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Abstract

Retinal neurons were enzymatically and mechanically dissociated from adult skate retinas and maintained
in cell culture for up to 14 days. Intracellular recordings were made from isolated horizontal and bipolar cells
while neurotransmitters were applied via pressure ejection. L-Glutamate, quisqualate, kainate, and y-amino-
butyric acid (GABA), when applied to horizontal cells, produced large (60 to 70 mV), long-lasting depolariza-
tions. These responses appear to consist of at least two components: a graded depolarization and a Ca**-
dependent regenerative component. As regards bipolar cells, L-glutamate and its analogues depolarized about
30% of the cells tested, while GABA hyperpolarized most of these neurons. Both agents acted on bipolar cells
by increasing conductance. Repeated applications of L-glutamate, quisqualate, kainate, and GABA to horizontal
cells produced no desensitization, but in these circumstances the glutamate analogues, kainate and quisqualate,
induced certain morphological changes, most notably a retraction of cell processes and the appearance of blebs

on the cell surface.

The identity of the photoreceptor transmitter in the verte-
brate retina is still uncertain, although there is convincing
evidence that the transmitter is released in darkness and exerts
an excitatory (i.e., depolarizing) effect on horizontal cells (Tri-
fonov, 1968; Dowling and Ripps, 1972; Ripps et al., 1974, 1976).
The acidic amino acids, glutamate and aspartate, are strong
candidates for this role since both have been shown to depolar-
ize horizontal cells and to mimic in other ways the action of
the natural transmitter (Cervetto and MacNichol, 1972; Mu-
rakami et al., 1972; Dowling and Ripps, 1973; Kaneko and
Shimazaki, 1976; Wu and Dowling, 1978).

Despite these observations, the view that either glutamate
or aspartate serves as the photoreceptor transmitter has been
seriously challenged (cf. Shiells et al., 1981), based largely on
the fact that, when applied to the retina, relatively high (mil-
limolar) concentrations are required for the effects to be man-
ifest. But it is important to recall that the vertebrate retina
contains effective uptake mechanisms for the acidic amino
acids (Tunnicliff, 1975; Marc and Lam, 1981), and there is the
likelihood that such mechanisms markedly reduce the apparent
efficacy of these agents. Indeed, it has been shown recently
that inhibiting glutamate uptake by pre-incubation in D-aspar-
tate significantly potentiates the effect of L-glutamate on carp
horizontal cells (Ishida and Fain, 1981; Ishida, 1982). Thus, it
is clearly desirable to seek alternative methods for studying the
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relative effectiveness of putative transmitters on target cells
(Ariel et al., 1983).

An approach that obviates the dilution problem associated
with uptake mechanisms involves recording the intracellular
responses of isolated, identifiable cells maintained in culture to
test solutions pressure ejected from pipettes in their immediate
vicinity. This procedure has been used to examine the con-
ductance mechanisms of brain and spinal cord neurons
(MacDonald and Wojtowicz, 1980, 1982; Wojtowicz et al., 1981)
and more recently to study the pharmacological properties of
the cone-driven (H,) horizontal cells of the carp retina (Lasater
and Dowling, 1982, Lasater et al., 1983). In the present paper,
we report studies performed with pressure ejection techniques
on primary cultures of horizontal and bipolar cells enzymati-
cally isolated from the skate retina. The results from the all-
rod retina of the skate (Dowling and Ripps, 1970; Szamier and
Ripps, 1983) provide an interesting comparison with those
obtained from the cone-driven horizontal cells of carp, and may
prove useful in establishing the identity of the rod neurotrans-
mitter.

Materials and Methods

Cell dissociation. Retinas were removed from light-adapted skates
(Raja oscellata and Raja erinacea) and were incubated in a modified
tissue culture medium containing 3 mg/ml of papain (Worthington
Biochemicals Co., Freehold, NJ) preactivated with 60 uM cysteine. To
maintain normal osmolarity, the culture medium (L-15, GIBCO) was
supplemented with 102 mMm NaCl, 350 mM urea, 5.5 mM glucose, and
pH was adjusted to 7.8. After 30 min of incubation, the retinas were
washed twice in 5 ml of the modified L-15 and placed in the first of
eight plastic tissue culture dishes (Corning Glass Works, Corning, NY).
To obtain single cells, the retinas were disrupted by repeated passage
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through a Pasteur pipette as they were transferred through the culture
dishes. The last four dishes contained the greatest number of isolated
neurons and were stored for 2 to 14 days in an incubator at 16 to 20°C.
Every other day 250 units/ml of penicillin and 250 mcg/ml of strepto-
mycin were added to each culture dish to inhibit bacterial growth.

