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Dihydropyridine-sensitive Calcium Current Mediates Neurotransmitter
Release from Bipolar Cells of the Goldfish Retina
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The release of neurotransmitter is evoked by activation of
the Ca current (/.,) at presynaptic terminals. Though multiple
types of /., have been reported in various cells, little is known
about the properties of presynaptic /., in the vertebrate CNS.
The aim of this article is to identify the type of /., involved
in the release of neurotransmitter from retinal bipolar cells.
Bipolar cells with a large axon terminal were isolated en-
zymatically from the goldfish retina, and studied by the fol-
lowing techniques: (1) recordings of I, in the whole-cell
recording configuration, (2) visualization of intracellular free
Caz+ concentration ([Ca?* ]) with the Fura-2 imaging system,
and (3) real-time electrophysiological bioassay of released
excitatory amino acid transmitter by a voltage-clamped hor-
izontal cell isolated from the catfish retina. The only /., found
in bipolar cells was the high-voitage-activated, dihydropyr-
idine-sensitive type. This result supports the recent study
by Heidelberger and Matthews (1992). When /., was acti-
vated by a short depolarizing pulse, a rapid increase of [Ca?*],
was restricted to the axon terminal. A much slower and
smaller increase of [Ca?*]; was sometimes observed at the
cell body, probably due to the diffusion of intracellular free
Ca2* from the axon terminal. The increase of [Ca?*], was
completely suppressed by nicardipine, suggesting that Ca?*
entered through dihydropyridine-sensitive Ca channels lo-
cated mainly at the axon terminal. Activating /., of the bipolar
cell evoked a transmitter-induced current in the excitatory
amino acid probe (i.e., the catfish horizontal cell). Both cur-
rents were suppressed concomitantly by nifedipine but not
by w-conotoxin. We conclude that the activation of dihydro-
pyridine-sensitive /., causes a localized increase of [Ca?*],
at the axon terminal of bipolar cells, and results in the release
of neurotransmitter.
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aptic terminal, synapse, retinal bipolar cells, retina]
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The release of neurotransmitter is evoked by the entry of Ca?+
into presynaptic terminals via voltage-gated Ca channels (Katz
and Miledi, 1969; Llinas et al., 1981; Augustine et al., 1985;
reviewed in Augustine et al., 1987). Since multiple types of
voltage-gated Ca channels have been demonstrated in various
cells (reviewed in Bean, 1989; Carbone and Swandulla, 1989)
and since these channels are different in many aspects, such as
their voltage dependence, single-channel conductance, activa-
tion and inactivation kinetics, and sensitivity to pharmacolog-
ical compounds (Hagiwara et al., 1975; Carbone and Lux, 1984,
Armstrong and Matteson, 1985; Nowycky et al., 1985; Fox et
al., 1987; Kasai et al., 1987), it is important to identify the
subtype of Ca channels located at the presynaptic terminal.

The application of electrophysiological techniques has been
hindered by the extremely small size of presynaptic terminals.
Thus, in most experiments, the nature of presynaptic Ca chan-
nels has been inferred from indirect evidence mainly based on
pharmacological studies of the release of neurotransmitter sub-
stances in synaptosomes (Reynolds et al., 1986; Woodward and
Leslie, 1986) or cultured neurons (Perney et al., 1986; Rane et
al., 1987; Hirning et al., 1988; Loudes et al., 1988). It has been
suggested that Ca’+ entry via w-conotoxin-sensitive Ca channels
may dominate the release of small vesicles containing only clas-
sical “fast” neurotransmitters, whereas Ca?* influx through di-
hydropyridine-sensitive Ca channels may dominate the release
of large dense-core vesicles containing peptides (Miller, 1987,
Hirning et al., 1988).

The above hypothesis should be examined by recording si-
multaneously the Ca current (I.,) at the presynaptic terminal
under voltage clamp and the postsynaptic responses (or the
release of neurotransmitter). The presynaptic Ca current has
been recorded from a few preparations with an extraordinarily
large presynaptic terminal, such as squid giant synapses (Llinds
etal., 1981; Augustine et al., 1985; Smith et al., 1985; Charlton
and Augustine, 1990), calyces of ciliary ganglia of chick embryo
(Stanley and Atrakchi, 1990; Yawo, 1990), and rat neurchy-
pophyses (Lemos and Nowycky, 1989; Wang ¢t al., 1992).

One type of bipolar cells (on-type cells with mixed rod and
cone inputs) in cyprinid retinas has an extremely large axon
terminal (Ishida et al., 1980; Saito and Kujiraoka, 1982). Pre-
vious experiments, using the whole-cell recording method, sug-
gested the presence of dihydropyridine-sensitive Ca current (/..,)
in these neurons (Kaneko et al., 1989; Tachibana and Okada,
1991). Recently, we developed a preparation useful for the study
of the mechanism of neurotransmitter release (Tachibana and
Okada, 1991). This preparation enabled us to monitor simul-
taneously both the I, and the release of endogenous neuro-
transmitter (an excitatory amino acid, very probably glutamate)



from a single on-type bipolar cell. The present study employed
this preparation to investigate what type of presynaptic /., me-
diates the release of excitatory amino acid transmitter from
retinal bipolar cells. In addition, changes of intracellular free
Ca?* concentration ([Ca2*],) were monitored by the Fura-2 im-
aging system.

Part of the work has been already reported elsewhere (Tach-
ibana et al., 1991) and was presented at the 14th International
Symposium of the Taniguchi Foundation on Visual Science held
November 1991. While this work was in progress, an article
was published by Heidelberger and Matthews (1992) with es-
sentially similar results on the characterization of I, by using
the same type of bipolar cells isolated from the goldfish retina.
However, concerning the changes of [Ca2+]; the interpretation
of Heidelberger and Matthews is different from that of the pres-
ent work.

Materials and Methods

Preparation of isolated neurons. Bipolar cells were obtained from the
retina of goldfish (total body length, 15-20 cm). The details of disso-
ciation procedures have been described previously (Tachibana, 1981;
Tachibana and Okada, 1991). In short, eyes were enucleated from pithed
goldfish. The retinas were pretreated with a low-Ca?* solution contain-
ing hyaluronidase (0.1 mg/ml; Sigma H-3506) and then incubated with
a low-Ca2* solution containing cysteine-activated papain [5S mm L-cys-
teine hydrochloride (Tokyo Chemical Industry Co. Ltd., Tokyo, C0517),
4 mg/ml papain (Wako Pure Chemical Industries, Ltd., Osaka, 164-
00172)]. The composition of the low-Ca?* solution was (in mm) NaCl,
120; KCl, 2.6; NaHCO,, 1; NaH,PO,, 0.5; Na-pyruvate, 1; glucose, 16;
HEPES, 4 (pH adjusted to 7.2 with NaOH). After the retinas were rinsed
with a standard solution, they were mechanically triturated using a large-
tip pipette (~1.5 mm internal diameter). The standard solution con-
tained (in mm) NaCl, 120; KCl, 2.6; CaCl,, 2.5; MgCl,, 1; glucose, 10;
and HEPES, 10; with 0.1 mg/ml BSA (pH adjusted to 7.4 with NaOH).
A few drops of cell suspension were placed in a culture dish (Falcon
3001).

