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L-Glutamate—Induced Responses and cGMP-Activated Channels in
Three Subtypes of Retinal Bipolar Cells Dissociated from the Cat
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Effects of L-glutamate (Glu), the neurotransmitter released
by photoreceptors, on isolated cat bipolar cells were ex-
amined. Membrane currents of bipolar cells were recorded
by the patch-clamp technique in a conventional whole-cell
recording configuration using pipettes containing 1 mm
c¢GMP, which has been known to activate a cationic current
sensitive to Glu in ON-type bipolar cells. ON-type bipolar
cells (depolarized by light in in situ) and OFF-type bipolar
cells (hyperpolarized by light) were identified by their re-
sponse polarity to Glu. When the whole-cell configuration
was established, ON-type bipolar cells showed a steady in-
ward current which was suppressed by Glu, consistent
with the response polarity observed in in situ recordings.
In contrast, OFF-type cells did not show a steady current
during the recordings. However, they responded to Glu
with an increase in cationic conductance. Among recorded
cells, rod-driven bipolar cells were identified by their im-
munoreactivity to anti-protein kinase C (PKC-IR) antibody.
Examination of PKC-IR revealed that ON-type bipolar cells
included both rod- and cone-driven bipolar cells, while
OFF-type cells were all cone-driven bipolar cells.

The cGMP-activated current observed in ON-type cells
was accompanied by a change in the current fluctuation
due to the opening and closing of underlying channels.
Fluctuation analysis gave a unitary conductance value of
13 pS. In half of the cells examined, maximum open prob-
ability reached almost 100%. The cGMP-activated channel
in bipolar cells seems novel, fundamentally different from
those found in photoreceptor cells or olfactory receptor
cells.

[Key words: bipolar cell, L-glutamate, photoreceptor cell,
olfactory receptor cell, cGMP-activated channel, cat]

In the visual system the light signal received by photoreceptors
is carried by ON and OFF pathways to higher centers. Light-
induced responses in photoreceptors are all hyperpolarizing, and
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it is the bipolar cell where the visual signal is encoded into ON
and OFF signals. Generation of depolarizing and hyperpolariz-
ing responses in bipolar cells to the transmitter released from
photoreceptors has been assumed to be due to different mecha-
nisms underlying photoreceptor—bipolar synapse. In the axolotl
(Attwell et al., 1987) and rat (Yamashita and Wissle, 1991) it
has been shown that ON-type bipolar cells respond to L-gluta-
mate (Glu), the transmitter released from photoreceptors (Ayoub
et al., 1989; Copenhagen and Jahr, 1989), with a decrease in
cationic conductance. This mechanism explains a membrane de-
polarization in response to light which causes a reduction of Glu
release from photoreceptors. An increase in K conductance by
Glu has been proposed as an alternative mechanism for Glu-
induced hyperpolarization in isolated bipolar cells of the tiger
salamander (Hirano and MacLeish, 1990), but its contribution
to the response generation is still controversial. In contrast, OFF-
type bipolar cells respond to Glu with an increase in membrane
conductance to cations (Attwell et al., 1987; Hirano and Mac-
Leish, 1990; Gilbertson et al., 1991).

Recently, it has been demonstrated in amphibians and fish that
the Glu-suppressed channels in ON-type bipolar cells are cati-
onic channels activated by cytoplasmic cGMP (Nawy and Jahr,
1990a; Shiells and Falk, 1990, 1992ab). Because of their sen-
sitivities to cytoplasmic cGMP, it has been hypothesized that the
¢GMP-activated channel found in bipolar cells belongs to the
same family of channels mediating the phototransduction (Fes-
enko et al., 1985) or olfactory transduction (Nakamura and
Gold, 1987). We report here, however, that the cGMP-activated
channels of bipolar cells are fundamentally different from those
of sensory transduction channels. Our findings agree with earlier
noise analysis data on Glu-suppressive current in axolotl bipolar
cells (Attwell et al., 1987; Wilson et al., 1987). It is highly likely
that the cGMP-activated channel in bipolar cells is a novel sub-
type among cyclic nucleotide-gated channels.

In the mammalian retina, rods and cones drive a separate set
of bipolar cells, while in many lower vertebrates bipolar cells
receive mixed rod and cone inputs. In the present work we stud-
ied cat bipolar cells to examine the rod- and cone-driven syn-
apses separately. Based on morphological characteristics it has
been assumed that rod-driven bipolar cells are all ON-type cells
and cone-driven bipolar cells are both ON- and OFF-types (Nel-
son et al., 1978), but electrophysiological experiments on mam-
malian bipolar cells in situ are extremely difficult. Recently it
has been reported that rod bipolar cells exclusively show a
strong protein kinase C-like immunoreactivity (PKC-IR) (Neg-
ishi et al., 1988; Greferath et al., 1990; Suzuki and Kaneko,
1991). We aimed to learn the similarities and differences of Glu-
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induced responses of three subtypes of cat bipolar cells—rod
bipolar cells and cone ON- and OFF-type bipolar cells, by iden-
tifying them by PKC-IR. The PKC-IR-positive cells respond to
Glu only with a conductance decrease to cations, whereas PKC-
IR-negative cells show either conductance increase or decrease
to cations. The present finding supports the hypothesis that rod-
driven bipolar cells are all ON type, and cone-driven bipolar
cells include both ON and OFF types.