Intracellular recording. Prior to each experiment, the culture medium
was replaced with elasmobranch Ringer’s solution consisting of 250
mM NaCl, 6 mM KCIl, 20 mM NaHCO;, 1 mM MgCly, 4 mM CaCl,, 0.2
mM NaH,PO,, 360 mM urea, 10 mM glucose, and 5 mM HEPES; the
solution was equilibrated with O, and adjusted to pH 7.6 to 7.8. With
the culture dish mounted on the stage of an inverted microscope, cells
were viewed under phase-contrast optics and impaled with microelec-
trodes carried on a conventional manipulator-microdrive unit (David
Kopf Instruments, Tujunga, CA). The electrodes were filled with 4 M
KAc and usually had resistances of 100 to 200 megohms measured in
Ringer’s. Intracellular potentials were led to a unity gain amplifier
(WP Instruments model 707, New Haven, CT) with low pass filtering
(upper cutoff frequency at 3 kHz), amplified, viewed on an oscilloscope,
and recorded on a Brush penwriter (Gould Instruments, Cleveland,
OH). To evaluate the input resistances of the cells, small constant
current hyperpolarizing pulses (5 to 10 pA) were presented through a
bridge circuit.

Drug-containing pipettes were fabricated by pulling fine-tipped mi-
cropipettes, breaking the ends, and beveling to give tip openings of 10
to 20 um. Two triple-barrel ensembles, carried on separate microman-
ipulators, were filled with various test agents dissolved in Ringer’s
solution and positioned 150 to 250 um from a target cell. Drugs were
ejected rapidly (in 0.5 to 1.0-sec pulses) by means of a 0.2-ml microsyr-
inge (Gilmont Instruments, Great Neck, NY). The standard volume in
each drug pulse was typically 0.5 ul, and all concentrations reported
are those in the drug pipettes. However, with this form of drug delivery
we estimate, based on calibration experiments employing applications
of high K* Ringer’s solution, that the test agent underwent approxi-
mately a 26% dilution before reaching the cell surface.

Results
Horizontal and bipolar cells in culture

Morphological observations. Freshly prepared cultures of
skate horizontal cells resemble in essential details the in situ
profiles seen in silver-impregnated (Golgi) tissue (J. E. Dowling
and H. Ripps, unpublished observations). As shown in Figure
1a, the neurons have large cell bodies and a dendritic spread of
100 to 200 um. Fine processes, that presumably contact the
receptor terminals in the intact retina, can be observed extend-
ing from the stouter dendrites immediately after isolation (ar-
rows, Fig. 1a). However, during the first 12 hr in culture, the
finer processes appear to withdraw into the larger dendrites,
giving the cells a blunt, rounded appearance (Fig. 1b). This
behavior is similar to that reported previously for carp horizon-
tal cells, which retract their fine processes soon after isolation
(Lasater and Dowling, 1982). Over a period of 3 to 4 days in
culture, skate horizontal cells sprout new processes that remain
for as long as the cells are viable (up to 21 days) (Fig. 1¢).

Bipolar cells are also readily identified in culture since they
retain their typical morphological characteristics after isola-
tion. Most cells (cf. Fig. 1d) have a short, stout dendritic process
emerging from the perikaryon that divides into two or three
branches. These are divided, in turn, to form several slender
branches from which numerous fine processes are often seen
to emerge. The latter appear to be terminal endings, and only
cells that displayed this feature were selected for study. The
axon of the bipolar cells was present in most instances, and the
bulbous synaptic terminals of the cells were usually observed.
Unlike the situation with horizontal cells, the morphology of
bipolar cells remained virtually unchanged during the cuiture
period.

Intracellular recordings from horizontal cells

Intracellular recordings were made from more than 100
isolated horizontal cells maintained in culture for 1 to 14 days;
no consistent differences in the cells’ reactions to test sub-
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stances were observed as a function of time in culture. However,
it is of interest to note the variations in resting potential that
were recorded during the first few minutes after electrode
penetration. Most often the potential dropped almost immedi-
ately to a resting level of —60 to —80 mV, and the membrane
potential as well as the cell’s input resistance (500 megohms
typically, but ranging from 100 to 800 megohms) remained
relatively constant. Other cells gave only a small negativity
when first impaled; but within 1 to 2 min, the input resistance
increased transiently, the membrane potential went through a
period of instability, and the cell gradually hyperpolarized to a
lower resting level. In addition, a small percentage of the cells
which at first showed a small transmembrane potential (15 to
30 mV) did not undergo further changes in resting potential
despite a marked increase in input resistance (Fig. 2a). How-
ever, it was often possible in such cases to “induce” a lower
resting potential with a brief application of Ringers’ containing
a high concentration of KCl. The phenomenon is illustrated in
Figure 2a, where a pulse of 150 mM KCl initially caused the
cell to depolarize transiently and then to hyperpolarize slowly
toward the final resting potential with a concomitant decrease
in input resistance. Of the cells used in this study, about 80%
had final resting membrane potentials between —70 and —80
mV; the other cells used had resting potentials between —60
and ~70 mV.