Recordings were made from bipolar cells with a large bulb-like axon
terminal. In the intact retina these cells receive inputs from both rods
and cones, and respond with membrane depolarization to the illumi-
nation of their receptive field center (on-type cells; Saito and Kujiraoka,
1982). The isolated on-type bipolar cells were used for experiments
within a few hours after dissociation.

In experiments aimed to study the neurotransmitter release (release
experiments), cone horizontal cells dissociated from the retina of catfish
(total body length, 12-17 cm) were used as a probe of excitatory amino
acids (Tachibana and Okada, 1991). These cells contain both N-methyl-
p-aspartic-acid (NMDA) receptors and non-NMDA receptors, and are
able to detect submicromolar concentrations of L-giutamate when the
NMDA receptors are potentiated by 10 uM glycine. Although catfish
horizontal cells contain also GABA , receptors, the response evoked by
a saturating dose (100 um) of GABA is very small (Tachibana and
Okada, 1991). The dissociation procedure was the same as mentioned
above, except that the catfish retina was not pretreated with hyaluron-
idase. A few drops of cell suspension were placed in culture dishes
(Falcon 3001) that contained 2 ml bf Ames’ solution (Sigma A-1420;
pH adjusted to 7.4 with HEPES bulffer); cultures were maintained at
15°C in a low-temperature incubator for 1-6 d prior to being used for
release experiments.

Recordings of the Ca current from goldfish bipolar cells. A culture dish
was inserted into a temperature-controlled water jacket mounted on the
stage of an inverted microscope equipped with phase-contrast optics
(Olympus IMT-2 or Nikon TMD). A stainless steel ring was put into
the dish to reduce the volume of superfusate and to facilitate heat
exchange. Cells isolated from the goldfish retina were continuously su-
perfused with the standard solution pumped at the rate of 0.24-0.60
ml/min. Experiments were carried out between 15°C and 16°C.

Bipolar cells with a huge axon terminal were voltage clamped by a
patch pipette (resistance measured in the bath solution, ~10 MQ) in
the whole-cell recording configuration (Hamill et al., 1981). The series
resistance (R,), estimated with the R, compensation circuitry of the List
EPC-7 patch-clamp amplifier, ranged typically from 20 to 30 MQ. When
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the membrane current was less than 200 pA in amplitude, the com-
pensation of R, (approximately 50% compensation by the electrical
circuit of EPC-7) did not cause appreciable changes in the amplitude
and waveform of the current. However, an escape from clamp was
observed when the current amplitude was much larger than 200 pA.
Since the R, compensation was not routinely used in the present study,
the results are described rather qualitatively when the amplitude of the
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The patch pipette contained (in mm) CsCl, 120; CaCl,, 0.5; EGTA,
5; MgCl,, 2; Na,ATP, 5; HEPES, 10 (pH adjusted to 7.2 with CsOH).
In some cases, EGTA (5 mm) was replaced with BAPTA (1 mm) and
the osmolarity was adjusted by adding CsCl. Voltage-activated and Ca-
mediated K currents (Kaneko and Tachibana, 1985) were almost com-
pletely suppressed by the Cs* pipette solution containing 5 mm EGTA.
In some experiments, the superfusate was changed from the standard
solution to a tetracthylammonium (TEA) solution, in which Na+ and
K+ were totally replaced with TEA, but the amplitude and time course
of membrane currents showed no significant change.

The recording pipette was positioned either at the cell body or at the
axon terminal. The normalized I.,-membrane potential curve obtained
at the axon terminal was almost identical to that at the cell body,
suggesting that the space-clamp condition of bipolar cells was satisfied.

Pharmacological agents, such as Bay K 8644 (Calbiochem 196878),
nicardipine (Sigma N-7510), nifedipine (Sigma N-7634), and w-cono-
toxin GVIA (Peptide Institute, Inc., Osaka, Japan, 416 1), were dissolved
in the same solution as the superfusate, and applied through a “Y”-
tube microflow system (Suzuki et al., 1990). Its outlet was positioned
at a close distance (<500 um) from the cell under investigation.

Measurement of intracellular Ca ion concentration. Intracellular con-
centration of free Ca2* ([Ca?*],) in isolated bipolar cells was measured
by using Fura-2, a fluorescent Ca** indicator (Grynkiewicz et al., 1985).
When I, was not recorded, bipolar cells were loaded with a membrane-
permeable acetoxymethyl ester form of Fura-2 (Fura-2/AM; Dojindo
Lab., Kumamoto, Japan, 348-05831). Fura-2/AM dissolved in di-
methyl sulfoxide (DMSO; 1 mM stock solution) was added to the stan-
dard solution at the final concentration of 1-5 uM. To improve the
solubilization of Fura-2/AM, pluronic F-127 (25% w/w in DMSO) was
added to the Fura-2/AM solution (2.5 ul/ml). Bipolar cells were incu-
bated with this Fura-2/AM solution for 20-30 min at 15-20°C, and
then rinsed with the standard solution for more than 20 min. To estimate
the percentage of the Fura-2/AM that had been converted to the Ca2+-
sensitive form, bipolar cells loaded with Fura-2/AM (5 um) were exposed
to the external solution containing 2-5 uM Ca’+ ionophore [4-Br-calcium
ionophore A23187 (Sigma B-7272) or ionomycin (Sigma 1-0634)] and
3.5 mMm Mn?* to quench the fluorescence of deesterified Fura-2. It was
found that 96 + 1% (mean + SD; n = 8 cells examined) of cellular
fluorescence was quenched by this procedure, indicating that most of
the intracellularly accumulated Fura-2/AM was effectively converted to
Fura-2 and that the Ca?* indicator was mostly accessible to ionophore-
mediated divalent cation influx. /., of a Fura-2-loaded bipolar cell was
activated by the application of a high-K+ (130 mm) solution ejected
from a large-tip (2-5 um in diameter) pipette by pressure (Tachibana,
1985).