Materials and Methods

Enzymatic dissociation. Bipolar cells were enzymatically dissociated
from the retina of deeply anesthetized young adult cats. Animals were
handled according to the Society for Neuroscience’s statement for the
use of animals. Cats were dark adapted for about 20 min prior to death.
This procedure is assumed to make the cat retina easy to remove from
the pigment epithelial layer. The cat was anesthetized with diethyl-ether.
When the cat reached the deepest stage of anesthesia, it was killed by
cervical dislocation. Dissected eyeballs were hemisected, and the retinae
were detached from the pigment epithelium and incubated for 50-60
min in a Ringer solution (in mm 135 NaCl, 5 KCI, I MgCl,, 1 CaCl,,
10 HEPES, 10 glucose, pH adjusted to 7.4 with NaOH) containing 2
U/ml papain (Worthington, Freehold, NJ) and 0.1 mg/ml cysteine at
30°C. The retinae were triturated mechanically by pipetting. Dissociated
cells were seeded in a culture dish containing 3 ml Ringer solution. The
bottom of the culture dish was made of a cover glass coated with
concanavalin-A by the following procedure. A drop of concanavalin-A
(Sigma, C2010) solution (0.1 mg/ml of 1 M NaCl) was placed on the
cover glass for 20 min, after which the dish was washed with distilled
water three times. The dish was air dried and used. Dissociation yielded
a mixture of cells, but bipolar cells were identified unequivocally from
other retinal cells by their characteristic morphology (see Fig. 1). Cells
were stored at 4°C for 2—12 hr before recording.

Recording procedure. For recording, the culture dish was mounted
on the stage of an inverted microscope with phase-contrast or Nomarski
optics (Nikon, TMD). Cells were recorded using the patch-clamp tech-
nique in the whole-cell configuration (Hamill et al., 1981). The pipette
was connected to a patch-clamp amplifier (List Electronics, Darmstadt,
Germany, L/M EPC-7). An Ag-AgCl indifferent electrode was con-
nected to the superfusate via an agarose bridge (120 mm NaCl, 1%
Agar). Membrane potentials were specified by a personal computer (PC-
9801VX, NEC, Tokyo) with a programmable 12-bit D/A converter.
Time and voltage resolutions of the puise generator were 0.5 msec and
0.1 mV, respectively. Data were sampled and digitized by a 12-bit A/D
converter after passing through an eight-pole Bessel filter (Model FV-
625A, NF Circuit Design Block Co. Ltd., Yokohama). For noise anal-
ysis, the data were recorded on a videotape after passing through a PCM
processor (frequency range, 0-15 kHz), and the data from the videotape
was sampled with a microcomputer with a sampling frequency of 1-5
kHz after passing through an eight-pole Butterworth filter. The cutoff
frequency of the filter was set to one-half of the sampling frequency to
minimize aliasing. The junction potential at the pipette tip was neglected
because it was small under the present conditions (<3 mV, Kaneko and
Tachibana, 1986). In ion substitution experiments, the junction potential
at the indifferent electrode was compensated for by a method described
elsewhere (Kaneko and Tachibana, 1986). Sampled data were analyzed
by an off-line PC98 microcomputer (NEC, Japan) or VAX station 3100
(Digital Equipment Corp., Maynard, MA) with laboratory-made pro-
grams. Recordings were made at room temperature.

The pipette solution contained (in mm) 120 CsCl, 1 MgCl,, 5 EGTA,
0.5 CaCl,, and 10 HEPES (pH adjusted to 7.2 with CsOH). Unless
otherwise indicated, cGMP (1 mm) and GTP (1 mm) were added to the
pipette solution in order to monitor the current sensitive to cytoplasmic
¢GMP (Nawy and Jahr, 1990a) which is regulated by a G-protein-me-
diated cascade (Nawy and Jahr, 1990a, 1991, Shiells and Falk, 1990).
High internal Cs was used in order to suppress potassium currents
through voltage-activated channels (P. de la Villa and A. Kaneko, un-
published observations), which enabled us to specify the reversal po-
tential of cGMP-sensitive current. After breakthrough to whole-cell re-
cording configuration, we waited until the potassium currents were
suppressed by diffusion of Cs from the pipette. It took approximately
30 sec, during which we applied test command voltage pulses, to check
the K-current and to confirm rupture of the patch membrane. Pipettes
were made of Pyrex tubing (1.2 mm o.d.) pulled in two steps on a

pipette puller (Narishige Scientific Instruments, PP-83). After heat pol-
ishing, the inner diameter of the pipette was about 1 pm (5-10 MQ in
the bath). In order to minimize the stray capacitance of the electrode,
the external wall of the pipette was coated with an insulating resin
(Apiezon wax, Apiezon Products Ltd., London) dissolved in chloro-
form. Residual capacitance of the pipette was electrically compensated.

