culture provides further evidence that
hybridomas are eliminated from cell fu-
sion cultures exposed to HAT medium
as a result of X chromosome segrega-
tion.

The loss of spleen cell chromosomes is
an important cause of unstable antibody
production by hybridomas (/-3, 5-8).
Previous studies have demonstrated that
the heavy chain synthesis is preferential-
ly lost before light chain synthesis and
that these losses correlate with segrega-
tion of the spleen cell chromosomes en-
coding the genes for the respective Ig
chains (3, /1, 12). The hybridoma selec-
tion method described here, however,
promotes the growth of those hybrido-
mas which retain the spleen cell-donated
heavy chain Ig gene and eliminates the
loss of large numbers of hybridomas
caused by X chromosome segregation
during culture in HAT medium. This
phenomenon may have contributed to
the limited success in producing human
lymphocyte-human, myeloma hybrido-
mas (23).
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An Excitatory Amino Acid Antagonist Blocks Cone Input to

Sign-Conserving Second-Order Retinal Neurons

Abstract. cis-2,3-Piperidinedicarboxylic acid (PDA), an excitatory amino acid
antagonist, reversibly blocked cone input to orr bipolars and horizontal cells,
whereas oN bipolars were relatively unaffected. Kainic acid effects were also
blocked, indicating a postsynaptic mechanism of action. The use of PDA helps to
characterize one of two classes of excitatory amino acid synaptic receptors that
mediate cone influence in the outer retina.

The photoreceptors of the vertebrate
retina form chemical synapses on three
classes of second-order neurons: hori-
zontal cells, oN bipolars, and oFF bipo-
lars (). A single photoreceptor may syn-
apse on two or possibly all three types
(2). For this reason, it is widely accepted
that a single transmitter activates all
three second-order neurons. Aspartate
and glutamate have been the prime pho-
toreceptor transmitter candidates since
they mimic the endogenous transmitter
when applied to all three cell types in
several vertebrate species (3). In the
mud puppy retina, one of these second-
order neurons, the oN bipolar, contains a
distinct synaptic receptor that binds to 2-
amino-4-phosphonobutyrate, a gluta-
mate analog (4). This selectivity has been
confirmed in several vertebrate species
(5, 6). The one-transmitter hypothesis
requires that the other two second-order
neurons also have excitatory amino acid
synaptic receptors, although differing
from that of the on bipolar. We now
report on the effects of an excitatory
amino acid antagonist, (*)-cis-2,3-piper-
idinedicarboxylic acid (PDA), which acts
on the horizontal cell and the oFF bipolar
and thus helps to characterize this other
receptor type.

Experiments were performed in the
light-adapted, superfused retina-eyecup
preparation of the mud puppy Necturus

maculosus. Intracellular recordings were
obtained from retinal neurons while an
amphibian Ringer superfusate containing
a control solution was interchanged with
one or more solutions containing phar-
macological agents. Rapid exchange in
this system permits detectable drug ef-
fects within 10 to 25 seconds. The light
stimulus consisted of small spot (200
pm), annulus (inner diameter, 400 pm;
outer diameter > retinal diameter), or
full-field illumination. Changes in input
resistance were frequently monitored
with a + 0.1-nA current pulse applied
through the electrode and a bridge-bal-
ancing device [WP707; see (7) for details
of methodology].

When PDA, in concentrations up to 10
mM, was applied to the retina (Fig. 1a),
there was no apparent effect on cone
photoreceptors (8). In addition, PDA did
not block synaptic transmitter release
from photoreceptors because oN bipo-
lars (Fig. 1b) functioned normally in the
presence of these high levels of PDA.

In contrast to the photoreceptors and
ON bipolars, the horizontal cells and oFF
bipolars were very sensitive to PDA.
Horizontal cells and ofFF bipolars are
hyperpolarized in the light as a result of a
decrease in transmitter release from pho-
toreceptors (9). Horizontal cells were
also hyperpolarized by PDA (Fig. Ic),
and there was a corresponding decrease

SCIENCE, VOL. 219



in the size of the response to light. Be-
tween light flashes, 0.1-nA biphasic cur-
rent pulses (negative, then positive) were
applied through the electrode and the
bridge device. A slight increase in resist-
ance occurred during PDA application.
This indicates that the action of PDA is
not the result of an increase in conduc-
tance to an ion or ions whose equilibrium
potential is near the maximum light-
evoked membrane potential (approxi-
mately —70 mV). The effect of PDA on
the oFF bipolar (Fig. 1d) was similar to
its effect on the horizontal cell; 6 mM
PDA caused a reversible hyperpolariza-
tion and a decrease in the light response.

