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Group III Metabotropic Glutamate Receptors and
Exocytosed Protons Inhibit L-Type Calcium Currents in
Cones But Not in Rods

Nobutake Hosoi, Itaru Arai, and Masao Tachibana
Department of Psychology, Graduate School of Humanities and Sociology, The University of Tokyo, Tokyo 113-0033, Japan

Light responses of photoreceptors (rods and cones) are transmitted to the second-order neurons (bipolar cells and horizontal cells) via
glutamatergic synapses located in the outer plexiform layer of the retina. Although it has been well established that postsynaptic group III
metabotropic glutamate receptors (mGluRs) of ON bipolar cells contribute to generating the ON signal, presynaptic roles of group III
mGluRs remain to be elucidated at this synaptic connection. We addressed this issue by applying the slice patch-clamp technique to the
newt retina. OFF bipolar cells and horizontal cells generate a steady inward current in the dark and a transient inward current at light
offset, both of which are mediated via postsynaptic non-NMDA receptors. A group III mGluR-specific agonist, L-2-amino-4-
phosphonobutyric acid (L-AP-4), inhibited both the steady and off-transient inward currents but did not affect the glutamate-induced
current in these postsynaptic neurons. L-AP-4 inhibited the presynaptic L-type calcium current (ICa ) in cones by shifting the voltage
dependence of activation to more positive membrane potentials. The inhibition of ICa was most prominent around the physiological
range of cone membrane potentials. In contrast, L-AP-4 did not affect L-type ICa in rods. Paired recordings from photoreceptors and the
synaptically connected second-order neurons confirmed that L-AP-4 inhibited both ICa and glutamate release in cones but not in rods.
Furthermore, we found that exocytosed protons also inhibited ICa in cones but not in rods. Selective modulation of ICa in cones may help
broaden the dynamic range of synaptic transfer by controlling the amount of transmitter release from cones.
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Introduction
In the dark, photoreceptors continuously release glutamate in a
calcium-dependent manner to their postsynaptic neurons (bipo-
lar cells and horizontal cells) in the outer plexiform layer (OPL)
of the retina (Dowling and Ripps, 1973; Copenhagen and Jahr,
1989; Schmitz and Witkovsky, 1996). During light stimulation,
photoreceptors hyperpolarize and reduce glutamate release. ON
and OFF bipolar cells express different types of glutamate recep-
tors, thereby responding differently to the released glutamate.
OFF bipolar cells and horizontal cells have non-NMDA receptors
on their dendrites and are hyperpolarized when concentration of
glutamate in the synaptic cleft is reduced during light stimulation
(Maple et al., 1999; Thoreson and Witkovsky, 1999). In contrast,
one of the group III metabotropic glutamate receptors (mGluRs),
mGluR6, is negatively coupled to nonselective cation channels in

ON bipolar cells, and therefore, ON bipolar cells are depolarized
by light stimulation (Nomura et al., 1994; Masu et al., 1995;
Nawy, 1999; Thoreson and Witkovsky, 1999; Dhingra et al., 2000;
Vardi et al., 2000).

In the OPL, group III mGluRs are expressed not only in
postsynaptic ON bipolar cells but also in presynaptic photorecep-
tors (Brandstätter and Hack, 2001). Although the postsynaptic
role of mGluR6 in generating the ON signal is well established
(Shiells et al., 1981; Slaughter and Miller, 1981; Nawy and Jahr,
1990; Nakanishi, 1994), presynaptic roles of group III mGluRs
are not well known. Koulen et al. (1999) have recently shown that
another group III mGluR, mGluR8, is distributed in photorecep-
tor terminals in the rat retina and that activation of mGluR8
decreases the intracellular calcium concentrations in dissociated
photoreceptors, although underlying mechanisms of the calcium
regulation were not identified in their study. It has been reported
that the group III mGluR-specific agonist L-2-amino-4-
phosphonobutyric acid (L-AP-4) not only blocks the ON signal
but also reduces light responses of OFF bipolar cells and cone
horizontal cells (Nawy et al., 1989; Hare and Owen, 1992; Higgs et
al., 2002; Hirasawa et al., 2002). However, simultaneous activa-
tion of many different types of neurons in retinal circuits by light
stimulation compromises interpretation of changes in photore-
sponses. Furthermore, it is not clear which type of photoreceptor
(cone or rod) is modulated by mGluRs. Cone synapses have faster
kinetics of transmission than rod synapses (Schnapf and Copen-
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hagen, 1982), and negative feedback through mGluRs may be one
of the underlying mechanisms of faster kinetics of cone synapses.