In experiments, where [Ca?+*], and I, were simultaneously monitored,
Fura-2 (pentapotassium salt; Dojindo Lab., Kumamoto, Japan, 347-
05421) was introduced into a bipolar cell via a recording pipette. Fura-2
(100 um) was dissolved in the Cs* pipette solution, which contained no
EGTA to minimize effects of exogenous Ca’* buffers on changes of
[Ca2+], (osmolarity adjusted with CsCl). In some experiments EGTA (1
or 5 mm) was included in the pipette solution. The patch pipette was
positioned either at the axon terminal or at the cell body, but neither
I, nor [Ca?*]; was affected by the position of the recording pipette. The
measurement of [Ca2+]; was started approximately 5 min after the rup-
ture of the patch membrane, when the intensity of Fura-2 fluorescence
became strong enough to be detected by a silicon-intensified target (SIT)
camera (C2400-08, Hamamatsu Photonics, Hamamatsu, Japan). Flu-
orescence of Fura-2-loaded single bipolar cell was imaged using a 100 x
oil immersion objective (Nikon NCF Fluor; NA = 1.30) and an inverted
microscope equipped for epifluorescence (Nikon TMD with a 100 W
Xe lamp). Video images were obtained using the SIT camera, and its
output was fed into the image processor (ARGUS-100/CA system, Ha-
mamatsu Photonics). The images were digitized to a spatial resolution
of 256 x 241 pixels with an 8-bit intensity resolution. To correct for
the spatial variations in dark current of the camera, an averaged image,
obtained without UV-light illumination of the preparation, was sub-
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Figurel. Voltage dependence of the Ca current. Inset, Sampled current
recordings from a bipolar cell under whole-cell voltage clamp. The cell
was depolarized for 50 msec from the holding potential of —~70 mV to
—10 mV in the absence and presence (*) of Co?* (3.5 mm). Patch pipette
was filled with the Cs+ solution containing EGTA (5 mm). Currents
were low-pass filtered at 2.5 kHz. Current—voltage relationship, Peak
amplitude of the current was plotted against the membrane potential.
Solid circles indicate the values in the standard solution, and open circles,
the values in the presence of Co2*. The Ca current (/) could be obtained
by subtracting the values indicated by open circles from that displayed
by solid circles at corresponding potentials.

tracted from each fluorescence image on a pixel-by-pixel basis. An image
of Fura-2 fluorescence at 510 nm emission was taken with 360 nm
excitation wavelength. Then, a series of 510 nm fluorescence images
were obtained at the rate of 10-15 frames/sec with 340 nm excitation
wavelength. Finally, a fluorescence image was taken again with 360 nm
excitation wavelength. The excitation intensities were adjusted to min-
imize the photobleaching and the generation of fluorescent photoprod-
ucts by inserting quartz neutral density filters to the light paths; the
fluorescence intensity of the last 360 nm image decreased to approxi-
mately 90% of that of the first 360 nm image after 5 sec exposure of
340 nm light. After smoothing each image by a 3 x 3 matrix averager,
the ratio image was achieved from the division of the 340 nm image
by the corresponding 360 nm image that was interpolated linearly using
the first and the last 360 nm images. A fluorescence intensity threshold
was set before the division in order to exclude noncellular regions from
the determination of the ratio image. In some experiments, where a
long-term change of [Ca?*], was monitored, the preparation was illu-
minated by alternating 340 nm and 380 nm lights every 1 sec, and the
ratio images were calculated by the division of 340 nm image by the
corresponding 380 nm image.

The relationship between the Fura-2 fluorescence and the free Caz+
concentration was calibrated in vitro. Fura-2 (20 um) was added to 200
ul of Ca2+ buffer solutions (EGTA, 10 mm; CsCl, 110 mm; HEPES, 10
mum; KOH, 50 mmM; CaCl,, 0-10 mm; pH 7.20 adjusted by HCl), and
the intensity ratio of fluorescence was measured for each buffer solution
as described above. This in vitro calibration provided us only with a
rough estimation of [Ca2+*]; because it has been reported that the Fura-2
fluorescence is affected by various intracellular factors (Williams and
Fay, 1990; Uto et al., 1991). In this article, therefore, we focused our
analysis on the spatial and temporal changes of [Ca?*], and not on the
absolute level of [Ca?*],.

Recording procedures for release experiments. A culture dish, in which
catfish horizontal cells had been maintained, was mounted on the stage
of an inverted microscope, and a freshly prepared goldfish retinal cell
suspension was dropped into the dish. A patch pipette filled with the
Cs+ pipette solution was positioned at the axon terminal of a goldfish
bipolar cell, and then the cell was voltage clamped at —70 mV in the
whole-cell recording configuration. A catfish horizontal cell was voltage
clamped at +30 or +40 mV by another patch pipette filled with the
Cs+ pipette solution supplemented with 0.5 mm cAMP. Finally, the
bipolar cell was transported onto the horizontal cell by manipulating
the recording pipette, and then the axon terminal of the bipolar cell was
gently pushed against the horizontal cell (Tachibana and Okada, 1991).
To potentiate the NMDA receptors of catfish horizontal cells, the bi-

polar-horizontal cell pair was superfused with the solution containing
10 um glycine, which was ejected from the Y-tube microflow system.
Pharmacological compounds were dissolved in the glycine-containing
solution and were applied from the same Y-tube microflow system.

Current and voltage signals from two patch-clamp amplifiers (Nihon
Kohden CEZ-2200 and List EPC-7) were monitored on an oscilloscope
and a pen recorder, and stored by a PCM recorder (Sony PC-108M,
DC to 10 kHz). At the same time, data were passed through a low-pass
filter (NF Electronic Instruments, Yokohama, SR-4FL) to eliminate
aliasing, sampled and digitized by an A/D converter (Canopus, ADX-
98H; sampling speed, 0.1-1 kHz) connected to a computer (NEC,
PC9801-RX), and stored on a hard disk for later analysis.

Each result reported in this article was based on the observations
obtained from at least three bipolar cells or three pairs of bipolar and
horizontal cells, if not otherwise specified.

Results

Identification of subtype of Ca current

We investigated the properties of the Ca current (I,) of on-type
bipolar cells with a huge bulb-like axon terminal to identify the
subtype of Ca channels. The voltage-activated and Ca-mediated
K currents (Kaneko and Tachibana, 1985) were almost com-
pletely eliminated by Cs* and EGTA introduced via patch pi-
pette. When the membrane potential was changed from the
holding potential of —70 mV to potentials more positive than
approximately —45 mV, an inward current with a slow decay
was evoked (Fig. 1, inset, current trace without asterisk). The
amplitude of the inward current increased as the membrane
potential was shifted up to — 10 mV, and decreased with much
larger depolarization (Fig. 1, solid circles).

The inward current was almost completely suppressed when
the extracellular Ca2+ was replaced with Co?*, a Ca channel
blocker (Fig. 1, inset, current trace with asterisk). There was no
apparent voltage and time dependence in the remaining current.
The current—voltage relationship in the presence of Co?* was
nearly linear and the membrane resistance was very high (~2
GQ) (Fig. 1, open circles). Therefore, the current in the presence
of Co?* consisted mostly of a leakage current. The effect of Co?*
was reversible upon washout. Divalent cations such as Cd** and
Ni2+ also suppressed the inward current strongly (not illustrated;
but see Tachibana and Okada, 1991, their Figs. 8, 9). The order
of potency in blocking, estimated by the concentration that caused
half-inhibition, was Cd** (23 um) > Ni2+ (50 um) > Co?+ (120
uM) > Mn2* (420 um) > Mg?+ (5.3 mm).

When Ca?+ in the superfusate was increased from 2.5 to 10
mM, the amplitude of the inward current also increased (not
illustrated). The current increased further after the replacement
of 10 mMm Ca2?* with equimolar Ba?* or Sr2+. The order and
relative value of current amplitude were Ba2* (1.9) > Sr2+ (1.4)
> Ca?* (1.0). These observations demonstrated that the inward
current after leakage subtraction was carried mainly by Ca+
through Ca channels.