Perfusion and drug application. Cells were continuously superfused
at a rate of 0.6 ml/min with Ringer solution (see above). Solutions
containing various [Na*}, were made by replacing NaCl with equimolar
choline chloride and removing other cations (K*, Ca?*, Mg?*) to make
experiments under near bi-ionic conditions. L-glutamate and 2-amino-
4-phosphonobutyric acid (APB) (both from Sigma) were dissolved in
the bath solution and applied by pressure (0.2-0.3 kg/cm?) from a pi-
pette with a large bore (5-10 pm diameter) located 20-50 pm away
from the cell. In order to avoid drug leakage, a weak negative pressure
(adjusted to eliminate efflux of the pipette solution) was constantly ap-
plied to the inside of the pipette.

Immunocytochemical procedure. Immunoreactivity against a protein
kinase C antibody was examined by a method described previously
(Suzuki and Kaneko, 1990). In brief, dissociated cells were fixed in
Zamboni’s solution for 2 hr at 4°C. After rinsing with Dulbecco’s phos-
phate buffer solution (PBS) three times, cells were incubated for 48 hr
in PBS containing the antibody against PKC (Amersham, UK; clone
MCS5) and 0.3% Triton X-100 at 4°C. After rinsing with PBS, they were
reacted for 3 hr with biotinylated anti-mouse IgG in PBS containing
0.1% Triton X-100, followed by a 3 hr incubation in the avidin-biotin
complex prepared by the standard procedure. The peroxidase was de-
veloped using 3,3’-diaminobenzidine tetrahydrochloride.

This procedure was also applied on recorded celis. Bipolar cells were
photographed immediately after recording under Nomarski optics. The
position of the cell in the dish was registered by X/Y coordinates of
the microscope stage. After processing immunocytochemically, the cells
were identified by the registered position of the microscope and pho-
tographed. All cells tested remained at the same position after the PKC-
IR procedure.

Results

PKC-IR and current response to L-glutamate

In order to make an objective identification of the subtype of
the isolated bipolar cells, we first reacted cells with an anti-PKC
antibody which is known to be a reliable marker for the rod-
driven bipolar cells (Negishi et al., 1988; Greferath et al., 1990;
Suzuki and Kaneko, 1991). In our preparation, 110 out of 120
randomly selected isolated bipolar cells (92%) showed positive
PKC-IR. This fraction of staining is almost identical to a pre-
vious experiment (89%, Suzuki and Kaneko, 1991). The mor-
phological characteristics of cells showing positive PKC-IR
were similar to those of the rod bipolar cell in situ (Boycott and
Kolb, 1973): a small soma (<6 pm in diameter), thin and rel-
atively long dendrites ending in fine tips, and a long axon (usu-
ally >15 pm) (Fig. 1A,Ba). Cells that did not show PKC-IR had
a morphology slightly different from rod bipolar cells. They had
a larger soma (approximately 7-8 pm in diameter) and thicker
dendrites (Fig. 1B5,C). The length of the axon was variable.
These cells appeared to be cone bipolar cells as identified in
morphological reports on cat bipolar cells (Boycott and Kolb,
1973).

Responses to Glu (100 pm) were examined in a few hundred
cells randomly selected in the culture dish. Approximately half
of them showed detectable responses. Of 159 cells that respond-
ed to Glu, 147 cells (92%) showed an outward current at a
holding potential (V,) of —40 mV, the potential close to their
resting value (Fig. 14,B, current traces). A minor group of cells
(12 cells, 8%) responded to Glu with an inward current at the
same holding potential. The finding that the majority of bipolar
cells showed an outward current to Glu is consistent with the
large fraction of rod bipolar cells (>90%) in the mammalian
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Figure 1.
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PKC-IR in isolated bipolar cells after recording their Glu-induced responses. A, Two rod bipolar cells showing positive PKC-IR. Outward

current (lower panel) was recorded from one of these cells (arrowhead) in response to a 5 sec application of 100 pm Glu (marked by an elevation
of the bottom trace). B, Qutward current (lower panel) was recorded from a cone bipolar cell (showing no PKC-IR, marked b) in response to a 3
sec application of 100 pM Glu. The cell was somewhat deformed when the patch pipette was removed after recording. Note that a rod bipolar cell
in the same dish shows a positive PKC-IR (arrowhead, a). C, A cone bipolar cell responding with an inward current to a 2 sec application of 100
pMm Glu (lower panel). All cells were voltage clamped at —40 mV. Scale bar, 10 pm.

retina, since rod bipolar cells are assumed to be all ON-type
cells in which Glu is expected to induce an outward current.
The rising time course of the Glu-induced outward current
was much slower than that of the Glu-induced inward current
(compare current traces shown in Fig. 34,B). The outward cur-
rent reached its peak in approximately 1 sec. Contrary to the

outward current, the rising phase of the inward current was much
steeper than that of the outward current. The difference in time
courses may be related to the mechanism of response generation
of these two types of cells (see Discussion).