In the present study, using a newt retinal slice preparation, we
investigated presynaptic roles of group III mGluRs in glutama-
tergic synaptic transmission in the OPL and examined how
L-AP-4 affected glutamate release from cones and rods by making
paired recordings (Matsui et al., 1998; DeVries and Schwartz,
1999) to avoid possible network effects. We found that L-AP-4
reduced glutamate release from cones by inhibiting L-type cal-
cium current (ICa) and that exocytosed protons also inhibited ICa

in cones. In contrast, L-type ICa in rods was insensitive to L-AP-4
and exocytosed protons. These cone-specific modulations of ICa

may have an important function in visual information processing
in a light-adapted state.

Materials and Methods
Retinal slices of adult newts (Cynops pyrrhogaster) were prepared as de-
scribed previously (Matsui et al., 1998). Briefly, the anterior chamber of
the enucleated eye was removed, and the ganglion cell layer side of the
retina was attached to a piece of filter paper. After removing the sclera,
the filter paper and the retina were sliced together into 190 �m sections
with a razor blade. These procedures were done within 20 min after
decapitation under room light, in accordance with A Manual for the
Conduct of Animal Experiments in The University of Tokyo and Guiding
Principles for the Care and Use of Animals in the Field of Physiological
Sciences, The Physiological Society of Japan. The retinal slices were set in a
chamber on the stage of a microscope (Standard; Zeiss, Oberkochen,
Germany) equipped with infrared (IR) illumination and an IR-sensitive
camera (C2400-07ER; Hamamatsu Photonics, Hamamatsu, Japan) in a
light-tight Faraday cage. All experiments were performed under room
light. Light-evoked responses were well preserved in all cell types except
photoreceptors, which ran down 3–5 min after establishment of the
whole-cell configuration.

The slices were superfused continuously with oxygenated amphibian
saline composed of the following (in mM): 110 NaCl, 2 KCl, 2 CaCl2, 1
MgCl2, 5 glucose, and 5 HEPES (titrated to pH 7.8 with NaOH). The
control saline also contained picrotoxin (200 �M) and strychnine (10
�M) to block GABA and glycine receptors and D-2-amino-5-
phosphonopentanoic acid (D-AP-5; 50 �M) to block NMDA re-
ceptors, with which L-AP-4 may interact (Contractor et al., 1998).
D-Tubocurarine (60 �M) and atropine (2 �M) were sometimes added.
Because the obtained results were similar regardless of the cholinergic
antagonists, data were pooled together. In some experiments, we used a
bicarbonate-buffered saline, in which 5 mM HEPES and 15 mM NaCl in
the amphibian saline were replaced with 25 mM bicarbonate, and the pH
was adjusted to 7.8 with 5% CO2/95% O2. For experiments to increase
the buffering capacity of the extracellular pH, the amphibian saline was
modified by raising HEPES to 40 mM, lowering NaCl to 70 mM, and
adding tetraethylammonium (TEA)-Cl (30 mM). Pharmacological
agents dissolved in extracellular solutions were bath applied or pressure
applied from a puff pipette. Picrotoxin, strychnine, D-tubocurarine, at-
ropine, and nifedipine were purchased from Sigma (St. Louis, MO).
D-AP-5, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-
sulfonamide (NBQX), L-AP-4, (2S)-2-amino-2-[(1S,2S)-2-carboxy-
cycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495), (RS)-�-
cyclopropyl-4-phosphonophenylglycine (CPPG), and (RS)-�-methyl-4-
phosphonophenylglycine (MPPG) were from Tocris Cookson (Bristol,
UK). Exogenously expressed group III mGluRs are activated by L-AP-4 in
the range of a few micromolar (mGluR4,6,8) to hundreds of micromoles
per liter (mGluR7) (Conn and Pin, 1997). We often used relatively high
concentrations of L-AP-4 (100 –200 �M) to ensure that L-AP-4 could
activate all possible subtypes of group III mGluRs. However, it was dif-
ficult to estimate the effective concentration of L-AP-4 precisely, because
L-AP-4 was often pressure applied from a puff pipette to facilitate the
washout before rundown. LY341495, CPPG, and MPPG were dissolved
in NaOH and stored as concentrated stock solutions. Picrotoxin, nifed-
ipine, and NBQX were prepared as concentrated stock solutions in di-

methyl sulfoxide. The final concentration of dimethyl sulfoxide after
dilution was always kept �0.08% (v/v).