These responses were graded with
PDA concentration, a partial block being
seen at 1 to 2 mM PDA and a maximal
effect at 6 to 10 mM PDA. Even at these
high concentrations, a small light re-
sponse (approximately 5 to 10 percent of
control levels) persisted.

The center-depolarizing response of
the oN bipolar was not blocked by PDA,
indicating that synaptic transmission
from photoreceptors is unaffected by this
agent. However, the hyperpolarizing an-
tagonistic surround response was elimi-
nated by PDA (Fig. 1b). This observa-
tion was anticipated since the antagonis-
tic surround is attributed to horizontal
cell activity.

Both horizontal cells and OoFF bipolars
show anomalous rectification (10, 11).
Thus, the conductance decrease associ-
ated with a decrease in transmitter-re-
ceptor ionophore activation is counter-
acted by a resistance decrease of the
nonsynaptic membrane resulting from a
voltage-dependent increase in conduc-
tance (probably to potassium ions) with
membrane hyperpolarization. In the hor-
izontal cell, these two factors are closely
balanced so that usually no difference in
membrane resistance is detected in light
versus dark (/2). Since we were interest-
ed in determining whether the PDA-
evoked hyperpolarization was due to an
action on the synaptic receptors of the
cell, we compared the effect of PDA with
that of cobalt, an agent that diminishes
synaptic transmission by blocking the
calcium-dependent presynaptic release
of neurotransmitter (/3) (Fig. 2a). When
4 mM PDA was applied to this cell, the
dark membrane potential hyperpolar-
ized, the light response decreased, and
there was a slight increase in the cell’s
input resistance as detected by the nega-
tive deflection of the current pulse.
Shortly after application of PDA was
stopped, the light response, membrane
potential, and input resistance recovered
their original levels. Then the cell was
exposed to 5 mM cobalt to block trans-
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Fig. 1. Intracellular recordings from distal retinal neurons during bath application of PDA (bar
above each trace). The square wave below each trace indicates the occurrence of a 2-second
light stimulus (irradiance, 5 X 1072 W/cm?), which was a diffuse light except in (b) where a 200-
wm small spot (downward step) was alternated with an annulus (inner diameter, 400 wm; outer
diameter > retinal diameter). (a) PDA did not alter the response of the cone photoreceptor (R)
but it caused a hyperpolarization and attenuation of the light response of (c) the horizontal cell
(HC) and (d) the oFF bipolar (HPBC). (b) In the oN bipolar (DPBC), PDA did not block the
response of focal illumination but did block the hyperpolarizing surround response (dark
circles). Calibration: (a) and (d) 10 mV, (b) 20 mV, and (c) 30 mV.

mitter release. Again, this caused a hy-
perpolarization with a loss of the light
response, but there was no change in the
input resistance. Thus cobalt and PDA
have similar actions. If PDA was acting
nonsynaptically to block the light re-
sponse by shunting the cell, the resulting
decrease in resistance would add to the
decrease in resistance caused by anoma-
lous rectification, and a decline in the
input resistance of the horizontal cell
should have been seen. Our results sug-
gest that PDA is acting postsynaptically
to block the photoreceptor transmitter.
The results cannot be explained as the
result of gap junction uncoupling be-
tween horizontal cells, since this would
result in an increase in the response to a
small spot (/4), which does not occur
(Fig. 2b).

We tested the effectiveness of PDA,
which had been developed and described
as an excitatory amino acid antagonist
(15), against excitatory amino acids ago-
nists in the retina. In the outer retina,
aspartate or glutamate application often
results in ‘‘desensitization,”’ so that re-
peated application of these agonists can
produce progressively diminishing phar-
macological effects. Since it would be
difficult to distinguish desensitization
from PDA antagonism, we used agonists
that were not subject to this effect. Two
common and potent excitatory amino
acid agonists are Kkainic acid and N-
methyl aspartate, but we have found that
only the former is effective in the outer
retina. In the mud puppy, kainic acid
mimics the effect of the photoreceptor
transmitter on all three types of second-