I, was activated at potentials more positive than —45 mV,
and the maximal current (/,,,: 291 + 51 pA, n = 6) was evoked
at approximately —10 mV (Fig. 1). The current with 5% of I,
was induced at —42 = 1 mV (n = 6). Depolarization to potentials
more positive than — 10 mV reduced the amplitude of /,, main-
ly due to the decrease of driving force for Ca?+.

No inward current was evoked at potentials more neg: tive
than —50 mV even when the holding potential was set tc —90
mV or —100 mV (not illustrated). Furthermore, even at the
holding potential of —50 mV, where the low-voltage-activated
I, is known to be almost completely inactivated, depolarizing
pulses evoked I, comparable to that induced from more negative
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holding potentials. Thus, we concluded that on-type bipolar cells
of the goldfish retina were equipped with the high-voltage-ac-
tivated I.,. The low-voltage-activated I, was not detected in
this preparation.

Under the experimental condition, in which 5 mM EGTA was
included in the pipette solution, I, showed very slow decay and
could be maintained during depolarizing pulses (> 500 msec in
duration) (not illustrated; see also Tachibana and Okada, 1991),
indicating that I, was of the sustained type.

High-voltage-activated I, is classified into two pharmaco-
logically distinct types: the dihydropyridine-sensitive type and
the w-conotoxin-sensitive type (Aosaki and Kasai, 1989). To
ascertain the nature of the I, of goldfish on-type bipolar cells,
we tested the effect of these pharmacological agents.

Dihydropyridine compounds were powerful in modifying I,
as reported previously by Kaneko et al. (1989) in the same
preparation. I, was potentiated greatly by Bay K 8644 (0.3 um)
(Fig. 24). On the other hand, nicardipine blocked I, strongly
(Fig. 2B). As reported for other dihydropyridine blockers (Bean,
1984; Sanguinetti and Kass, 1984), the blocking effect of nicar-
dipine was affected seriously by the holding potential. The con-
centrations that caused half-inhibition of /., were 0.2 um, 0.7
uM, and 1.2 um at the holding potentials of —50 mV, —70 mV,
and —90 mV, respectively (not illustrated). Partial recovery was
observed upon prolonged washout. Nifedipine also suppressed
I, (Fig. 2C), but it was less effective than nicardipine, and higher
concentrations were required for current blockade. Nifedipine
at 3 uM reduced the amplitude of /., to half at the holding
potential of —60 mV. Nifedipine showed a better recovery upon
washout than nicardipine.

w-Conotoxin did not block /., even at the concentration of
1-5 uM (n = 12) (Fig. 2D). This concentration has been reported
to suppress very strongly the w-conotoxin-sensitive I, of other
preparations (Kerr and Yoshikami, 1984; Fox et al., 1987; Kasai
et al., 1987; Aosaki and Kasai, 1989). On four occastons we
were able to test the effect of both drugs on the same bipolar
cell: in all cells w-conotoxin was ineffective whereas nifedipine
had a strong inhibitory action (Fig. 2C, D).

This series of experiments demonstrated that the I, of gold-
fish bipolar cells with a large axon terminal was of the high-
voltage-activated, dihydropyridine-sensitive type, and that
neither the low-voltage-activated type nor the w-conotoxin—-sen-
sitive type was detected in these cells. These results confirm the
recent report of Heidelberger and Matthews (1992) on the iden-
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Figure 2. Effects of dihydropyridines

and w-conotoxin on the Ca current. Su-

perimposed current traces were record-

ed in the presence (*) and absence of

pharmacological agent. Cells were de-
D polarized from the holding potential of

=70 mV to —20 mV for 100 msec (4)
w-CONOTOXIN or 50 msec (B-D). A4, Potentiation of I,
and the tail current by Bay K 8644 (0.3
uM). B, Blockade by nicardipine (10 um).
C, Blockade by nifedipine (100 um). D,
No blockade by w-conotoxin (5 um).
Current recordings shown in C and D
* were obtained from the same bipolar
cell. Same calibration applies to C and
D. Recording pipette was filled with the
Cs* pipette solution containing EGTA
(5 mMm). Currents were low-pass filtered
at 1 kHz (A4) or at 2.5 kHz (B-D).

200pA

50msec

tification of I, recorded from the same type of bipolar cells
isolated from the goldfish retina.

Changes of intracellular free Ca?+ concentration in response to
the activation of the Ca current

To gain insight into the physiological function of I, of bipolar
cells, we measured the magnitude and spatiotemporal changes
of intracellular free Ca?* concentration ([Ca2*],) induced by the
activation of I, using Fura-2-loaded single bipolar cells.

First we examined changes of [Ca”*], elicited by the appli-
cation of a high-K+ solution in bipolar cells, which were pre-
viously incubated with Fura-2/AM, a membrane-permeable de-
rivative of Fura-2. Since whole-cell recordings were not carried
out in these cells, their intracellular environment was not per-
turbed by the diffusion of pipette solution but /., could not be
monitored.

At the resting state the spatial distribution of intracellular free
Ca?*+ was sometimes heterogeneous (Fig. 34; see also below).
However, there was no consistent tendency for the resting free
Ca?* level to be higher at a special part of the axon terminal
(49 cells examined).

To activate /I, a high-K+ solution (130 mm K+) was ejected
toward the Fura-2-loaded bipolar cell from a puff pipette for 3
sec. At the axon terminal the free Ca2* level increased rapidly
and almost reached a steady level less than 1 sec after the onset
of high-K+ application (Figs. 3B-E 4, trace 1). At each moment
when fluorescence image was acquired (15 frames per sec), the
spatial distribution of free Ca2+ was heterogeneous at the axon
terminal but “Ca2+ wave” was not clearly observed.

Increased intracellular free Ca2?+ appeared to spread from the
axon terminal toward the cell body with time (Fig. 3B-E). As
illustrated in Figure 4, the increase in [Ca?*], started with a
longer delay at the axon fiber (trace 2) than at the axon terminal
(trace 1). Furthermore, the rate of rise was slower and the amount
of change was smaller at the axon fiber (trace 2) than at the axon
terminal (trace 1). As the distance from the axon terminal be-
came longer (the cell body, trace 3; the principal dendrite, trace
4), [Ca’+]; increased much more slowly. In a total of 49 cells
examined, similar results were obtained from 45 cells. In the
remaining four cells, the increase of [Ca?+], was restricted only
to the axon terminal. The spatiotemporal difference between
the axon terminal and the cell body was not related to the loading
condition of Fura-2/AM (the concentration of Fura-2/AM, the
incubation time, or the incubation temperature). Since bipolar
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Figure 4. Temporal changes of [Ca2*]; induced by the application of
the high-K+ (130 mm) solution. Data were obtained from the same
bipolar cell illustrated in Figure 34—F. The high-K+ solution was applied
by pressure during the period indicated with the solid bar. Ordinate,
Intensity ratio of fluorescence (F,,o/Fy). Image acquisition rate, 15
frames/sec. Each trace (I—4) indicates the averaged fluorescence ratio
in the small square region shown in the inset. A—E show the time when
the corresponding images of Figure 3 were sampled.

cells seemed to be equipotential (see Materials and Methods;
see also Heidelberger and Matthews, 1992), such spatiotemporal
pattern could not be ascribed to the heterogeneous distribution
of membrane potential. These results suggest that [Ca?*]; in-
creased rapidly at the axon terminal upon depolarization and
then the increased free Ca?* moved toward the cell body through
the axon fiber by diffusion.