Patch pipettes for whole-cell recordings had resistances of 6 –10 M� in
the control solution. The recording pipette for bipolar cells and horizon-
tal cells contained the following (in mM): 84 CsCH3SO4, 4 CsCl, 10 TEA-
Cl, 5.5 MgCl2, 0.2 BAPTA, 20 HEPES, 5 ATP disodium salt, 0.5 GTP
trisodium salt, and 0.25% Lucifer yellow dipotassium salt, pH 7.7–7.8
with CsOH. For recordings of ICa from photoreceptors, the pipette con-
tained the following (in mM): 72–77 CsCH3SO4, 4 Cs-glutamate, 10 CsCl,
10 TEA-Cl, 2 MgCl2, 5 EGTA, 0.5 CaCl2, 20 HEPES, 1–5 ATP disodium
salt, 0.1– 0.5 GTP trisodium salt, and 0.25% Lucifer yellow dipotassium
salt, pH 7.7–7.8 with CsOH. In some experiments, GTP was replaced
with guanosine 5�-[�-thio]diphosphate (GDP�S). For current-clamp
recordings from cones, the pipette solution contained the following (in
mM): 79 K-gluconate, 20 KCl, 2 MgCl2, 5 EGTA, 0.5 CaCl2, 20 HEPES, 1
ATP disodium salt, 0.1 GTP trisodium salt, and 0.1% Lucifer yellow
dipotassium salt, pH 7.7–7.8 with KOH. Liquid junction potentials were
corrected for all recordings.

Photoreceptors and second-order neurons (OFF bipolar cells and hor-
izontal cells) were whole-cell clamped with two EPC-7 patch-clamp am-
plifiers (List Biologic, Darmstadt, Germany). Current and voltage
records were low-pass filtered at 1–10 kHz and digitized at 5–25 kHz with
a digitizer board (Digidata 1200A; Axon Instruments, Union City, CA),
and data acquisition was performed by pClamp software (Axon Instru-
ments). Unless otherwise noted, the on-line P/N leak subtraction proto-
col (n � 4) was enabled. The series resistance was 10 – 40 M� and was
compensated by 10 – 40%.

The ambient light intensity was 238 lux at the position of retinal slices
on the microscope stage. A full-field white light (308 –568 lux) was ap-
plied to the retinal slices through the microscope condenser. Cell types
were identified by their light-evoked responses and morphology, which
was visualized by Lucifer yellow staining after recordings. OFF bipolar
cells have a Landolt club and an axon extending to the sublamina a in the
inner plexiform layer and thus could be distinguished from horizontal
cells, which have somas in the distal border of the inner nuclear layer and
extend their processes only to the OPL. Dye coupling between horizontal
cells was not observed in the present study. Cones and rods were readily
identified by their characteristic morphology (see Figs. 2 A, 6 A) and light
responses (Nakatani and Yau, 1988).

Pooled data were expressed as mean � SEM. Statistical significance
was assessed by two-tailed, paired or unpaired Student’s t tests. Differ-
ences were considered significant if p � 0.05. Voltage dependence of ICa

in photoreceptors was quantified by fitting a sigmoid curve to the in-
creasing portion of the I–V relationship, using the function ICa( V) �
Imax/(1 � exp[(V � Vhalf)/Vslope]), where ICa( V) is ICa at voltage V, Imax

is the maximum current, Vhalf is the voltage for half activation, and Vslope

is a constant (Corey et al., 1984; Rieke and Schwartz, 1994).

Results
L-AP-4 reduced glutamatergic synaptic inputs to the
second-order neurons
We first examined whether activation of group III mGluRs af-
fected light responses of the second-order neurons (OFF bipolar
cells and horizontal cells) in the newt retinal slice preparation. To
focus on the presynaptic roles of group III mGluRs, we recorded
postsynaptic responses from OFF bipolar cells and horizontal
cells but not from ON bipolar cells with postsynaptic mGluR6.
Possible inhibitory inputs by GABA and glycine were blocked
with picrotoxin (200 �M) and strychnine (10 �M).