Responses to test agents. The effects of various putative
neurotransmitters and transmitter agonists were studied; the
substances tested were D- and L-aspartate, D- and L-glutamate,
y-aminobutyric acid (GABA), glycine, quisqualate, D- and L-
homocysteic acid, L-cysteine sulfinic acid, e-aminoadipic acid,
carbachol, dopamine, kainic acid (KA), N-methyl-DL-aspartate,
muscimol, kojic acid, and vasoactive intestinal peptide. Of these
agents, only L-glutamate, GABA, and the glutamate agonists,
kainate and quisqualate, produced consistent changes in the
membrane potential of horizontal cells.

Typical responses to pulses of L-glutamate and GABA are
shown in Figure 2b. In each case, 100 uM concentration of the
drug resulted in a rapid depolarization to 0 mV, after which the
cell’s input resistance appeared to increase and its membrane
potential began to hyperpolarize slowly. However, after remain-
ing for 30 to 60 sec near the peak of the response, the membrane
potential dropped precipitously, either to an intermediate value
20 to 40 mV above the resting level (Fig. 2b) from which it
slowly returned to the resting potential, or close to its resting
level (Fig. 2, ¢ and d); at this stage the input resistance had
also decreased to its prestimulus value. The similarities in the
responses to L-glutamate and GABA suggest that they may be
mediated by similar ionic mechanisms.

Skate horizontal cells were also depolarized by the glutamate
agonists quisqualate and kainic acid, both of which induced
responses similar to those evoked by L-glutamate and GABA.
It was generally the case that the efficacy of these drugs was in
the order: KA = quisqualate > GABA = glutamate, with thresh-
old concentrations for kainate and L-glutamate being approxi-
mately 10 uM and 20 uM, respectively. Interestingly, the GABA
agonists, muscimol and kojic acid, were without effect on skate
horizontal cells. As shown in Figure 2d, a cell responsive to
GABA (100 M) and quisqualate (50 uM) was unaffected by 500
uM pulses of either of these drugs.

Other transmitter candidates or their agonists were entirely
without effect on the horizontal cells when applied in concen-
trations <1 mM. A few examples are shown in Figure 2c, where
the results obtained with 200 uM carbachol, L-aspartate, and
glycine are compared with the potential change elicited by a
comparable concentration of L-glutamate. L-Aspartate was
tested at concentrations as high as 20 mM, and in a small
percentage of cells (10 to 20%) depolarizing responses were
observed when the concentration of this agent exceeded 5 mM
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Figure 1. Isolated cells of the skate retina. a, Freshly isolated horizontal cell showing fine processes (arrows). b, Horizontal cell after 24 hr in
culture. Note that the fine processes have retracted and the dendrites have a rounded, blunt appearance. ¢, Cell in culture for 6 days. Three large
processes have emerged from an oval cell body. At the ends of the large processes and also extending from the cell body are several small, fine
processes (arrows). d, A bipolar cell in culture for 24 hr. The calibration bar is 20 um.
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(Fig. 3b). Also shown in Figure 2c is the response to a depolar-
izing current pulse, which illustrates the capacity of these cells
to produce a regenerative response. Pulses exceeding threshold
(Fig. 2¢, small arrow) resulted in the discharge of a spike that
overshot the zero mark by 20 to 30 mV. The transient depolar-
ization was followed by a plateau phase at about 0 mV that
lasted 2 to 10 sec before the potential fell to the resting level.
Similar regenerative responses have been observed in record-
ings from isolated horizontal cells of goldfish (Tachibana, 1981)
and catfish (Johnston and Lam, 1981; Shingai and Christensen,
1983b).