Soon after the offset of a puff of the high-K+ solution, the free
Ca?* level at the axon terminal started declining whereas that
at the cell body continued increasing for a while (Fig. 5). This
observation is also consistent with the hypothesis that the wave
of free Ca?* travels from the axon terminal to the cell body.

The magnitude of changes in [Ca?*], induced by the high-K+
application differed clearly between the axon terminal and the
cell body (Figs. 4, 5). However, when a Ca ionophore (ionomycin
or Br-A23187) was applied to Fura-2-loaded bipolar cells, the
rate of rise and the final value of [Ca2*], were very similar at
both regions (n = 12; not illustrated). Furthermore, the regional
heterogeneity of resting [Ca2+],, which was sometimes observed
when the cell was loaded with a high concentration of Fura-2/
AM (see Fig. 34), also disappeared. This observation suggests
that Fura-2 in the cell body and the axon terminal was similarly
accessible to ionophore-mediated influx of Ca2+, and is against
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Figure 5. Slow temporal changes of [Ca2+], evoked by the application
of the high-K+ (130 mm) solution. A bipolar cell was incubated with
Fura-2/AM (5 um), and pairs of fluorescence images (F,, and Fy,,) were
acquired every 1 sec. The timing of the high-K+ application is shown
by the solid bar. Ordinate, Intensity ratio of fluorescence (Fiuo/Fig).
Each symbol shows the averaged fluorescence ratio in the square region
of the bipolar cell indicated in the inset. AT, axon terminal; CB, cell
body.

the idea that Ca?*+ buffering power was substantially different
between the axon terminal and the cell body.

It is interesting to note that the bipolar cells, whose axon and
axon terminal had been lost during dissociation, showed no
increase (three out of six cells) or a slow and small increase (the
remaining three cells) of [Ca?*], by a 3 sec puff of the high-K+
solution, but showed prominent increase by the application of
Ca ionophores dissolved in the standard solution (not illustrat-
ed). Although we are not confident that all of the examined
axonless bipolar cells had been equipped with a large axon ter-
minal in the intact tissue, this observation seems to support the
hypothesis that the influx of Ca?+ through Ca channels distrib-
uted over the cell body would be a minor component and that
the increase of free Ca?+ level at the cell body of intact bipolar
cells was mainly due to the diffusion of Ca?* from the axon
terminal.

To control the amount of Ca?* entry through Ca channels
more quantitatively, bipolar cells were voltage clamped by a
patch pipette in the whole-cell recording configuration. The patch
pipette was filled with the Cs* solution containing 100 um Fura-
2. EGTA was not included in the pipette solution to minimize
the change of endogenous Ca2+* buffering system.

At the holding potential of —60 mV, [Ca?+], was slightly high-
er at the axon terminal than at the cell body of the bipolar cell
shown in Figure 3F. A 500 msec depolarization to —20 mV
evoked I, (Fig. 6, current trace without asterisk) and induced
a rapid increase of [Ca?*]; at the axon terminal (Figs. 3G,H; 6,
trace AT). In a few hundred milliseconds after the onset of the

Figure 3. Changes of spatial distribution of [Ca?+]; induced by depolarization. [Ca>+], was monitored by using the Ca?*-sensitive dye Fura-2, and
the ratio images of 510 nm fluorescence image induced by 340 nm excitation wavelength (F;,,) to that by 360 nm excitation wavelength (F,,) are
displayed by pseudocolors. A-E, Images obtained in a bipolar cell that had been incubated in the solution containing Fura-2/AM (5 um). A, Image
obtained at the resting state. CB, cell body; AX, axon fiber; AT, axon terminal. B-D, Images taken during the high-K+ (130 mm) application. E,
Image obtained approximately 1 sec after the termination of 3 sec puff of the high-K+ solution. The blue region shown by a white arrow is debris.
F-J, Another bipolar cell was whole-cell voltage clamped, and Fura-2 (100 um) dissolved in the Cs* pipette solution (no EGTA) was loaded through
the patch pipette. CB, cell body; AT, axon terminal. The axon fiber was not visible in the ratio images because of low fluorescence intensity. The
membrane potential was changed from —60 mV (F) to —20 mV (G and H) for 500 msec in the standard solution. Then, the same cell was
microsuperfused with the solution containing nicardipine (10 uM) and the membrane potential was changed from —60 mV (I) to —20 mV (J) for
500 msec. Values at the color calibration bar show the fluorescence ratio (F,,,/ Fq,); larger values correspond to higher [Ca2+],. The bottom calibration

applies to F-J.
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Figure 6. Simultaneous recordings of /., and of temporal changes of
[Ca2+], in a voltage-clamped bipolar cell. Patch pipette was filled with
the Cs* solution containing Fura-2 (100 um) and no EGTA; same cell
and the same experimental session as in Figure 3F-H. The membrane
potential was changed from —60 mV to —20 mV for 500 msec (fop
trace and a solid bar near the abscissa). Middle traces are the super-
imposed current recordings in the presence (*) and absence of nicar-
dipine (10 um) (low-pass filtered at 250 Hz). Ordinate, Intensity ratio
of fluorescence (Fyuo/ Fyo). Trace AT, Averaged fluorescence ratio in the
axon terminal. Trace CB, Averaged ratio in the cell body. F—H show
the time when the corresponding images in Figure 3 were obtained.

depolarization, {Ca2+], at the axon terminal reached a plateau
level. The cell was depolarized for only 500 msec but it took a
few tens of seconds for the free Ca2* level to return to the basal
value. Similar results were obtained from all bipolar cells ex-
amined (n = 36). The free Ca?>* level at the cell body did not
change (27 out of 36 cells; Figs. 3G,H; 6, trace CB) or only
slightly increased with a slow time course (the remaining 9 cells)
upon application of the 500 msec depolarization.