In the absence of light stimulation, OFF bipolar cells (voltage
clamped between �72 and �85 mV) showed a steady inward
current (a dark current). During light stimulation, the dark cur-
rent was reduced in amplitude (Fig. 1A, Control). After the ces-
sation of light stimulation, a transient inward current (an OFF
undershoot) was evoked. These photoresponses are similar to
those reported previously (Maple et al., 1999; Wu et al., 2000;
Higgs and Lukasiewicz, 2002), and it has been shown that these
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currents are mediated by non-NMDA receptors (Slaughter and
Miller, 1983; Gilbertson et al., 1991; Wu and Maple, 1998; Maple
et al., 1999). Application of the group III mGluR-selective agonist
L-AP-4 (100 �M) reduced both the amplitude of the dark current
(Fig. 1A, �L-AP-4, arrow) and the OFF undershoot (Fig. 1A,
�L-AP-4). The effects of L-AP-4 were reversible (Fig. 1A, Wash-
out). On average, reduction of the dark current by L-AP-4 (Fig.
1B) (baseline shift, �4.7 � 1.3 pA; n � 22; p � 0.01) and its
recovery after washout (Fig. 1B) (baseline shift, �2.3 � 0.8 pA;
n � 18; p � 0.05) were statistically significant. L-AP-4 also re-
duced the peak amplitude of the OFF undershoot significantly
(Fig. 1C) (0.53 � 0.07 of control; n � 26; p � 0.01).

To exclude possible postsynaptic effects of L-AP-4, we next
examined the glutamate-induced responses in OFF bipolar cells.
Synaptic inputs to OFF bipolar cells were blocked by replacing
divalent cations of the control solution with 3 mM Co 2�. Indeed,
Co 2� abolished the dark currents and the photoresponses. Puff
application of glutamate (200 �M) to OFF bipolar cell dendrites
induced an inward current (Fig. 1D, Control), which could be
blocked by NBQX, a blocker of non-NMDA receptors (n � 3)
(data not shown). L-AP-4 (100 �M) had no significant effect on
the peak amplitude or total charge (i.e., the time integral) of the
glutamate-induced currents (Fig. 1D, �L-AP-4, E) (peak ampli-
tude, 0.97 � 0.03 of control; total charge, 1.06 � 0.09 of control;
n � 5).

Horizontal cells also receive glutamatergic synaptic inputs
from photoreceptors. L-AP-4 (100 �M) reversibly reduced both
the dark current (Fig. 1F,G) (baseline shift by L-AP-4, �23.06 �
14.22 pA; n � 5, restoration of the dark current by washout,
�19.18 � 10.60 pA; n � 3) and the OFF undershoot (Fig. 1F,H)
(peak amplitude, 0.59 � 0.12 of control; n � 5; p � 0.05) in
horizontal cells voltage clamped at �85 mV. These currents were
blocked by NBQX (20 �M), Co 2� (3 mM), or Cd 2� (50 �M),
indicating that these currents are non-NMDA receptor-mediated
postsynaptic currents. In Co 2� solution, L-AP-4 (100 �M) did
not affect glutamate (200 �M)-induced currents of horizontal
cells (peak amplitude, 0.94 � 0.02 of control; total charge, 1.08 �
0.03; n � 4).

Because GABAergic inhibitory synaptic transmission in the
OPL had been blocked by picrotoxin, it is likely that activation of
presynaptic group III mGluRs inhibited glutamate release from
photoreceptors, thereby reducing the dark current and the OFF
undershoot in OFF bipolar cells and horizontal cells. All the ex-
periments in the present study were performed under room light,
and thus the light responses in the second-order neurons (Fig. 1)
may be evoked in a relatively cone-preferring condition.

L-AP-4 inhibited L-type ICa in cones
It has been shown that activation of mGluRs by L-AP-4 reduces
presynaptic ICa and transmitter release in the CNS synapses (Ta-
kahashi et al., 1996; Wu and Saggau, 1997). To test the possibility
that L-AP-4 can inhibit glutamate release from photoreceptors by
suppressing presynaptic ICa, we measured ICa directly from cones
(Fig. 2A).