To make a direct comparison between the polarity of the Glu-
induced response and PKC-IR, we first recorded Glu-induced
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responses and then reacted the recorded cells with the anti-PKC
antibody. Since cone bipolar cells are much fewer than rod bi-
polar cells, we deliberately sampled more cells having a cone
bipolar cell-like appearance. All cells showing positive PKC-
IR, presumably rod bipolar cells, responded with an outward
current (n = 15; see also Fig. 14). Of 12 cells which did not
show PKC-IR, considered to be cone bipolar cells, Glu induced
an outward current in eight cells and an inward current in the
four remaining cells. The negative immunoreactivity was not
due to a technical failure since we found many other nonre-
corded cells in the same dish showing positive PKC-IR (Fig.
1B). No cells showed both positive PKC-IR and an inward cur-
rent. This result is consistent with the notion that rod bipolar
cells are all ON type in the mammalian retina (Dacheux and
Raviola, 1986).

Glu-induced outward current

The Glu-induced outward current described above was actually
a reduction of a steady inward current developed after the es-
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tablishment of the whole-cell patch-clamp condition (Fig. 2).
Immediately after the rupture of the patch membrane, the steady
inward current was quite small (a few picoamperes in Fig. 2),
and the Glu-induced outward current was also very small (Fig.
2, inset a). The steady inward current increased with time, reach-
ing a maximum value of approximately 50 pA in about 5 min
in this example. (The maximum current amplitude and the time
needed to develop the steady current varied from cell to cell.)
The amplitude of the Glu-induced outward current increased in
proportion to the amplitude of the steady inward current (Fig.
2, insets b,c), but under no circumstances did the current ever
cross the 0 level into the positive direction. The reversal poten-
tial of the steady current was near 0 mV and was identical to
that of the Glu-suppressed current (see below). When the pipette
solution did not contain ¢cGMP, neither development of the
steady inward current nor the Glu-induced outward current were
detected (five cells; see Discussion). These observations suggest
that Glu suppressed the existing current by closing the cGMP-
activated channels.
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Figure 2. Development of a cGMP-induced inward current in an isolated bipolar cell in which Glu induced an outward current. The continuous

trace (top panel) represents the cell response obtained immediately after breaking into the whole-cell configuration (V, =

—40 mV). Upward

deflections in the continuous trace represent responses to a 2 sec application of 100 wm Glu. Insets a—c illustrate the responses with the same label
in the fop trace but with an expanded time and current scales. Note that the Glu-induced “outward currents” never exceed the zero current level.
Timing of the 100 pm Glu application is shown as an elevation of the bottom trace.



The response amplitude of the Glu-induced outward current
(or the cGMP-induced steady inward current) was dependent on
the holding voltage; it decreased at more positive holding volt-
ages, almost disappearing near 0 mV, and reversed its polarity
when the cell was held at voltages more positive than 0 mV
(Fig. 3A). The average reversal potential was 0 + 5 mV (mean
+ SD, n = 31). The reversal potential shifted to more negative
voltages in low [Na*]; —13 £ 2 mV in 60 mMm [Na*], —29
*+ 4 mV in 30 mm [Na*], (n = 3). The reversal potential and
its dependence on Na* indicate that the cGMP-induced steady
inward current was carried by ions through nonselective cation
channels.

Glu-induced inward current

As mentioned above, application of Glu induced an inward cur-
rent in a small population of bipolar cells. In these cells no
steady inward current developed, even >10 min after the estab-
lishment of the whole-cell clamp condition with a 1 mm cGMP-
containing pipette. This observation suggests that the Glu-in-
duced inward current was unrelated to the steady inward current
evoked in the majority of cells by cytoplasmic cGMP. The am-
plitude of the Glu-induced inward current varied as a linear
function of driving force (difference between the holding voltage
and the reversal potential); it became smaller when the holding
voltage was shifted to less negative values. The response was
almost undetectable at around 0 mV, and its polarity reversed at
positive holding voltages (Fig. 3B). The average reversal poten-
tial was 0 = 5 mV (n = 8). We succeeded in measuring the
dependence of the reversal potential on [Na*], only in one cell.
In this cell the reversal potential shifted to more negative volt-
ages in low [Na*],; —14 mV in 60 mM [Na*],, and —28 mV in
30 mm [Na*],. The reversal potential and its strong dependence
on Na* indicate that the Glu-induced inward current is also car-
ried by ions through nonselective cation channels.