Response components. The drug-induced depolarizations in
isolated skate horizontal cells are strikingly similar to those
reported in the carp study (Lasater and Dowling, 1982), where
it was shown that there are at least two components contrib-
uting to the response, an underlying graded depolarization
followed by a prolonged regenerative response. We believe a
similar situation holds for skate horizontal cells. However, we
found that even with threshold drug concentrations, both re-
sponse components were usually evoked, and it was difficult to
observe one independently of the other. However, as shown in
Figure 3, it was possible at times to elicit only a graded depo-

Pharmacological Properties of Cells from Skate Retina

current pulse

1969

Figure 2. Intracellular recordings from isolated horizontal

cells in response to K* and various transmitters and agonists.

a, Following electrode penetration, this cell had a small

resting membrane potential which remained at the same level

despite a significant increase in input resistance. Application

of a pulse of 150 mM K™ depolarized the cell, reduced the

input resistance, and induced a slow hyperpolarization of the

membrane potential which reached a final resting level of

—65 mV. b, Typical responses to L-glutamate and GABA

exhibit a rapid depolarization to 0 mV which was maintained

for >30 sec. The potential then fell sharply to an intermediate

level from which it returned to the resting level. The changes

in amplitude of the current pulses indicate the variations in

input resistance accompanying these events. ¢, Carbachol,

glycine, and aspartate were without effects on these cells, but

note the differences between the responses to L-glutamate

and that evoked by a depolarizing current pulse; the latter

gives rise to a larger overshoot and a shorter plateau phase

than the drug response. d, The depolarizing response to

GABA was not mimicked by the GABA agonists, muscimol

t and kojic acid, but 50 um quisqualate, a glutamate agonist,

produced a long-lasting depolarization. In this and in subse-

quent figures the recurrent hyperpolarizing deflections rep-

resent constant current pulses (5 to 10 pA) delivered through-
out the recording period.

o

10 sec

larization from these cells. In this experiment, varying amounts
of drug were applied to the cell by altering the volume of
solutions expressed from a pipette containing a fixed concen-
tration of L-glutamate (1 mM). The first pulse applied had a
volume of 2.5 ul; subsequent applications delivered volumes of
3.0, 3.5, and 4 pul, respectively. The cell responded in a graded
fashion to the first two applications of L-glutamate, but there-
after with maximum amplitude responses. Following the appli-
cation of the 4-ul pulse of drug-containing Ringer’s, the re-
sponse lasted very much longer than did the response elicited
with the 3.5-ul drug pulse. We found a similar lengthening of
the response to occur when pulse volume remained constant
but concentration of drug within the Ringer’s was increased.
In the experiment shown in Figure 3a, no current pulses
were applied to the cell while drug applications were made. The
shapes of the responses elicited with the larger volumes of drug-
containing Ringer’s were very similar to those elicited by L-
glutamate in experiments in which current pulses were applied
through the recording pipette (see Fig. 2). These results appear
to rule out the possibility that the current pulses significantly
distorted the overall response waveform by, for example, acti-
vating or inactivating voltage-sensitive channels in these cells.
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Figure 3. Responses and regenerative events observed in horizontal
cells. a, Ringer’s solution containing 1 mM of L-glutamate was applied
in four different volumes of 2.5, 3.0, 3.5, and 4.0 ul. The cell responded
in a graded fashion to the first two applications of the drug and in an
“all or nothing” manner to the last two drug applications. Note the
substantial increase in response duration with increases in the amount
of agent applied. b, 10 mM L-aspartate caused the cell to depolarize
slowly over a period of about 40 sec. At this point, five brief regenerative
events occurred. ¢, After a glutamate-induced depolarization, numerous
spikes occurred as the cell slowly hyperpolarized toward rest. Preceding
several spikes, there can be seen a slow depolarization leading up to
the threshold level for spike activation. For the cells whose response
are shown in b and ¢, the threshold for spike production was about a
30-mV depolarization from the resting membrane potential.

In other experiments, it was possible occasionally to observe
distinct regenerative events following drug application. Two
such recordings, during which current pulses were not delivered,
are shown in Figure 3, b and c. In Figure 3b a high concentration
(10 mM) of L-aspartate produced a slow biphasic depolarization
of about 30 mV, at which point five regenerative-like potentials
occurred. Each was approximately the same amplitude and
lasted for about 8 sec. A somewhat different sequence of events
is shown in Figure 3c, where the horizontal cell was stimulated
with a pulse of 100 uM L-glutamate. After the usual large
depolarizing response (75 mV) to this agent, the membrane
potential began to return to base line. However, as it ap-
proached an intermediate level the membrane depolarized
slightly, and a number of regenerative events were triggered.
Initially these were small and brief, but as the cell hyperpolar-
ized further, they became larger and longer in duration, and
the graded depolarization preceding each spike could be seen.
Eventually, the membrane potential returned to its resting
level, and no further regenerative events occurred (cf. Mac-
Donald and Wojtowicz, 1982).

