.
These data indicate that 5,7-DCK acts competitively at the gly-
cine modulatory site to reduce the NMDA component of gan-
glion cell EPSCs.

5,7-Dichlorokynurenic acid reduces NMDA currents
noncompetitively

If 5,7-DCK acted exclusively at the glycine modulatory site to
reduce ganglion cell EPSCs, then NMDA-evoked currents
should be reduced by 5.7-DCK in a noncompetitive manner.
Kynurenic acid blocked NMDA responses from isolated goldfish
ganglion cells in a noncompetitive manner (Yazejian and Fain,
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Figure 3. Synaptic glycine concentrations were increased with stimulus strength. A, The averaged EPSCs (three to four traces) recorded in response

to a 27 msec duration puff of potassium onto bipolar cell dendrites when the bath contained the indicated concentration of 5,7-DCK. B, The
averaged EPSCs recorded in response to a 300 msec puff stimulus during bath applications of the indicated concentrations of 5,7-DCK. This is the
same cell as in A. C, The normalized peak amplitudes are plotted as function of log concentration 5,7-DCK for both the long and short duration
puff stimuli. The responses to the short puffs are indicated by the solid circles and the responses to the long puffs are indicated by the open squares.
The solid lines are the best fits obtained using Equation 1. The 1C,, value for 5,7-DCK was 0.08 uMm for the short puff and 0.56 um for the long

puff.
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Figure 4. 5,7-DCK interacts competitively with glycine to reduce gan-

glion cell EPSCs. Peak amplitudes of EPSCs evoked by puffing potas-
sium onto bipolar cell dendrites are plotted as a function of log con-
centration of 5,7-DCK. The points represent the mean values from four
different cells when either 10 pm glycine (indicated by the solid circles)
or 60 um glycine (indicated by the open circles) was added to the bath.
The bars indicate the sample standard deviations. The solid lines are
the best fits obtained using Equation 1. The IC,, value for 5,7-DCK
was 0.78 uM when 10 pm glycine was present and 10 wm when 60 pm
glycine was present.

1992). To determine if 5,7-DCK was interacting with the glu-
tamate binding site on the NMDA receptor complex, two dif-
ferent concentrations of NMDA were puffed onto ganglion cell
dendrites after synaptic transmission was blocked in the slice by
including 100 uM CdCl, in the bath. The duration of the putf
was adjusted to evoke either a small or a large amplitude re-
sponse. The pipette concentration of NMDA was | mm. Figure
5A shows averaged control responses to short and long duration
puffs, reflecting low and high concentrations of NMDA, respec-
tively. When the normalized, peak amplitudes of the responses
for both stimuli are plotted as a function of 5,7-DCK concen-
tration in Figure 5B, the concentration—response curves and the
IC,, values were identical. Similar results were obtained in four
additional cells. Thus 5,7-DCK was equally effective in reducing
the large and small amplitude responses to NMDA. This non-
competitive interaction between 5,7-DCK and NMDA indicates
that 5,7-DCK was not acting at the glutamate binding site, but
acted competitively at the glycine modulatory site to reduce the
NMDA-evoked currents.

Light-evoked EPSCs were reduced by 5,7-DCK

To determine how synaptic glycine concentrations may be reg-
ulated under more physiological conditions, we also used light
to elicit ganglion cell EPSCs. Full-field light stimuli were used
to elicit EPSCs in ON-OFF ganglion cells. The EPSCs were
pharmacologically isolated by including 150 wM picrotoxin and
2 pM strychnine in the bathing medium. Tetrodotoxin and ce-
sium were used to block voltage-gated currents as described
above. The ganglion cells were voltage clamped to —30 mV to
relieve the magnesium blockade of the NMDA channels and to
maximize the NMDA component of the ganglion cell EPSCs.
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Figure 5. 5,7-DCK noncompetitively antagonized NMDA currents.
NMDA was puffed onto ganglion cell dendrites after synaptic trans-
mission was blocked with 100 pm CdCl,. The bathing solution con-
tained 5 uMm glycine and no added Mg**. The cell was voltage clamped
to =75 mV. A, Averaged current responses (four traces) to two concen-
trations of NMDA. The concentration of NMDA was altered by varying
the duration of the puff stimulus. The concentration of NMDA in the
puffer was | mm. B, The peak amplitudes of the responses to short and
long duration puffs are plotted as a function of antagonist concentration.
Responses to the short puffs are indicated by the open circles and re-
sponses to the long puffs are indicated by the solid circles. 5,7-DCK
reduced the responses to both the short and long puffs of NMDA in a
concentration-dependent manner. The IC,, values for 5,7-DCK were
identical for both concentrations of NMDA.