A cone was voltage clamped at �50 mV, and a 50 ms depolar-
izing pulse to �20 mV produced a sustained inward current (Fig.
2B, left, Control, thin trace). L-AP-4 (100 –200 �M) slowed down
activation kinetics of the current and reduced its peak amplitude
(Fig. 2B, left, �L-AP-4, thick trace). These effects were reversible
after washout (Fig. 2B, right, Washout, thin trace). We con-
firmed that this inward current was the L-type ICa, because it was
abolished by nifedipine (10 –20 �M) (Fig. 2B, right, �Nifedipine,
thick trace), consistent with previous studies (Barnes and Hille,

Figure 1. Effects of L-AP-4 on light responses of retinal second-order neurons. A, An OFF
bipolar cell (OFF BC) was voltage clamped at �85 mV, and a full-field white light stimulus was
applied for 3 s (left, Control). A broken line indicates a zero current level. L-AP-4 (100 �M) was
puff applied continuously to activate group III mGluRs (middle, �L-AP-4). After washout of
L-AP-4, the response recovered (right, Washout). Arrows indicate the shift of the dark current
(baseline shift) from the preceding condition. B, Pooled data of the baseline shift in OFF bipolar
cells. Positive values indicate a decrease in the dark current. C, Pooled data of the OFF under-
shoot in OFF bipolar cells. Peak amplitude of the OFF undershoot was measured from the aver-
aged current during the last 100 ms before the light offset. Values were normalized to control.
D, No effect of L-AP-4 (100 �M) on the glutamate-induced responses in an OFF bipolar cell
voltage clamped at �85 mV. Glutamate (200 �M) was puff applied for 100 ms (bar) in the
Co 2� (3 mM) solution. E, Pooled data of the peak amplitude and total charge of the glutamate-
induced responses in OFF bipolar cells (n � 5). Values were normalized to control. F, A horizon-
tal cell (HC) was voltage clamped at �86 mV, and the same experiments were performed as in
A. G, H, Pooled data of the baseline shift and the OFF undershoot in horizontal cells, respectively.
Bar graphs in this and subsequent figures indicate mean � SEM.
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1989; Rieke and Schwartz, 1994; Wilkinson and Barnes, 1996;
Schmitz and Witkovsky, 1997). Figure 2C shows the peak ampli-
tude (left) and total charge (right) of the cone ICa before (Con-
trol) and after (�L-AP-4) application of L-AP-4. Here, we defined
the nifedipine-sensitive current as ICa. On average, L-AP-4 re-

duced the peak amplitude from 64.99 �
4.39 to 55.16 � 3.16 pA (n � 26; p � 0.01)
and the total charge from 2.47 � 0.18 to
1.93 � 0.12 pC (n � 26; p � 0.01). L-AP-4
also prolonged the activation time con-
stant of ICa from 4.52 � 0.55 to 9.88 � 1.68
ms (n � 26; p � 0.01).

We next tested the effects of mGluR an-
tagonists in the newt retina. LY341495 (30
�M) (Wright et al., 2000; Alapakkam et al.,
2004; Kogo et al., 2004) could suppress the
inhibitory effect of L-AP-4 (50 �M) on the
cone ICa (Fig. 2D) (n � 5). This confirms
that the effect of L-AP-4 is mediated by
activation of group III mGluRs. We also
examined whether the light responses of
OFF bipolar cells were affected by
LY341495 (30 �M). LY341495 reversibly
increased the peak amplitude of the OFF
undershoot (1.34 � 0.02 of control; n � 3;
p � 0.01), although this antagonist did not
have a prominent effect on the amplitude
of the dark currents (baseline shift,
�0.80 � 0.56 pA; n � 3; p � 0.29) (sup-
plemental figure, available at www.jneuro-
sci.org as supplemental material). This re-
sult suggests that glutamate released from
photoreceptors at the cessation of light
stimulation may be reduced quickly via ac-
tivation of presynaptic mGluRs, resulting
in the decrease of the OFF undershoot in
OFF bipolar cells. However, the effects of
LY341495 cannot be ascribed solely to
group III mGluRs in photoreceptor termi-
nals, because LY341495 is an antagonist of
both group II and group III mGluRs
(Kingston et al., 1998; Wright et al., 2000;
Kogo et al., 2004). Surprisingly, CPPG
(300 �M), known as a group III mGluR
antagonist (Jane et al., 1996; von Gers-
dorff et al., 1997; Awatramani and
Slaughter, 2001; Nawy, 2004), could not
suppress the inhibitory effect of L-AP-4
(20 –200 �M) on the cone ICa (n � 4).
MPPG (300 �M), another group III
mGluR antagonist (Jane et al., 1995;
Koulen et al., 1999), was also ineffective
in antagonizing L-AP-4-induced out-
ward current in ON bipolar cells of the
newt retina (data not shown). Group III
mGluRs in newt retinas seem to have dif-
ferent pharmacological characteristics. In-
deed, similar ineffectiveness of group III
mGluR antagonists such as CPPG and (S)-
2-amino-2-methyl-4-phosphonobutanoic
acid has been reported in the tiger
salamander retina (Thoreson et al., 1997;
Higgs et al., 2002).