To determine whether Ca** is involved in the regenerative
component of the responses of skate horizontal cells to L-
glutamate and GABA, several experiments were performed with
the cells bathed in a low Ca**-Ringer solution. Since prelimi-
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nary studies showed that isolated skate horizontal cells were
unable to survive the complete absence of Ca** in the bathing
Ringer solution, the Ca** concentration was reduced to 100
uM. The results of one such experiment, illustrated in Figure
4a, show that the depolarizing response elicited by 100 uM
GABA is smaller in amplitude, and that the rising and falling
phases of the response are much slower than in the normal
Ca* control solution. In addition, there appears to be an
increase in input resistance associated with the peak of the
depolarizing potential. Low Ca** had similar effects on the
responses to L-glutamate and its analogues (not shown). These
findings suggest that in skate, as in carp, there are at least two
components to the drug-induced horizontal cell response: a
slow Ca**-insensitive graded potential and a regenerative,
Ca**-mediated action potential.

The effects of antagonists. Various transmitter antagonists
were tested for their ability to block the responses to GABA
and to L-glutamate and its agonists; included in this group were
the glutamate and aspartate antagonists D,L-a-aminoadipic
acid, D,L-a-methyl glutamic acid, 2-amino-4-phosphonobutyric
acid, and L-glutamic acid diethyl ester, and the GABA antago-
nists bicuculline methochloride and baclofen (Lioresal).

In contrast to the results obtained in carp, where we found
that D,L-a-methyl glutamate blocked the responses to L-gluta-
mate and its agonists, none of the glutamate antagonists were
effective in altering the action of L-glutamate or GABA on
skate horizontal cells. On the other hand, GABA responses
were reversibly blocked by bicuculline. Figure 4b shows that
following the application of bicuculline, the depolarizing action
of GABA was almost completely suppressed. However, after
about 30 sec a nearly maximal response of relatively brief

a Control Low Ca**
0_
GABA somvl _
100 M 10 sec

LA

20 mVL

10 sec

GABA Bicuculline GABA
100 P 500 uM 100 UM

Figure 4. GABA responses of isolated horizontal cells in normal and
low Ca™ Ringer’s solution and the effect of the GABA antagonist
bicuculline. a, On the left is a control response to GABA. On the right
is the response to GABA in Ringer’s containing 100 uM CaCly; the
response is slower and of lower amplitude than in the control solution.
See the text for details. b, Bicuculline methochloride blocks horizontal
cell responses to GABA. On the left is shown a control GABA response.
When bicuculline methochloride was applied, followed by a pulse of
GABA, no response occurred. After about 30 sec, a second application
of GABA produced a response of normal amplitude but of attenuated
duration; 30 sec later, there was further recovery of the responsiveness

to GABA.
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Figure 5. Recordings from isolated horizontal cells during prolonged application of transmitter agents. Drugs were pulsed at regular intervals
for a period of about 15 min. These records represent the first 9 min of drug application. In all cases the form and duration of the intracellular
response was relatively constant throughout the experimental run. No desensitization was observed with (a) glutamate, (b) quisqualate, (c)
GABA, or kainate (not shown). On the other hand, repeated application of L-aspartate was without effect (d), although the cell was rapidly

depolarized by a pulse of KCI.

duration was elicited; 30 sec later the response to GABA
increased in amplitude and duration, and soon thereafter it
recovered completely. It is noteworthy that, although bicucul-
line did occasionally block the action of L-glutamate, it was
very much less effective, For example, pulse applications of 200
to 500 uM bicuculline completely blocked the response to sub-
sequent application of 100 uM GABA in 8 of 11 cells tested,
whereas it blocked the response to 100 uM glutamate in only 1
of 12 cells. Thus, it seems likely that glutamate and GABA
interact with distinct postsynaptic receptors on the skate hor-
izontal cells, despite similarities in the cells’ reactions to the
two agents.

Receptor desensitization and neurotransmitter toxicity. We
noted previously that vertebrate photoreceptors continually
release an excitatory transmitter in darkness, thereby main-
taining postsynaptic elements in a depolarized state. A possible
consequence of this prolonged activity could be a desensitiza-
tion of the second-order cell; i.e., repeated saturation of receptor
sites could result in a significant reduction in its responsiveness
to the endogenous transmitter (Katz and Thesleff, 1957; Tak-
euchi and Takeuchi, 1964; Fagni et al., 1983). However, results
obtained with prolonged, repeated application of depolarizing
agents suggest otherwise. Figure 5a shows that repetitive pulses
of 100 uM L-glutamate over a 10-min period consistently pro-
duced responses of similar amplitude, duration, and kinetics.
Other depolarizing agents (GABA and quisqualate) gave com-
parable results (Figure 5, b and ¢), as did kainate (not shown);
however, repeated applications of 500 uM L-aspartate had no
effect whatever (Fig. 5d).