The I, was followed by a slow tail current after the cessation
of the depolarizing pulse (Fig 6, current trace without asterisk).
Both currents were suppressed completely by the extracellular
application of 10 um nicardipine (Fig. 6, current trace with as-
terisk). The slow tail current was not an artifact due to the escape
from voltage clamp for the following reasons. First, the slow
tail current did not disappear even when the R was carefully
compensated by the electrical circuitry of the patch-clamp am-
plifier (see Fig. 104). Second, the slow tail current became prom-
inent in magnitude and duration as the influx of Ca?* was in-
creased; a 5 msec voltage pulse (from —60 mV to —20 mV)
failed to evoke the slow tail current (see Fig. 8) whereas a 50
msec voltage pulse with the same intensity produced a readily
noticeable slow tail current (not illustrated). Third, when the
intracellular free Ca?+ was buffered substantially by the intro-
duction of 5 mMm EGTA via patch pipette, it was difficult to
evoke the slow tail current even with a 500 msec voltage pulse
of the same intensity (see Fig. 10B). It is therefore very likely
that the slow tail current was caused mainly by the activation
of a Ca2+-mediated process(es). The activation of such a pro-
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Figure 7. Simultaneous recordings of /., and of temporal changes of
[Ca?*],. The membrane potential was shifted from —60 mV to —40 mV
for 500 msec: superimposed current recordings in the presence (*) and
absence of nicardipine (10 um), low-pass filtered at 250 Hz. Data were
obtained from the same cell shown in Figure 6. AT, axon terminal; CB,
cell body.

cess(es) would have induced the apparent gradual increase of
I, during the depolarization (Fig. 6). The properties of the Ca?*-
mediated process(es) were not analyzed further for this article.

One may argue that the sensitivity of the Ca?+ imaging system
would be too low to detect the rise of [Ca2+]; at the cell body.
To examine this possibility the amount of Ca?* entry was con-
trolled by changing the amplitude and duration of depolarizing
pulses. When the membrane potential of the same bipolar cell
shown in Figure 6 was depolarized to —40 mV for 500 msec,
the influx of Ca?+ was approximately one-tenth of that induced
by the depolarizing pulse to —20 mV (Fig. 7, superimposed
current traces). The free Ca?+ level increased prominently at the
axon terminal, although the change was slower and smaller (Fig.
7, trace AT) than that induced by the depolarization to —20
mV (see Fig. 6). On the other hand, the free Ca?* did not increase
at all at the cell body (Fig. 7, trace CB). Similar results were
obtained from all cells examined (n = 16).

When the duration of the voltage pulse (from —60 mV to
—20 mV) was decreased from 500 to 50 msec, the free Ca?*
level at the axon terminal increased with a similar rate but the
peak level was lower than that evoked by the 500 msec pulse
(not illustrated; 15 out of 15 cells examined). Even when the
duration was reduced to 5 msec, we could observe a small but
detectable increase of free Ca?* level at the axon terminal (Fig.
8, same cell shown in Figs. 6, 7) in 18 out of 23 cells examined.
It is evident that our Ca imaging system was sensitive enough
to detect the changes of [Ca?*], at the axon terminal even when
the Ca?* entry was reduced to approximately 1% of that induced
by the 500 msec depolarization to —20 mV.

To examine whether the increase of [Ca?* ], was caused by the
influx of Ca2+ through dihydropyridine-sensitive Ca channels,
the 500 msec depolarizing pulse to —20 mV was applied in the
presence of nicardipine, a light-resistant derivative of dihydro-
pyridines. Nicardipine (10 um) suppressed I, almost completely
(Fig. 9, current trace), and [Ca?*], did not change significantly
either at the axon terminal or at the cell body (Figs. 3J; 9, traces
AT, CB). When nifedipine, a photolabile derivative of dihy-
dropyridines, was used as a Ca channel blocker, /., was almost
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Figure 8. Simultaneous recordings of I, and of temporal changes of
[Ca2+],. The membrane potential was shifted from —60 mV to —20 mV
for 5 msec: superimposed current recordings in the presence (*) and
absence of nicardipine (10 um), low-pass filtered at 5 kHz. Data were
obtained from the same cell shown in Figures 6 and 7. AT, axon ter-
minal; CB, cell body.

completely suppressed in the dark, but it was unblocked partially
by the illumination with the UV light that was required for
Fura-2 excitation, resulting in a weak increase in free Ca?* level
at the axon terminal (n = 4). Co?*, a nonselective Ca channel
blocker, suppressed completely both 7., and the increase of
[Ca?*],, reversibly (n = 3). It is concluded that the Ca?* entry
occurred through dihydropyridine-sensitive Ca channels and
that a localized increase of [Ca2+*], was evoked at the axon ter-
minal when bipolar cells were depolarized by a relatively short
voltage pulse.

The localized increase of [Ca2*], at the axon terminal region
strongly suggested that the entered Ca?* must exert important
physiological functions at the axon terminal region. Due to the
lack of adequate information about the regulatory systems of
intracellular free Ca2* in bipolar cells, the spatial distribution
of Ca channels over the cell membrane could not be deduced
directly from the measurement of [Ca?+*], signals (see Discus-
sion). However, a simple interpretation of the present results
would be to assume that most of Ca channels are localized to
the axon terminal region.

In the experiments described above, only 100 um Fura-2 served
as a Ca?* buffer in the pipette solution. It was not certain that
[Caz+], of bipolar cells under such recording condition was with-
in a physiological range. Thus, we carried out the experiments
in which the pipette solution contained | or 5 mm EGTA in
addition to 100 um Fura-2. When bipolar cells were depolarized
from —60 mV to —20 mV for 500 msec, the increase of free
Ca?* level was restricted to the axon terminal in 10 out of 13
bipolar cells (not illustrated). In the remaining three cells a
prominent increase of [Ca2+], was observed at the axon terminal,
and a small and slow increase at the cell body. When the influx
of Ca?*+ was reduced to one-tenth by decreasing the duration or
intensity of voltage pulses, the increase of [Ca?*], was confined
to the axon terminal region (n = 5) (not illustrated). These
observations favored the hypothesis of localization of Ca chan-
nels in the axon terminal because the introduction of a high
concentration of diffusible Ca?+ buffer (i.e., EGTA) into the cells
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Figure 9. Simultaneous recordings of the membrane current and tem-
poral changes of [Ca?*]; in the presence of nicardipine (10 um); same
cell as in Figures 6-8 and the same experimental session as in Figure
3, I and J. The depolarizing pulse was from —60 mV to —20 mV for
500 msec (top trace and a solid bar). Ordinate, Intensity ratio of fluo-
rescence (Fy.0/Fi). Trace AT, Averaged fluorescence ratio in the axon
terminal. Trace CB, Averaged ratio in the cell body. 7 and J show the
time when the corresponding images in Figure 3 were taken.

should have attenuated possible heterogeneities in the intrinsic
Ca?* buffering power.

The hypothesis of Ca channel localization in the axon terminal
seemed to be also supported by the following observations. The
amplitude of I, recorded from the bipolar cells (subtype un-
identified), whose axon and axon terminal had been lost during
the dissociation, was extremely small (less than 2 pA current
was induced by depolarization to —20 mV; n = 17; 0-5 mm
EGTA). We also examined changes of [Ca2*], by using the ax-
onless bipolar cells, which were whole-cell voltage clamped by
a patch pipette filled with 100 um Fura-2 and no EGTA. The
500 msec depolarization to —20 mV did not increase the free
Ca?* level in seven out of nine cells (not illustrated). The re-
maining two cells showed a slight increase of [Ca2+],.