Figure 6A shows a family of light-elicited EPSCs recorded
from an ON-OFF ganglion cell. Both the ON and the OFF
EPSCs were reduced by 5,7-DCK in a concentration-dependent
manner. The ON and OFF responses still present at the highest
concentrations of 5,7-DCK were probably mediated by non-
NMDA receptors (see above). The peak amplitudes of both the
ON and OFF EPSCs are plotted as a function of log concentra-
tion of 5,7-DCK in Figure 6B. The concentration-response data
was fit with Equation | to obtain the IC,, values. The IC, values
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for the effect of 5,7-DCK on the ON and OFF EPSCs were 0.67
pM and 0.09 uMm, respectively. Since 5.7-DCK acts competitive-
ly at the glycine modulatory site, the different IC,, values at ON
and OFF indicate that the glycine concentrations at the NMDA
receptors mediating ON and OFF ganglion cell EPSCs were dit-
ferent. Alternatively, different subtypes of NMDA receptors
with different glycine sensitivities may mediate ON and OFF
EPSCs.

In order to determine if the glycine concentrations at NMDA
receptors on ganglion cells could be physiologically modulated,
we estimated the synaptic glycine concentrations at different
light stimulus intensities. Figure 6C shows the same cell as in
Figure 6A, but in this case the cell was stimulated with a light
stimulus that was 10,000 times brighter. As with the dimmer
light stimuli, 5,7-DCK reduced both the ON and OFF EPSCs in
a concentration-dependent manner.

The apparent variation in synaptic glycine levels with light
stimulus intensity can be seen by comparing Figure 6, B and D.
For both the ON and OFF EPSCs, the IC,, values for 5,7-DCK
were shifted to the higher values with increased light intensity
indicating increased glycine concentrations at the NMDA recep-
tors. With increased light stimulus intensity the 1Cs, values tor
the ON EPSCs, were shifted from 0.67 to 1.5 uMm and for OFF
EPSCs the ICy, values were shifted from 0.09 to 1.82 pm. For
the dim light stimuli, the mean IC,, values for 5,7-DCK in six
cells ON-OFF ganglion cells were 0.8 * 0.36 um for the ON
EPSCs and 0.12 = 0.049 um for the OFF EPSCs. At this light
intensity, the OFF EPSCs were thus approximately seven times
more sensitive to 5,7-DCK than the ON EPSCs. At the brighter
stimulus intensity, the mean IC,, values for 5,7-DCK were [.23
+ 0.4 pmM for the ON EPSCs and 1.3 = 0.66 pum for the OFF
EPSCs. In contrast to dim light stimuli, with brighter light stim-
uli, the ON and OFF EPSCs were thus about equally sensitive
to 5,7-DCK. For the OFF EPSCs, the brighter light intensity
caused a significant increase of the mean 1C,, value for 5.7-DCK
(p < 0.01, Student’s ¢ test). However, there was no significant
effect of increased light intensity on the mean ICs, value for the
ON EPSCs (p > 0.05, Student’s ¢ test).

The effects of glvcine and D-serine on light-evoked EPSCs
Are the synaptic glycine concentrations saturating during light
elicited EPSCs? Initially, we attempted to study how glycine
modulated the NMDA receptor component of K* puff-elicited
EPSCs by changing the concentration of glycine in the bath.
When the bath concentration of glycine was varied from 0 to
10 pM, the amplitudes of the EPSCs were not altered. This sug-
gests that with our experimental conditions the retinal slice en-
dogenous glycine concentrations at the NMDA receptors were
either saturated or that the glycine levels were buftered by up-
take mechanisms in the retina. To test whether uptake mecha-
nisms were preventing glycine from exerting an effect, we tested
the ability of high bath concentrations of glycine or the non-
transportable glycine analog D-serine to potentiate EPSCs
evoked by dim light stimuli. The ganglion cells were voltage
clamped to —30 mV. Inhibitory synaptic inputs and voltage-
gated currents were blocked as described above. The results
were obtained from 12 ON-OFF and 3 ON ganglion cells. For
comparison, the effects upon ON-EPSCs are described below.
Both OFF EPSCs and ON EPSCs responded to p-serine or gly-
cine in a similar manner.