We observed another phenomenon as a result of prolonged
application of KA and quisqualate. After 15 min of repeated
pulses to either of these drugs, the horizontal cells changed
morphologically; the larger dendritic processes partially re-
tracted, the fine processes were reduced in number, and nu-
merous excrescences appeared on the cell surface as a result of
bubble-like outpockets of cell membrane (Fig. 6). The cellular
irregularities did not seem to affect the cells’ response to drugs.
It is of interest that few or no structural changes were seen
after equivalent doses of GABA and L-glutamate, nor did any
of the drugs alter the appearance of bipolar cells (Fig. 6b).

Intracellular responses of bipolar cells

The results to be described are based on intracellular record-
ings from 75 isolated bipolar cells; their resting potentials
ranged from —30 to —80 mV, although in the majority of cases
(60%) the resting potentials were between —50 and —80 mV
(Fig. 7a). Test agents, delivered in concentrations of 10 to 500
uM, included L-glutamate, L-aspartate, quisqualate, KA, GABA,
and muscimol. Of these agents, GABA and/or muscimol caused
effects on virtually all cells tested, L-glutamate and/or its
analogues caused effects on a minority of cells (28%), and L-
aspartate was without effect. Unlike the situation with horizon-
tal cells, GABA and L-glutamate produced strikingly different
results on bipolar cells. As shown in Figure 7b, L-glutamate and
KA, when effective, always produced graded depolarizations of
up to 30 mV, with KA the more potent agent. The depolariza-
tion induced by L-glutamate or its analogues was always accom-
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Control

Figure 6. Morphological changes induced in horizontal cells following long-term application (15 min) of test agents. In the left column are
shown cells before exposure, and on the right are the same cells after exposure to the drugs. After the cell in a was presented with pulses of 50
uM KA, the major processes were seen to retract and numerous small bubbles (arrows) appeared over the surface of the cell, giving it a mottled
or stippled appearance. A microelectrode can be seen impaling this cell during kainate application. The cell in b was exposed to 50 uM quisqualate,
and, like the kainate-exposed cell, the large processes were retracted. In addition, most fine processes were lost, and outpockets of cytoplasm
appeared (arrows). Also shown in b is a bipolar cell (large arrow) which remained unchanged after quisqualate exposure. The cell in ¢ was

exposed to pulses of 100 uM glutamate, while 100 xM GABA was applied to the cell in d; the morphology of both cells remained unchanged. The
calibration bar is 20 um.
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Figure 7. Intracellular recordings from skate bipolar cells. a, Typical
intracellular recording immediately after penetration and a depolariz-
ing response to KCl. In b and ¢ are shown the responses of bipolar cells
to L-glutamate and kainate. In b input resistance was not measured,
but these agents typically decreased input resistance, as seen in c.

panied by a decrease in membrane resistance (Fig. 7¢), and
there was never a hint in any of these recordings of voltage-
sensitive events. The responses to GABA, on the other hand,
were more variable, with differences observed in polarity as
well as amplitude (Fig. 8, a to ¢). In Figure 8aq, for example, the
resting potential of the cell was about —75 mV, and GABA (100
uM) produced a 20-mV depolarization with a concomitant de-
crease in input resistance. However, a hyperpolarizing response
was elicited (Fig. 8b) when an equivalent pulse of GABA was
applied to a cell with a resting potential of —50 mV; but again
the input resistance decreased during the initial phase of the
response. Lastly, the recording in Figure 8¢ is from a cell with
a resting potential of —65 mV that showed no change in
membrane potential, despite a dramatic decrease in input re-
sistance to GABA. Of the 60 bipolar cells tested for GABA
sensitivity, 44 hyperpolarized, 8 depolarized, and 8 remained
unchanged; however, all showed a decrease in input resistance,
i.e., a conductance increase, in response to the drug. The
foregoing suggests that the variability in the response to GABA
may be a function of the cell’s resting potential and that the
reversal potential for the GABA response is approximately —65
mV, probably close to the chloride equilibrium potential for
these cells. Moreover, results not shown indicate that the effects
of GABA are mediated by membrane receptors and are not due
to a nonspecific action on the cell membrane. Both GABA and
its agonist muscimol produced membrane hyperpolarizations,
but the response to either drug could be blocked by bicuculline.