Transmitter release and dihydropyridine-sensitive Ca current

The axon terminal of bipolar cells is the specialized region from
which neurotransmitter is released. We investigated whether the
endogenous neurotransmitter is released by the activation of
dihydropyridine-sensitive I, of bipolar cells. The neurotrans-
mitter of bipolar cells is assumed to be an excitatory amino acid,
very probably glutamate (the presence of glutamate immuno-
reactivity: Ehinger et al., 1988; Marc et al., 1990; the release of
excitatory amino acids: Tachibana and Okada, 1991; the post-
synaptic effects: Slaughter and Miller, 1983; Bloomfield and
Dowling, 1985; Kato et al., 1985; Lukasiewicz and McReynolds,
1985; Barnes and Werblin, 1987; Aizenman et al., 1988).

The axon terminal of a goldfish bipolar cell was closely ap-
posed to the cell body of a catfish horizontal cell, which served
as a detector of excitatory amino acids. When the bipolar cell
was depolarized from —55 mV to —20 mV for 300 msec, an
inward I, was recorded from the bipolar cell and an outward
current from the horizontal cell voltage clamped at +30 mV
(Fig. 104a). As demonstrated in previous work (Tachibana and
Okada, 1991), the outward current recorded from the apposed
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Figure 10. Effects of nifedipine and w-conotoxin on I, of a goldfish bipolar cell and on the transmitter-induced response recorded from a catfish
horizontal celt closely apposed to the axon terminal of the bipolar cell. 4, A depolarizing pulse (300 msec pulse from —55 mV to —20 mV; top
trace) applied to the bipolar cell (BC) evoked I, in the bipolar cell (middle trace) and an outward current (transmitter-induced response) in the
apposed horizontal cell (HC) voltage clamped at +30 mV (botiom trace). a, The pair of cells was microsuperfused with the standard solution
supplemented with glycine (10 um). b, Nifedipine (30 um) was added to the solution. ¢, After the washout of nifedipine. Patch pipettes were filled
with the Cs* solution containing BAPTA (1 mm). In the recordings from the bipolar cell, R, compensation was turned on (approximately 50%
compensation; R, = 23 MQ). Currents were low-pass filtered at 100 Hz. B, Recordings from another cell pair. A bipolar cell was depolarized from
—70 mV to 0 mV for 300 msec, before (a) and during (b) the application of w-conotoxin (1 um). The holding potential of the apposed horizontal
cell was +40 mV. Glycine (10 um) was always added to the solutions. Patch pipettes were filled with the Cs* solution containing EGTA (5 mm).
The series resistance was not compensated. Currents were low-pass filtered at 100 Hz.

horizontal cells was induced by an endogenous excitatory amino
acid transmitter released from the axon terminal of bipolar cells
(transmitter-induced current).

When the solution containing nifedipine (30 um) was ejected
to the same pair of cells from the Y-tube microflow system, /.,
was strongly blocked and, at the same time, the transmitter-
induced current was almost completely suppressed (Fig. 104b).
After the washout of nifedipine, both I, and the transmitter-
induced current recovered partially (Fig. 104c). On the other
hand, the application of w-conotoxin (1 um) did not cause de-
tectable changes either in I, or in the transmitter-induced cur-
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Figure 11. Effects of Bay K 8644 on I, of a bipolar cell and on the
transmitter-induced response of a closely apposed horizontal cell. A
depolarization (300 msec pulse from —70 mV to —35 mV; top traces)
applied to a bipolar cell (BC) evoked I, in the bipolar cell (middle
traces) and the transmitter-induced current in the horizontal cell (HC),
voltage clamped at +40 mV (bottom traces). A, Control condition; B,
in the presence of Bay K 8644 (0.2 um); C, after the washout of Bay K
8644. Glycine (10 um) was present in all the solutions applied to the
preparation. Patch pipettes were filled with the Cs* solution containing
EGTA (5 mm). Currents were low-pass filtered at 100 Hz.

rent [Fig. 10B, absence (a) and presence (b) of w-conotoxin].
The glutamate-induced responses recorded from horizontal cells
were not affected either by nifedipine (30 um, n = 3) or by
w-conotoxin (2 uM, n = 4). Therefore, these results prove that
the dihydropyridine-sensitive Ca emrrent was responsible for
the release of an endogenous excitatory amino acid transmitter
from goldfish on-type bipolar cells.

This conclusion was further confirmed by the evidence that
Bay K 8644 increased the transmitter-induced current (Fig. 11).
A weak depolarizing pulse (from —70 mV to —35 mV) applied
to a bipolar cell evoked a small I, in the bipolar cell, and a
small but detectable transmitter-induced current in the apposed
horizontal cell (Fig. 114). Application of 0.2 um Bay K 8644
potentiated /., and increased the transmitter-induced current
(Fig. 11B). The effect of Bay K 8644 was reversible (Fig. 11C).
Bay K 8644 itself did not affect the glutamate-induced responses
recorded from horizontal cells (n = 8).

It should also be noted in Figure 11 that the potentiation of
I, induced by Bay K 8644 was severalfold, whereas the increase
in the transmitter-induced current was only twofold. This dif-
ference may be explained by the nonlinear relationship between
the influx of Ca?* and the neurotransmitter release (see Tach-
ibana and Okada, 1991; detailed analysis in preparation).

It is interesting to note that, in two instances, we could carry
out a pair experiment using as presynaptic element the axon
terminal detached from the cell body of bipolar cells; the acti-
vation of I, (maximal amplitude > 100 pA) in the axon ter-
minal evoked the release of excitatory amino acid transmitter,
and both currents were blocked by nifedipine (not illustrated).

Discussion

The present study demonstrates that the plasma membrane of
goldfish on-type bipolar cells is endowed with dihydropyridine-
sensitive Ca channels, and that the activation of these channels
induces a rapid increase of [Ca2+], at the axon terminal region,
resulting in the release of an excitatory amino acid transmitter.



Distribution of dihydropyridine-sensitive Ca channels

In our Fura-2 imaging experiments, bipolar cells were depolar-
ized for short periods (the puff of high-K+ solution, less than 3
sec; the voltage pulses, less than 500 msec) to activate I,, and
it was found that the increase of [Ca?*]; at the axon terminal
was much faster and larger than that at the cell body. Especially
when the Fura-2 imaging was carried out under voltage clamp,
the increase of [Ca?*], was almost confined to the axon terminal
region (Figs. 6-8). In a recent report Heidelberger and Matthews
(1992) used the same preparation as ours and measured the
changes of [Ca?*], in response to the depolarization of bipolar
cells incubated with Fura-2/AM. They reported a substantial
increase of [Ca?+ ], at the cell body as well as at the axon terminal.
It is conceivable that this difference in the experimental results
reflects a real difference between the physiological properties of
goldfish bipolar cells in the two experimental conditions, re-
sulting, for instance, from subtle differences in the dissociation
procedures or from recording techniques. However, it seems
possible to interpret the experimental observations about the
magnitude of [Ca?*]; at the cell body as follows. Since in their
experiments bipolar cells were depolarized for long periods (> 30
sec) by the bath application of high-K+ solution, there would
be enough time for Ca?* that entered into the axon terminal to
diffuse through the axon fiber, resulting in a large increase of
[Ca2+], at the cell body. Furthermore, since [Ca?*], was sampled
atexclusively two regions of the cell, in different times and using
a photomultiplier tube with a large optical aperture, it was not
possible to detect the progression of the Ca?* signal from the
axon terminal to the soma along the axon fiber, which was clearly
evident in our images (see Fig. 3).