Surprisingly, for dim stimuli (—6.4 to —8.0 log attenuation),
bath application of D-serine caused a suppression of the light-
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Figure 6. 5,7-DCK reduced both the ON and the OFF light responses in an ON-OFF ganglion cell. A, Light-evoked EPSCs in an ON-OFF
ganglion cell in the presence of different concentrations of 5,7-DCK. Each current trace is the average of three to five responses to a light stimulus
attenuated by seven log units. The largest response was the control, and the increasingly smaller responses were recorded in the presence of 0.1,
1.0, 3.0, and 10.0 pm 5,7-DCK, respectively. B, The peak amplitudes of both the ON (open circles) and OFF (solid circles) EPSCs are plotted as
a function of log concentration of 5,7-DCK. The OFF EPSC was more sensitive to antagonism by 5,7-DCK than the ON EPSC. The 5.7-DCK IC,,
values for blockade of the EPSCs were 0.09 uM for the OFF response and 0.67 pm for the ON response. C, Same cell as in A. Details as in A,
except that the intensity of the light stimulus was brighter, attenuated by only three log units. D, The peak amplitudes of both the ON (open circles)
and OFF (solid circles) EPSCs are plotted as a function of log concentration 5,7-DCK. The ON EPSC was slightly more sensitive to antagonism
by 5,7-DCK than the OFF EPSC. The 5,7-DCK ICj, values for blockade of the EPSCs were 1.82 pM for the OFF response and 1.5 um for the
ON response. The solid lines in both B and D are the best fits obtained using Equation 1.

evoked EPSCs in all cells tested. The suppression was concen-
tration dependent, 100 uM D-serine reduced the EPSC ampli-
tudes to 30 = 21% of controls (n = 7), while 1 mM D-serine
reduced the responses to 7 * 5% of controls (n = 6). Figure
7B shows that D-serine (1 mMm) reversibly suppressed both the
ON and OFF EPSCs recorded from an ON-OFF ganglion cell.
High concentrations of bath applied glycine also suppressed
light-evoked EPSCs in a reversible manner as shown in Figure

7A. Light-evoked responses were reduced to 1 + 2% of control
amplitudes by | mM glycine (n = 4).

We also determined if D-serine (100-1000 uM) could modu-
late the NMDA receptor component of the potassium puff-elic-
ited EPSCs. The results were variable. p-Serine potentiated the
potassium puff-elicited EPSCs (124 + 6% of control) in three
cells, had no effect on the EPSCs in five cells, and suppressed
(60 + 26% of control) the EPSCs in nine cells.
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Figure 7. Glycine and D-serine reversibly suppressed light-evoked EPSCs. A, Light-elicited EPSCs from an ON-OFF ganglion cell recorded in
the absence and presence of 1 mMm glycine in the bath. The control response is labeled C. The flur trace was recorded in the presence of glycine.
Glycine suppressed both the ON and OFF light-evoked EPSCs. The current trace labeled R indicates that both the ON and OFF responses recovered
upon washout of the glycine. B, The same cell and experimental protocol as in A. The flar rrace was recorded in the presence of 1 mM bath applied
D-serine after recovery from the glycine application. Recovery of both the ON and OFF light responses occurred upon washout of the p-serine.
Each current trace is the average of three to five responses. To ensure that inhibitory glycine receptors were not activated, the bath strychnine
concentration was increased from 2 to 20 uM. The light stimulus was attenuated by 8.0 log units. The cell was voltage clamped to —30 mV.

Discussion

The NMDA-mediated component of the ganglion cell EPSCs
was reduced by 5,7-DCK in a concentration-dependent manner.
The EPSC suppression by 5,7-DCK was due to its competitive
interaction with the glycine binding site on the NMDA receptor.
Direct NMDA-evoked currents were reduced by 5,7-DCK in a
noncompetitive manner. Taken together, these results indicate
that 5.7-DCK reduces ganglion cell EPSCs by a selective action
at the glycine modulatory site on the NMDA receptor complex.