We also examined the effect of L-AP-4 on the cone ICa elicited
by a long pulse (200 ms). L-AP-4 reversibly reduced the initial
activating current to a larger extent than the steady current (20
ms, 0.49 � 0.07 of control, p � 0.05; 200 ms, 0.65 � 0.02 of
control, p � 0.05; n � 3) (Fig. 2E). This may partly explain why

Figure 2. Effects of L-AP-4 on the cone L-type ICa. A, Fluorescent image of a cone stained with Lucifer yellow. B, Inward currents
were evoked by 50 ms depolarizing pulses from �50 to �20 mV. Left, Currents in the absence (thin trace) and presence (thick
trace) of L-AP-4 (200 �M). Right, The current after washout of L-AP-4 (thin trace) and the current in the presence of nifedipine (10
�M) (thick trace). C, Effects of L-AP-4 on the peak amplitude (left) and total charge (right) of ICa (the nifedipine-sensitive current).
Filled circles indicate mean values from 26 cells. Individual data points are shown as open circles. D, Suppression of L-AP-4 induced
inhibition by group II and III mGluR antagonist LY341495. After confirming the inhibitory effect of L-AP-4 (50 �M) on the cone ICa (left),
LY341495 (30 �M) and L-AP-4 were coapplied (right). E, Effects of L-AP-4 on the cone ICa elicited by a long pulse (200 ms) from �50 to
�30 mV. F, Effects of L-AP-4 on the ICa–V relationship. P/N leak subtraction was not used. ICa amplitude was measured at the end of each
pulse and plotted against the corresponding membrane potential. A sigmoid curve (thin line) was fitted to the increasing portion of the
ICa–Vrelationship.Fittedparametersof Imax,Vhalf,andVslope tocontrolwere�106.8pA,�38.3mV,and�4mV,respectively.G,Atypical
light-evoked response recorded from the cone under current clamp. Four traces were averaged.
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L-AP-4 suppressed the OFF undershoot more prominently than
the dark current in second-order neurons (Fig. 1).

Figure 2F shows the effect of L-AP-4 (200 �M) on the I–V
relationship of the cone ICa. In control, ICa was activated when the
membrane potential was more positive than �50 mV (Fig. 2F,
Control, open circles) and half activated at �34.23 � 0.44 mV
(Vhalf; n � 18). Application of L-AP-4 reversibly shifted the ICa–V
relationship to more positive potentials (Fig. 2F, closed circles,
�L-AP-4; open squares, Washout). Specifically, L-AP-4 shifted
Vhalf by �4.02 � 0.61 mV (n � 12). Inhibition of ICa by L-AP-4
was most prominent between �50 and �20 mV.

To learn the physiological range of the cone membrane po-
tential, we recorded light responses from cones under current-
clamp mode (Fig. 2G). Resting potential ranged between �40
and �30 mV, light stimulation hyperpolarized the cones by �10
mV, and cessation of the light generated a transient depolariza-
tion up to �30 mV (n � 3). Although the voltage range of pho-
toresponses in cones may vary depending on the condition of
light adaptation, the observed responses were comparable with
previous observations (Hirasawa and Kaneko, 2003; Thoreson et
al., 2003). Thus, the working range of newt cones (between �30
and �50 mV) overlapped with the voltage range in which L-AP-4
inhibited ICa most effectively.