0>

Dose—response relationship

The sensitivity to Glu was examined in cells responding with an
outward current (Fig. 4). Since it was difficult to record re-
sponses to a series of Glu concentrations in a single cell, we
collected data from different cells, each of which was exposed
to 100 pM Glu and one lower concentration of Glu. Because
100 uM Glu generated a saturating response, the response to the
test concentration was expressed as a fraction of the saturating
response. The dose—response relation had a sigmoidal shape with
the half-saturating dose of approximately 10 pm and a Hill co-
efficient of 1.3. The dose—response curve shows that the working
concentration range of Glu spans approximately from 1 pM to
100 pM, the concentration range reported to be effective for
goldfish horizontal cells (Ishida et al., 1984). In the present
study, we were unable to examine the dose—response relation-
ship in cells showing Glu-induced inward current because of
their small population.-

Effect of APB on bipolar cells identified by PKC-IR

Effect of APB, an agonist for a metabotropic Glu receptor
(Slaughter and Miller, 1981), was tested on isolated bipolar cells,
the subtypes of which were identified by PKC-IR. We found that
cells responding to Glu (100 pM) with a reduction of cGMP-
induced steady inward current also responded to APB (1 uM)
with a reduction of the inward current (seven cells). These in-
cluded both cells showing positive PKC-IR (four cells, an ex-
ample shown in Fig. 5A) and cells that did not show positive
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PKC-IR (three cells, an example in Fig. 5B). The offset time
course of Figure 5B appears slower than that of Figure 54, but
this is not a substantial difference (compare also the responses
of Fig. 1A,B). The time courses of the APB-induced and Glu-
induced responses were almost identical: an onset delay and a
slow rising phase. Both agonists induced similar conductance
decrease as revealed by a ramp voltage-clamp method (Fig. 5).
The reversal potentials were nearly identical (approximately 0
mV).

Bipolar cells which responded to Glu with an inward current
did not respond to 1 um APB (Fig. 5C). Again, the Glu-induced
inward current was accompanied by a conductance increase and
with an increase in current fluctuations. None of these cells was
PKC-IR positive (two cells), consistent with our other obser-
vations that cells that exhibited an inward current response were
PKC-IR negative.

Estimation of single channel properties of cGMP-activated
channels

Since the inward current activated by cytoplasmic cGMP was
accompanied by current fluctuations, we estimated single chan-
nel properties by analyzing current fluctuations. We wished to
compare channel properties for rod-driven cells and cone-driven
cells, but due to technical limitations we were unable to perform
cell-type identification by PKC-IR on cells studied by noise
analysis. Since the rod bipolar cells occupy the majority, the
data presented in this section may represent those obtained from
the rod bipolar cells. In five out of 10 cells examined, current
fluctuations first increased as the cGMP-activated inward current
increased with time and then decreased when the mean ampli-
tude of the inward current further increased and reached a max-
imum (Fig. 6Aa-Ac). The relation between current fluctuations
and the mean amplitude of the cGMP-activated current was also
seen during the recovery of the inward current after washout of
applied Glu (Fig. 6B). Therefore, the change in current fluctu-
ations is dependent on the mean amplitude of cGMP-activated
current and independent of time. Changes in current fluctuations
may indicate that in the rising phase of current fluctuations the
state of channels shifted from a fully closed state to an open—
closed transition, and in the falling phase of current fluctuations
opening probability further increased, making most channels
open (compare Egs. 1 and 2 below). In the remaining five cells,
current fluctuations increased monotonically with an increase of
the mean current amplitude but did not show a decrease until
the end of the recording. The reason for the lack of a full open-
ing of the channels remains unclear, but it can be speculated that
those cells that were lost before full saturation of cGMP either
had a much stronger cGMP buffering capacity or had a higher
basal PDE activity that prevented the saturation of intracellular
cGMP.

The kinetics of the channel were estimated by calculating the
power spectrum distribution (Fig. 6C). In the absence of external
Glu, the power spectrum showed a double Lorentzian function
in the range between | Hz and 250 Hz. In the presence of 100
pM Glu, current fluctuations become significantly smaller, as
indicated by the reduction of the spectral density level (Fig.
6Cb). The power spectrum of the cGMP-activated channel was
obtained by subtracting power spectra obtained in the presence
of Glu from those obtained in the absence of Glu. The calculated
data could be fitted by double Lorentzian functions with corner
frequencies of 1.3 and 47 Hz, respectively (Fig. 6Cc). Similar
double Lorentzian functions were observed in the power spectra
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Figure 3. Two types of Glu-induced membrane currents in bipolar cells isolated from the cat retina. A, An outward current at negative holding
voltages; B, an inward current at negative holding voltages (indicated with each current trace). Responses were evoked by -2 sec pressure application
of 100 uM Glu (marked by an elevation of the bottom traces). Right panels show the current-voltage relation of the Glu-induced responses. The

current amplitude was measured at the peak.

of the Glu-sensitive current fluctuations in ON-type bipolar cells
of the tiger salamander (Wilson et al., 1987).