Retinal ganglion cells have been shown to receive glycinergic
inputs as well as glutamatergic synaptic inputs. This arrange-
ment suggests that glycine concentrations at the NMDA recep-
tors may vary with activity of the glycinergic amacrine cells.
Using the competitive antagonist 5,7-DCK, we have been able
to determine the relative glycine concentrations at the NMDA
receptors on ganglion cells. When puffs of potassium onto bi-
polar cell dendrites were used to elicit EPSCs in ganglion cells,
we found that the IC,, values for 5,7-DCK increased as a func-
tion of puff stimulus strength. These findings suggest that syn-
aptic glycine concentrations were higher in response to the stron-
ger puff stimuli, most likely due to enhanced excitation of gly-
cinergic amacrine cells by the stronger puff stimuli (Maguire et.
al.. 1990). Glycine concentrations at NMDA receptors also in-
creased as a function of light stimulus intensity, most likely due
to enhanced excitation of glycinergic amacrine cells.

Are ghycine levels saturating at the NMDA receptor?

The modulatory role of glycine at NMDA receptors in the CNS
is controversial. In the neocortex (Thomson et al., 1989; Daw
et al., 1993) and in the thalamus (Salt, 1989), glycine agonists
may potentiate NMDA-mediated responses. Also, in vivo bio-
chemical studies have shown that glycine agonists enhanced

NMDA receptor-mediated increases in cerebellar cGMP concen-
trations (Danysz et al., 1989; Wood et al., 1991). Results from
these biochemical and physiological studies suggest that endog-
enous glycine levels at NMDA receptors were not saturating and
that exogenous glycine could modulate the activity of NMDA
receptors. Using cortical tissue, others (Fletcher et al., 1988;
Kemp et al., 1988) have found that added glycine did not en-
hance NMDA-evoked responses and concluded that endogenous
glycine levels were saturating. However, as suggested by Kemp
and Leeson (1993), the endogenous glycine levels could have
been subsaturating, but the application of NMDA caused the
release of glycine to saturating levels.

We attempted to potentiate the amplitude of ganglion cell light
responses with high concentrations of bath-applied glycine and
the glycine agonist, b-serine. Surprisingly, high concentrations
of glycine and D-serine suppressed ganglion cell light-elicited
EPSCs. The mechanism of this suppression in unclear. The gly-
cine agonists did not directly inhibit ganglion cells because 20
wM strychnine was present in the bath and outward currents in
response to these agonists were never observed when the cells
were held at —30 mV. The fact that glycine and p-serine almost
completely blocked the EPSCs indicates that both the NMDA
and non-NMDA components of the response were reduced. This
suggests that these substances may exert their suppressive ac-
tions at a site presynaptic to the ganglion cell. p-Serine was not
as effective in suppressing puff-elicited EPSCs as the light-
evoked EPSCs. Since the K* puffs onto bipolar dendrites prob-
ably bypassed synaptic transmission in the outer retina. the re-
duced effectiveness of D-serine suggests that the site of the sup-
pression may be, in part, at the outer retina. NMDA receptors
are not found in the outer retina of salamander (Slaughter and
Miller, 1983a,b). However, the glycine agonists may activate
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NMDA receptors on an amacrine or an interplexiform cell that
releases a modulator substance that, in turn, suppresses synaptic
transmission in the outer retina. If we can dissociate the sup-
pressive effects of the glycine agonists from their modulatory
actions at the NMDA receptor, then we will be able to determine
whether light-evoked EPSCs can be potentiated by applied gly-
cine agonists.

In just under half of the cells tested. D-serine did not suppress
the puff-elicited EPSCs. EPSCs were potentiated by D-serine in
three of these cells, suggesting that synaptic glycine concentra-
tions were not saturated. However, synaptic glycine concentra-
tions were probably saturated for the five cells where no en-
hancement of the EPSCs was observed. Alternatively, the en-
hancing actions of D-serine could have been offset by its sup-
pressive effects in these five cells.