Discussion

The results of the present study on skate horizontal cells are
similar in a number of respects to those obtained previously
with isolated horizontal cells of the carp (Lasater and Dowling,
1982). In particular, the long-lasting responses to L-glutamate
and its analogues (Fig. 2) are typical of the findings reported
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in the earlier study. In both cases, there appear to be two major
components to the glutamate response (Fig. 3a): an initial Ca**-
insensitive depolarization and a prolonged regenerative com-
ponent attributable to a voltage-sensitive Ca** influx (cf. John-
ston and Lam, 1981; Tachibana, 1981; Lasater and Dowling,
1982; Shingai and Christensen, 1983a). It is also likely that
other voltage-dependent currents are present in these cells and
that the overall response properties are determined by the
transmembrane fluxes of several ionic species (Tachibana,
1981).

Also noteworthy is the fact that in both carp and skate, the
isolated horizontal cells were almost entirely unresponsive to
L-aspartate and its analogues and to D-glutamate. In the central
nervous system, neurons responsive to excitatory amino acids
usually exhibit sensitivity to both glutamate and aspartate, and
in varying degree to both the D- and L-isomers. Furthermore,
although high concentrations of L-aspartate may occasionally
induce depolarizing responses in skate horizontal cells (Fig.
3b), it appears that the glutamate receptors in these cells are
extraordinarily ligand-specific. The ineffectiveness of agents
that typically block the action of glutamate, e.g, a-methyl
glutamate and glutamic acid diethyl ester, is consistent with
this view.

Perhaps the most striking difference between the results
obtained in carp and those from skate relates to the effects of
GABA. In isolated retinal preparations, the addition of GABA
to the bathing solution causes the cone-driven horizontal cells
of carp and goldfish to hyperpolarize (Murakami et al., 1972;
Wu and Dowling, 1980), whereas the drug depolarizes the rod-
driven cells of the skate retina (Cervetto and MacNichol, 1972).
It would have been of particular interest (although not unique,
cf. Blankenship et al., 1971) to find that GABA elicits responses
of opposite polarity as a consequence of membrane receptors
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Figure 8. Effects of GABA on isolated bipolar cells. GABA either
depolarized or hyperpolarized isolated bipolar cells, depending on the
resting membrane potential. In g, cells with a high resting potential
(—75 mV) were depolarized by GABA, whereas in b, cells with a low
resting potential of —~50 mV were hyperpolarized. In all cases the GABA
response was accompanied by a decrease in input resistance (i.e., a
conductance increase) even if no change in membrane potential oc-
curred (c). See the text for details.
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that control different ionic channels in the two kinds of hori-
zontal cell. But this is clearly not the case. In the cyprinid,
there is no evidence that GABA affects directly the permeabil-
ity of the horizontal cell membrane; the GABA response is
abolished when Co™™ is applied to block transmission between
receptors and second-order neurons (Wu and Dowling, 1980),
and GABA is without effect on the membrane potential of
isolated carp horizontal cells in culture (Lasater and Dowling,
1982).

In skate, on the other hand, the GABA effect observed in
situ occurs also with isolated horizontal cells (Fig. 2). In addi-
tion, the fact that the GABA response can be blocked by
bicuculline (Fig. 4b) is further evidence that the drug effect is
mediated by GABA-sensitive membrane receptors of horizontal
cells. In view of these findings, it was surprisirg that the GABA
agonist muscimol failed to elicit a change in membrane poten-
tial when applied to isolated horizontal cells. To our knowledge,
this is the first instance of a bicuculline-sensitive GABA recep-
tor that is unresponsive to muscimol (Johnston, 1976), and it
suggests that the GABA receptors on skate horizontal cells
may be structurally different from those in the CNS. Alterna-
tively, changes in receptor configuration may have been induced
by the digestive enzymes used in the cell isolation procedure.

We have yet to explore in detail the ionic basis of the
horizontal cell response to GABA. However, it resembles
strongly the response to L-glutamate, and it would appear that
there is a Ca** conductance increase following GABA applica-
tion which usually results in a regenerative response. A similar
situation appears to exist in isolated catfish horizontal cells
where it was found that L-glutamate caused a nonspecific
increase in the conductance to several ions which ultimately
resulted in action potential generation (Shingai and Christen-
sen, 1983b). The results obtained with isolated bipolar cells
(Figs. 7 and 8) suggest that in skate these elements also contain
membrane receptors for GABA which probably control the
gating of chloride ions. On this view, GABA behaves as a
typical inhibitory neurotransmitter; i.e., the concomitant in-
crease in conductance associated with the GABA-induced
change in membrane potential results from the opening of C1~
channels (cf. Roberts et al., 1976).