Single channel conductance and the number of functioning
channels were estimated from the relation between the mean
current amplitude (7) and the variance (0?) (Fig. 7). The relation
could be fitted by a parabola, as can be predicted by the follow-
ing relation (Sigworth, 1980):

o2 = il — PIN, (1)

where N is equal to the total number of cGMP-activated chan-
nels and i is the single channel amplitude. Since the variance
can be zero when all channels are either closed (open probabil-
ity, 0%) or open (open probability, 100%), the intercepts be-
tween the parabola and the current axis represent 0% and 100%
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Figure 4. The dose-response relation of Glu in isolated bipolar cells in which Glu induced an outward current response. One hundred micromolar
Glu and Glu of test concentrations were pressure applied successively (A) and the response amplitude to the test concentration was normalized to
the response amplitude to 100 pm Glu. B, Normalized and average data (number of samples in parentheses) were plotted against Glu concentration.
Short vertical bars represent SD. C, Replotting the data in B as a Hill plot.
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Figure 5. Responses to 100 um Glu and to 1 uMm APB. A, A record obtained from a cell showing positive PKC-IR. Application of both Glu and
APB induced an outward current. The cell was voltage clamped at —40 mV and a ramp depolarization and repolarization (between —40 and +40
mV at a speed of 160 mV/sec, lower trace) were applied in a control solution and during application of either Glu or APB. Note that the slope of
the [-V curve (right panel) became less steep during the application of both Glu and APB, suggesting a conductance decrease. B, A recording
obtained from a cone bipolar cell showing no PKC-IR. Application of both Glu and APB also induced an outward current. Recordings are continuous
but were interrupted by a 120 sec interval between APB application and Glu application. Ramp depolarization revealed that during application of
either Glu or APB the slope of the I-V curve (right panel) became less steep, suggesting a conductance decrease. Slow response recovery (e.g.,
slower than that of A) was caused by a slow superfusion of the cell sitting in the periphery of the culture dish. C, A recording from another cone
bipolar cell showing no PKC-IR. Application of Glu induced an inward current, while APB was ineffective. Ramp depolarization revealed that
during application of Glu the slope of the I-V curve (right panel) became steeper, suggesting a conductance increase.
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Figure 6. Current fluctuations of the cGMP-activated channel in an ON-type bipolar cell. A, Glu (100 pm) was applied by pressure indicated by
upward deflections of the fop trace. Records were obtained circa 16 (a), 18 (b), and 20 min after the establishment of whole-cell recording
configuration. Note that the fluctuations of the steady current increase and then decrease with the increase in the current amplitude. Holding
potential, —40 mV. Sampled at 100 Hz after low-pass filtering by an eight-pole Butterworth filter (cutoff frequency, 50 Hz). B, Dependence of the
current fluctuations on the current amplitude. The falling phase of the trace Ac was reproduced in expanded time and amplitude scales. Note that
the current fluctuations increase and then decrease as the inward current increases. C, Power density spectra of the Glu-suppressive current. Data
were sampled in the absence (a, immediately before the response represented at Ab) and the presence of 100 uM Glu (during response Ab). The
power spectrum of the Glu-suppressive current (identical to the cGMP-activated current) was obtained by subtracting the frequency components in

b from those of a, and is represented in ¢. The continuous curve represents

the sum of two Lorentzian functions fitted by the least squares method.

Corner frequencies of the low and high components are 1.3 and 47 Hz, respectively. Data were sampled at 500 Hz after low-pass filtering by an

eight-pole Butterworth filter (cutoff frequency, 250 Hz).

open probability. The maximum open probability was approxi-
mately 96%. Similar results were obtained in four other cells.

The single channel conductance can be obtained from the re-
lation between /I and I

ol = i — IIN )

This function depends linearly on I. The intercept with the or-
dinate corresponds to the amplitude of the single channel current
(arrowhead in Fig. 7B), and the slope corresponds to the inverse
of the number of channels (1/N). By this method, the amplitude
of the single channel current was estimated to be 0.5 = 0.1 pA
(n = 5) at —40 mV, giving a single channel conductance of 12.5
+ 2.5 pS. A similar value has been reported for a Glu-sensitive
channel in axolotl ON-type bipolar cells (Attwell et al., 1987).
The total number of cGMP-activated channels in an isolated
bipolar cell was estimated to be 125 + 12,

Discussion

In the present study, we demonstrated that isolated bipolar cells
dissociated from the cat retina can be classified into two types
according to the polarity of the Glu-induced response: the ma-
jority of cells responded with an outward current and a small
group of cells responded with an inward current. Since photo-
receptors release Glu tonically in the dark and the release is
suppressed by light, it is expected that Glu generates an outward
current in (and thus hyperpolarizes) ON-type bipolar cells and
an inward current in (and thus depolarizes) OFF-type bipolar
cells. Thus, it is probable that isolated bipolar cells that respond-
ed to Glu with an outward current are ON-type cells, and that
cells that responded to Glu with an inward current are OFF-type
cells. The above identification agrees with several characteristics
of ON- and OFF-type bipolar cells. First, the fraction of cells
responding to Glu with an outward current (approximately 90%)
agrees with the fraction of rod bipolar cells of the cat retina (cf.
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Figure 7. Analysis of the fluctuations of the cyclic GMP-induced current in a bipolar cell in which Glu induced an outward current (a cell different
from Fig. 6). A, Relation between variance (¢2) and mean current (I). Variance was calculated during brief (0.1 sec) samples of current at different
times during the development of the inward current. Basal variance obtained at the complete suppression of current by Glu was subtracted. The
continuous line indicates a parabola drawn by the formula o2 = il — P/N, where N represents the total number of cGMP-activated channels and
represents the single channel amplitude. N and i were obtained from the least squares method shown in B. B, Relation between variance/current
(¢2/I) and the current (/) from data show in A. The straight line was drawn by the least squares method, with the formula 0%/ = i — I/N. Parameters:

i, 0.57 pA; N, 123.

Dacheux and Raviola, 1986). Second, the time course of the
light-evoked responses of ON-type bipolar cells are known to
be slower than those of OFF-type bipolar cells (Copenhagen et
al., 1983). The time course of the Glu-induced outward current
was much slower than that of the Glu-induced inward current.
Third, APB is known to act as a Glu agonist to ON-type bipolar
cells, but not to OFF-type bipolar cells. In the present study, we
found that APB is a Glu agonist to bipolar cells in which Glu
induced an outward current, but was ineffective to cells in which
Glu induced an inward current. It is inferred from these obser-
vations that the Glu receptor molecules in ON-type bipolar cells
are different from those in OFF-type bipolar cells.

It has been suggested in the lower vertebrate that the rod
bipolar cell and the ON-type cone bipolar cell have different
types of glutamate receptors (Saito et al., 1978; Nawy and Co-
penhagen, 1987; Hirano and MacLeish, 1990). In the rod bipolar
cell, Glu reduces the conductance of cation-permeable channels,
while in the ON-type cone bipolar cell, Glu increases the potas-
sium conductance (Saito et al, 1978; Hirano and MacLeish,
1990). It has been reported that APB is a glutamate agonist for
rod bipolar cells in the dogfish (Shiells et al., 1981), while it is
ineffective to cone-driven ON pathways in the goldfish (De-
Marco at al., 1991). In the present study, however, we found
that Glu responses in both rod and cone ON-type bipolar cells
are essentially the same. First, the response in both types of cells
is generated by the decrease of membrane conductance. Second,
the underlying ionic channels are activated by cytoplasmic
cGMP. Third, cGMP-activated channels in both types of cells

have reversal potentials near 0 mV, suggesting both are nonse-
lective cation channels. Fourth, APB is effective for both rod
and cone ON-type bipolar cells. In the present study we did not
find any sign of Glu-induced conductance increase to K* (see
also Nawy and Jahr, 1990a; Shiells and Falk, 1990, 1992a,b).
Technical difficulties limited our studies on single channel prop-
erties to unidentified bipolar cells, but the aforementioned phar-
macological and electrophysiological data suggest that Glu
transduction systems in rod ON- and cone ON-type bipolar cells
are identical.

The Glu-induced outward current in cat bipolar cells was driv-
en by an APB-sensitive Glu receptor and mediated by cytoplas-
mic ¢cGMP as in bipolar cells of the lower vertebrates (Nawy
and Jahr, 1990a, 1991; Shiells and Falk, 1990). Perhaps the re-
ceptor molecule mediating the Glu action in ON-type bipolar
cells is one of the metabotropic Glu receptors (mGluR6) that
have been cloned recently (Nakajima et al., 1993). The signal
of Glu binding to the receptor is transferred to a G-protein,
which is then coupled to a phosphodiesterase (PDE) (Nawy and
Jahr, 1990a, 1991; Shiells and Falk, 1990, 1992a,b). This scheme
is similar to the transducin-mediated activation of PDE in the
photoreceptor outer segment (for review, see, e.g., Pugh and
Lamb, 1993). Consistent with this, immunoreactivity against an-
tibodies specific for a particular species of G-protein, different
from transducin, has been recently localized in a subset of bi-
polar cells of the mammalian retina (Vardi et al., 1993).

Yamashita and Wissle (1991) have reported a Glu-induced
outward current in rat bipolar cells using a nystatin-perforated



patch technique. Their observations were similar to our present
data in that the Glu suppressed a steady inward current. They
suggested, however, that cytoplasmic Ca?* is essential for the
generation of Glu responses. Our interpretation does not agree
with theirs since under our whole-cell recording conditions the
cytoplasm should have been dialyzed with a Ca-EGTA buffer
resulting in a low concentration of cytoplasmic Ca2*.