The localized increase of [Ca2+], at the axon terminal suggests
that Ca?*, entered through dihydropyridine-sensitive Ca chan-
nels, must play an immediate function at the axon terminal and
perhaps a slow function, if any, at the cell body. In fact, the
present study demonstrated that the excitatory amino acid trans-
mitter was released promptly from the axon terminal in response
to the activation of I, (Figs. 10, 11).

At first the localized increase of [Ca?+], in the axon terminal
observed in our experiments would suggest a predominant lo-
calization of Ca channels in the axon terminal. However, the
magnitude and spatiotemporal distribution of the [Ca?*]; signals
are the consequence of the interaction between various cellular
Ca?+ sources (Ca?* entry through Ca channels and release from
intracellular Ca2+ store sites) and Ca?* removal mechanisms
(Ca?+ binding proteins, Ca?+ pumps, and Na+*-Ca2+ exchanger)
(reviewed in Blaustein, 1988; see also Neher and Augustine,
1992). It seems, thus, difficult to estimate the spatial distribution
of Ca channels over the bipolar cell membrane based uniquely
upon the [Ca?*], signals. However, the present experiments sug-
gested that the endogenous Ca?+ buffering power is not sub-
stantially different between the axon terminal and the cell body
because the increase of [Ca2+*], was always observed predomi-
nantly at the axon terminal region even when bipolar cells were
filled with a high concentration of the diffusible Ca2* buffer
EGTA, and because the application of Ca?* ionophores induced
a similar increase of [Ca?+], at both regions. If we assume that
intracellular free Ca?+ level is regulated similarly at the two
regions, and that, after entering, free Ca2+ distributes rather
promptly and evenly in the cytoplasm of each region (consider
that the volume of cell body is about three times larger than
that of axon terminal), we could roughly estimate the distri-

The Journal of Neuroscience, July 1993, 13(7) 2907

bution of Ca channels. Under such simplified conditions, ap-
proximately 97% of the total I., would enter into the axon
terminal region in order to explain our results, namely, that we
could detect the increase of [Ca2+]; at the axon terminal induced
by a 5 msec depolarization (Fig. 8) but we failed to detect the
increase at the cell body even when the same bipolar cell was
depolarized for 500 msec (Fig. 6). Our Fura-2 fluorescence mea-
surement system would have detected the changes of [Ca?*]; at
the cell body if the influx of Ca?* into the cell body was more
than 5% of the total I.,.

The above estimation was supported by our electrophysio-
logical observation that the maximal amplitude of I, recorded
from the axonless bipolar cells was much smaller (a few pi-
coamperes at most) than that recorded from bipolar cells with
intact axon terminal or from detached axon terminals (> 100
pA). Heidelberger and Matthews (1992) also compared the am-
plitude of I, before and during the puff application of Ca2* or
Cd?+ to the different regions of a bipolar cell, and found evidence
supporting their observation that approximately 40% of the total
1., would flow into the cell body region. However, with this
experimental protocol it seems difficult to be sure that the rap-
idly diffusible ions could affect the Ca channels within a precisely
restricted region at a controlled concentration.

In conclusion, our results support the idea that the dihydro-
pyridine-sensitive Ca channels are highly localized in the axon
terminal region. In other preparations it has been shown that
the Ca channels involved in the release of neurotransmitter are
localized exclusively at the active zones of the presynaptic mem-
brane (Robitaille et al., 1990; Cohen et al., 1991; see also Lasser-
Ross et al., 1991).

Voltage dependence of the Ca current

With reference to the dihydropyridine-sensitive Ca current de-
scribed in most other preparations, I, of goldfish bipolar cells
has an activation curve shifted to relatively negative potentials.
In this respect, however, it is similar to the slow type of high-
voltage-activated I, described by Fedulova et al. (1985) in dor-
sal root ganglion neurons of newborn rats, and to the nitren-
dipine-sensitive 1., found in cones of the retina of different
species (lizard, Maricq and Korenbrot, 1988; salamander, Barnes
and Hille, 1989; turtle, Lasater and Witkovsky, 1991; chicken,
Gleason et al., 1992). As already pointed out for salamander
cones (Barnes and Hille, 1989), the negative shift of I, in gold-
fish bipolar cells sets the activation threshold of this current
(approximately —45 mV) near the resting potential (approxi-
mately —40 mV) of these neurons in the intact retina (Saito and
Kujiraoka, 1982). Photoresponses of bipolar cells in situ cover
the potential range between approximately —60 and —20 mV
(Ashmore and Falk, 1980). The transmission of bipolar cell
signals to postsynaptic cells may be clipped at potential more
negative than the activation threshold of I, (see Attwell et al.,
1987). Another possibility is that signals may be transmitted to
the postsynaptic cells by changing the balance between the re-
lease and uptake of neurotransmitter at the synaptic cleft (see
Discussion in Tachibana and Okada, 1991). This problem should
be solved by simultaneous recording of responses from pre- and
postsynaptic neurons in the retinal slice preparation.

Functional specificity of Ca channels

The present study demonstrated that the release of ““fast™ neu-
rotransmitter (very likely glutamate) from goldfish on-type bi-
polar cells depends critically on the activation of the dihydro-
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pyridine-sensitive [I.,. This conclusion contrasts with the
hypothesis that the release of ““fast” neurotransmitter is triggered
by the activation of w-conotoxin—sensitive I,, while dihydro-
pyridine-sensitive I, is involved in the release of “slow” neu-
rotransmitter (Miller, 1987; Hirning et al., 1988). However,
most of evidence leading to this hypothesis was indirect and
was obtained in experiments in which simultaneous monitoring
of I, and the release of neurotransmitter was not carried out.
In synaptosome preparations, the involvement of subtypes of
presynaptic I, has been assumed on the basis of pharmacolog-
ical studies, which do not lead to straightforward interpretation
(Reynolds et al., 1986; Woodward and Leslie, 1986).

The hypothesis of a generalized involvement of w-conotoxin—
sensitive channels in the release of “fast” neurotransmitter is
also contradicted by other observations indicating that the re-
lease of the same neurotransmitter from the same type of neu-
rons may be mediated by I, having different pharmacological
selectivity in different species. For instance, w-conotoxin blocks
neuromuscular transmission in the frog but not in the mouse
and chicken (Kerr and Yoshikami, 1984; Yoshikamietal., 1989;
De Luca et al., 1991). It is likely that the release of neurotrans-
mitter is triggered by the influx of Ca?* to presynaptic terminals
through Ca channels irrespective of their subtypes, and the dif-
ferent presynaptic terminals may have different Ca channels
appropriate to their functional requirements, differing for what
concerns the activation range, the activation and inactivation
kinetics, the single-channel conductance, modulation proper-
ties, and other functional characteristics.
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