In view of the evidence for GABA-sensitive neurons in the
distal retina of the skate, it is important to consider the source
of the GABAergic input to these cells. Brunken et al. (1983),
employing an antibody to the GABA-specific enzyme, glutamic
acid decarboxylase (GAD), have demonstrated recently that
the interplexiform cells are stained with the fluorescein iso-
thiocyanate-conjugated antibody. Moreover, there is good evi-
dence in skate that mechanisms exist for the selective uptake
of GABA into Miiller cells, where it is probably degraded (Lam,
1975).

Another interesting feature of the horizontal cell responses
to test agents concerns its resistance to desensitization; the
cells continued to depolarize maximally to pulses of agonists
even after prolonged, repeated application of the drugs (Fig. 5).
Desensitization appears to be a common property of the syn-
aptic mechanism of the neuromuscular junction, e.g., the cho-
linergic motor end plate (Katz and Thesleff, 1957) and the
glutaminergic synapse of crayfish muscle (Takeuchi and Tak-
euchi, 1964), and it has been suggested that the effect is
associated with a decrease in the number of available binding
sites or changes in receptor-channel coupling (cf. Heidmann
and Changeux, 1978). However, interneuronal synapses seem
generally to be more resistant to desensitization; no evidence
of the phenomenon was seen at amino acid-sensitive synapses
of the cerebral cortex (Krnjevic and Phyllis, 1963) and spinal
cord (Curtis et al., 1960), although a rapid, reversible desensi-
tization of pyramidal and granule cells in the rat hippocampus
has been reported (Fagni et al., 1983). It seems likely that in
such cases a low affinity of the receptor, combined with effective
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inactivating mechanisms, enables the postsynaptic elements to
recover fully from prolonged exposure to agonists. This is
clearly a desirable situation for second-order cells in the ver-
tebrate retina, which are exposed continuously in the dark to
the discharge of photoreceptor transmitter (Ripps et al., 1976).
Also of interest was the finding that while the horizontal cells
continued to be responsive to repeated applications of agonist,
some of the agents produced severe morphological changes; e.g.,
after kainate or quisqualate, the cells retracted their major
processes, the finer processes deteriorated, and blebs were
formed on the cell surface. These reactions may be related to
some of the neurotoxic effects induced by excitatory amino
acids (McGeer et al., 1978) or to the cellular changes reported
by Yazulla and Kleinschmidt (1980) following intraocular in-
jection of kainate.

Finally, it is important to consider what effects the isolation
procedure may have on the structure and distribution of post-
synaptic receptor sites on isolated cells. Although the cells
resemble morphologically their appearance in situ and seem to
be functionally viable, the fine terminal processes of horizontal
cells are no longer visible after several hours in culture. It
appears that the synaptic membrane of the horizontal cell
processes has been incorporated into the larger dendritic
branches, and it is uncertain what effect this may have on
cellular physiology. While it is likely that the reported drug
effects are mediated by the activation of membrane receptors,
we cannot rule out the possibility that some receptor sites are
lost in the course of isolation or structurally altered in the
process. One reason for concern in this regard is the surprising
inconsistency of the results obtained from bipolar cells with L-
glutamate and its analogues. Only 28 percent of the bipolar
cells tested responded to L-glutamate or its analogues (Fig. 7b).
However, there is abundant evidence—in addition to the pres-
ent data on horizontal cells—in support of the view that L-
glutamate or a closely related compound (Cervetto and
MacNichol, 1972; Murakami et al., 1972; Dowling and Ripps,
1973; Kaneko and Shimazaki, 1976; Wu and Dowling, 1978;
Marc and Lam, 1981) is a photoreceptor transmitter. Moreover,
recent studies have shown that the structural analogues of
glutamate, i.e., kainate and 2-amino-4-phosphono-butyrate
(APB), alter the membrane potential of bipolar cells in the
elasmobranch (dogfish) retina; the former hyperpolarizes the
on-center bipolar cell, whereas APB produces a depolarization
after cobalt blockade of on-center cell activity (Shiells et al.,
1981). Therefore, there is the possibility that the integrity of
the glutamate receptors on the isolated bipolar cells has been
altered during cell dissociation. Further studies, employing a
variety of isolation techniques, may be required to resolve this
question.
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