The introduction of cGMP into ON-type bipolar cells caused
the development of an inward current which is suppressed by
Glu. This result is consistent with the idea that light-induced
depolarization in these cells is generated by an increase in the
membrane conductance by the reduction of Glu release from
photoreceptor cells. It is expected that ON-type bipolar cells
have an intrinsic cGMP pool which induces a standing inward
current. Indeed, a standing inward current has been recorded in
ON-type bipolar cells in a slice preparation (Nawy and- Jahr,
1990b). The standing current diminishes with time when the
patch pipette does not contain cGMP or GTP, due perhaps to
“washout” of ¢cGMP by internal dialysis. In the present study
the standing inward current obtained at the beginning of record-
ing was as small as a few pA, suggesting that the intrinsic cGMP
pool in our preparation was very small. It has also been reported
in rod bipolar cells isolated from the rat that an APB-suppress-
ible standing inward current is observed in a very small fraction
of cells (5/93; Karschin and Wissle, 1990).

The most likely interpretation for the discrepancy between the
slice and dissociated preparations is that the intrinsic cGMP lev-
el became extremely low by dissociation. Since bipolar cells
receive the synaptic input at the dendritic terminal, it could be
possible that the guanylyl cyclase is localized to the dendritic
tip. If the dissociation treatment lowered the cGMP production
by amputating the dendritic tip (see also Karschin and Wissle,
1990), the cGMP pool will soon be depleted by a continuous
hydrolysis by an intrinsic phosphodiesterase. With the same rea-
son, the number of cGMP-activated channels calculated here
could underestimate the real number present in an ON-type bi-
polar cell in situ.

The development of the steady inward current by cGMP was
slow. A similar time course was observed in a slice preparation
(Nawy and Jahr, 1990a). Interestingly, once the inward current
had developed, withdrawal of Glu produced an increase of the
current to the same preagonist level within 2 sec, much faster
than the initial current development (see also Nawy and Jahr,
1990a). A possible interpretation is that cGMP supplied from
patch pipette into the cytoplasm may be trapped by a high-af-
finity, large capacity binding mechanism similar to that reported
for the rod outer segment (cf. Pugh and Lamb, 1993). Before
the development of the steady inward current, the binding sites
must be filled with cGMP supplied from the recording pipette.
Application of Glu may lower the cGMP concentration only in
the vicinity of the plasma membrane. Therefore, upon recovery
from the current suppression by Glu, cGMP will be rapidly re-
filled either from the cytoplasmic storage or from the recording
pipette.

In the present study, the unitary conductance of cGMP-acti-
vated channels was estimated to be approximately 13 pS. Since
the standing inward current (and the accompanying current fluc-
tuations) of cat ON-type bipolar cells developed only after
c¢GMP diffused into the cell interior from the recording pipette,
it is highly likely that the fluctuations originated mainly in the
cGMP-activated channels. It has been argued that fluctuations
of the Glu-suppressive current in axolotl bipolar cells may in-
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clude additional components representing biochemical events lo-
cated in the upstream to ¢cGMP metabolism (Wilson, 1994).
However, agreement of our data and those (11 pS) of Attwell et
al. (1987) indicates that fluctuation originating in the earlier
stages of cGMP metabolism may be much smaller than the fluc-
tuation generated by channel transitions.

One remarkable difference between our data and Attwell et
al.’s (1987) is the maximum open probability: it was almost
100% in the present study, while much less than 50% in the
axolotl. This difference can be simply explained by the fact that
Attwell et al. (1987) did not put either cGMP or GTP in their
recording pipette.

The cyclic nucleotide-gated channels in both visual and ol-
factory sensory cells show essentially the same gating properties
(for review, see, e.g., Kaupp and Koch, 1992; Menini and An-
holt, 1994) and exhibit extremely small unitary conductance (0.1
pS, Fesenko et al., 1985) due presumably to the flickering block-
age of open channels by divalent cations (Haynes et al., 1986;
Matthews, 1986; Zufall and Firestein, 1993). In contrast, how-
ever, in the presence of divalent cations the single channel con-
ductance of Glu-suppressive channels (11 pS, Attwell et al.,
1987) and of cGMP-activated channels (13 pS, present study)
in bipolar cells was two orders of magnitude larger than the
value described for sensory channels. Furthermore, cGMP-acti-
vated channels in ON-type bipolar cells showed almost 100%
open probability, which never happens when the channels are
subject to flickering block. Indeed, it has been shown in cGMP-
activated channels of the rod that the relation between the vari-
ance and mean current amplitude shows a linear function up to
the saturating ¢cGMP concentration, because their maximum
open probabilities are extremely low (Matthews, 1986). Part of
the difference between sensory transduction channels and bi-
polar channels may be explained by the fact that cGMP-acti-
vated channels in bipolar cells are quite insensitive to divalent
cations (Shiells and Falk, 1992b).

We conclude that cGMP-activated channels in retinal ON-type
bipolar cells are remarkably different from those described for
photoreceptor or olfactory receptor cells. This finding suggests
that the cGMP-activated channel in retinal bipolar cells is a nov-
el subtype among cyclic nucleotide-activated channels, or pos-
sibly a completely different ionic channel, and therefore explains
why an antibody against photoreceptor cGMP-activated chan-
nels does not stain bipolar cells (Wissle et al., 1992).
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