Site of uction of 5,7-DCK

Our results can be explained by 5,7-DCK acting at the ganglion
cells to antagonize the actions of glycine at the NMDA receptor.
Since some subtypes of amacrine cells also possess NMDA re-
ceptors (Dixon and Copenhagen, 1992), 5,7-DCK may also act,
in part, at amacrine cells. Excitatory synaptic inputs to glyci-
nergic amacrine cells may be reduced by 5,7-DCK, resulting in
a reduced release of glycine. The reduced levels of glycine re-
lease would contribute to the suppression of ganglion cell
EPSCs. This scenario assumes that (1) NMDA receptors play a
major role in the depolarization of glycinergic amacrine cells,
and (2) that glycinergic amacrine cells do, indeed, have NMDA
receptors that are modulated by glycine. If these assumptions
are correct, it is unclear as to what extent reducing the NMDA
component would reduce glycine release, since those subtypes
of amacrine cells that possess NMDA receptors also utilize non-
NMDA receptors. Non-NMDA receptors can probably still sus-
tain glycine release, especially at membrane potentials where
magnesium blockade occurs. Furthermore, our experiments were
performed in the presence of Mg?', and only the ganglion cell
from which the recordings were obtained was voltage clamped
to —30 mV. This would have biased the 5,7-DCK effects in
favor of the ganglion cell and would have minimized its effects
at the amacrine cells. Nevertheless, we cannot rule out the pos-
sibility that a portion of the actions of 5,7-DCK also occur at
glycinergic amacrine cells.

Coagonist and modulatory roles of glycine

Our results suggest that glycine acts as a coagonist at the gan-
glion cell NMDA receptors. When the NMDA component was
isolated by including 5 um CNQX in the bath, the OPL potas-
sium puff elicited EPSC was completely blocked by 10 um 5,7-
DCK (data not shown). This indicates that glycine is essential
for the gating of NMDA receptor-mediated synaptic currents in
ganglion cells.

Increasing the light stimulus intensity significantly enhanced
the mean IC,, value of 5,7-DCK for the OFE but not the ON,
EPSCs. The IC,, value for the ON EPSCs may not have changed
because the amplitudes of the ON EPSCs were similar for both
the dim and bright stimuli. When dimmer stimuli were used in
attempts to obtain a smaller amplitude ON EPSC, we could no
longer record an OFF response. The lack of change in ON EPSC
amplitudes probably reflects comparable levels of glutamate and/
or glycine release from bipolar and amacrine cells, respectively,
for the two stimulus conditions. The similarities in the mean IC,,
values for 5,7-DCK indicate that synaptic glycine levels were

comparable for dim and bright stimuli, and suggests that the rate
of amacrine cell glycine release was similar for the two stimulus
conditions at the synapses mediating ON, but not OFF EPSCs.

We do not know if the synaptic glycine concentrations were
saturating in our light stimulus experiments. The K, values for
glycine and 5,7-DCK at ganglion cell NMDA receptors are not
known. However, if we use the K, values for glycine (0.67 um)
reported by Kleckner and Dingledine (1988) and the K, value
for 5,7-DCK (0.065 um) reported by McNamara et al. (1990),
then we can estimate the synaptic glycine concentrations from
our 1C,, values for 5,7-DCK. Using the rearranged Cheng-Pru-
soff equation (Cheng and Prusoft. 1973),

X
IC,, = Kl)(‘K(l + —)~

GLY

(2)

we calculated the estimated glycine concentrations tfrom our 5,7-
DCK ICy, values, where K, is the K, for 5,7-DCK, K, is the
K, for glycine, and X is the synaptic glycine concentration. For
six ON-OFF ganglion cells, the mean estimated glycine concen-
trations increased with light stimulus intensity from 0.57 to 12.7
wM at the OFF synapse. For the ON synapse, the mean estimated
glycine concentration increased from 7.6 to 12.0 pm with in-
creasing light intensity. If these K, values taken from frog oocyte
experiments are similar to those for salamander ganglion cells,
then glycine concentrations at the OFF synapse were not satu-
rated at low light intensities. In contrast, the glycine concentra-
tions at the ON synapse were probably saturated even at low
light intensities. We are currently attempting to measure the K,
values for glycine and 5,7-DCK using isolated salamander gan-
glion cells in order to more accurately determine synaptic gly-
cine concentrations in the slice.

Inhibitory synaptic inputs were blocked by strychnine and
picrotoxin in our experiments. It is possible that under these
conditions of disinhibition that there was an increased release of
glycine from amacrine cells. If this were the case, then our cal-
culations may overestimate typical synaptic glycine concentra-
tions. This would imply that in normal retinal function, synaptic
glycine concentrations may be even further below saturation
and, hence, could modulate NMDA receptor activity over a larg-
er range.
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