order neurons (/6), and in dogfish it acts
synaptically at the oN bipolar synapse
(16). When 25 pM Kkainic acid was ap-
plied to a horizontal cell (Fig. 2b), it
caused a depolarization and a large de-
crease in the cell’s light response, as
might be expected of a photoreceptor
transmitter agonist. The kainic acid ap-
plication was suspended, and after re-
covery, 3 mM PDA was applied. This
caused a hyperpolarization and a de-
crease in the light response. In the con-
tinued presence of PDA, the reapplica-
tion of 25 wM kainic acid resulted in only
a slight depolarization. Figure 2¢ pro-
vides a comparison of the effect of kainic
acid on a horizontal cell when neuro-
transmission is blocked presynaptically
with cobalt. Thus PDA seems to be an
effective antagonist of excitatory amino
acid agonists as well as the endogenous
photoreceptor transmitter.

Few suspected neurotransmitters, ex-
cept excitatory amino acid analogs, af-
fect outer retinal neurons, but high con-
centrations of vy-aminobutyric acid
(GABA) can depolarize mud puppy hori-
zontal cells (/7). Furthermore, GABA is
a monocarboxylic acid that has the same
chain length as glutamate and therefore
should be useful in determining the
specificity of PDA’s action. In the hori-
zontal cell illustrated in Fig. 2d, 5§ mM
GABA caused a depolarization and
greatly reduced the light response, an
effect similar to that caused by kainic
acid. After the neuron recovered from
the effects of the brief GABA applica-
tion, 3 mM PDA was applied. When the
cell had hyperpolarized and the light
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response diminished, another brief appli-
cation of 5 mM GABA caused a large
depolarization with no suggestion of
PDA antagonism. A comparison of (b)
and (d) in Fig. 2 suggests that PDA is a
specific and effective excitatory amino
acid antagonist.

Our results indicate that the photo-
receptor transmitter is an excitatory ami-
no acid. Whether mud puppy cones use
more than one excitatory amino acid
could not be determined because of the
lack of specificity of PDA. In goldfish,
red and green sensitive cones take up
both aspartate and glutamate (I8),

4 mM PDA

whereas rods take up only glutamate,
suggesting rod-cone differences in neuro-
transmitters. However, results with the
glutamate analog 2-amino-4-phosphono-
butyrate and the aspartate analog 2-ami-
no-3-phosphonopropionate in the cone-
dominated mud puppy (4¢) and the rod-
dominated dogfish (6) indicate that rods
and cones use the same neurotrans-
mitter. Furthermore, fish horizontal cells
appear to be much more sensitive to
glutamate than to aspartate (/9). As
judged from our experiments on the ef-
fects of glutamate and aspartate agonists
on second-order neurons, and in view of
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Fig. 2. Intracellular recordings from horizontal cells. The period of drug application is shown in
the bar above each trace; the square wave below each trace indicates the occurrence of a 2-
second light stimulus (irradiance, S x 107 W/cm?). (a) Recordings from one horizontal cell in
which diffuse light stimulation was alternated with a —0.1-nA current pulse. Application of 4
mM PDA caused a hyperpolarization, a decrease in the light response, and a slight increase in
the cell’s input resistance. Cobalt at 5 mM also caused a hyperpolarization with a loss of the
light response, but no change in the input resistance. (b) Kainic acid (KA) at 25 pM caused a
depolarization and a decrease in the light response, but this effect of kainic acid was blocked by
PDA. (c) When the input to the horizontal cell was blocked presynaptically with cobalt, kainic
acid still caused a large depolarization. (d) Continuous recording from the horizontal cell
demonstrated that PDA does not block the GABA-induced depolarization of horizontal cells.
The light stimulus in (a) and (d) was a diffuse light, and in (b) and (d) a 200-.m small spot, with a
downward deflection in (b) and an upward deflection in (c), alternating with an annulus (inner
diameter, 400 um; outer diameter > retinal diameter).
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the ineffectiveness of aspartate antago-
nists (e-aminoadipate and a-aminosuber-
ate) on these neurons, glutamate is the
more likely transmitter candidate. It is
clear, however, that there are two types
of synaptic excitatory amino acid recep-
tors. The oN bipolar contains one type of
receptor, and the OFF bipolar and the
horizontal cell have similar, if not identi-
cal, receptors of the second type. This
second type of receptor is also important
in excitatory transmission in the inner
retina (20).
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