L-AP-4 inhibited synaptic transmission from cones to the
second-order neurons
Most OFF bipolar cells and horizontal cells in amphibian retinas
receive mixed synaptic inputs from both rods and cones (Lasan-
sky, 1973, 1978; Yang and Wu, 1996, 1997; Wu et al., 2000). To
isolate the effects of L-AP-4 on synaptic transmission from a sin-
gle cone, we performed simultaneous whole-cell recordings from
the synaptically connected pair of a cone and a second-order
neuron (OFF bipolar cell or horizontal cell).

During depolarization from �50 to �20 mV for 5–50 ms, the
presynaptic ICa was activated in the cone. In response to the de-
polarization, the evoked EPSC was recorded from the horizontal
cell (voltage clamped at �60 to �85 mV) (Fig. 3A, left, thin
trace). Application of L-AP-4 (50 –200 �M) inhibited the cone ICa

and reduced the evoked EPSCs (peak amplitude, 0.50 � 0.08 of
control, p � 0.01; total charge, 0.48 � 0.11 of control, p � 0.05;
n � 8) (Fig. 3A, right, filled bars). The inhibitory effects of L-AP-4
were recovered after washout (peak amplitude, 0.94 � 0.06 of
control; total charge, 0.86 � 0.09 of control; n � 5) (Fig. 3A, right,
open bars).

We also examined the effects of L-AP-4 on synaptic transmis-
sion from a cone to an OFF bipolar cell (Fig. 3B, left). Similarly,
L-AP-4 (100 –200 �M) suppressed the peak amplitude and total
charge of the cone-evoked EPSCs significantly (peak amplitude,
0.68 � 0.03 of control, p � 0.01; total charge, 0.56 � 0.04 of
control, p � 0.01; n � 8) (Fig. 3B, right, filled bars). This effect
was reversible (peak amplitude, 0.96 � 0.01 of control; total
charge, 0.79 � 0.03 of control; n � 3) (Fig. 3B, right, open bars).

L-AP-4 did not affect the glutamate-induced currents in the
postsynaptic neurons (Fig. 1D,E), and thus, L-AP-4 suppressed
synaptic transmission from cones to the second-order neurons
through reduction of the cone ICa and glutamate release.

Inhibition of the cone ICa was mediated not by horizontal cell
activity but by activation of G-proteins in cones
It has been reported previously (Verweij et al., 1996; Hirasawa
and Kaneko, 2003) that changes in the membrane potential of
neighboring horizontal cells by surround illumination or by

bath-applied kainate lead to the modulation of the cone ICa and
that this feedback modulation (cone3 horizontal cell3 cone)
disappears by blocking synaptic transmission from cones to hor-
izontal cells with non-NMDA receptor antagonists. It is possible
that the cone ICa may be modulated indirectly by L-AP-4 through
the horizontal cell-mediated feedback. However, this was un-
likely because application of L-AP-4 (200 �M) still inhibited the
cone ICa in the presence of NBQX (10 �M) (Fig. 4A, thick trace).

It is generally accepted that mGluRs are G-protein-coupled
receptors (Nakanishi, 1994; Conn and Pin, 1997). To examine a
possible involvement of G-proteins in the ICa modulation, the
G-protein inhibitor GDP�S (0.5–3 mM) was introduced into a
cone via a recording pipette. More than 3 min after establishment
of the whole-cell configuration, which should allow for adequate
diffusion of GDP�S into the cell, L-AP-4 (200 �M) no longer
suppressed the cone ICa (Fig. 4B). L-AP-4 affected neither the
peak amplitude nor total charge of the cone ICa (Fig. 4C) (peak
amplitude, 0.98 � 0.03 of control, p � 0.68; total charge, 0.97 �
0.06 of control, p � 0.90; n � 6). Therefore, L-AP-4 inhibited the
cone ICa through activation of G-proteins in cones. This result
supports our hypothesis that newt cones have G-protein-coupled
group III mGluRs, although the presence of mGluR molecules
has not yet been demonstrated in the newt retina.

Figure 3. Effects of L-AP-4 on synaptic transmission from cones to the synaptically con-
nected second-order neurons. A, Left, A 20 ms depolarizing pulse to �20 mV (top) elicited a
sustained inward ICa in a cone (middle) and evoked an EPSC in a horizontal cell maintained at
�60 mV (bottom). The currents before (Control, thin traces), during (�L-AP-4, thick traces),
and after application of L-AP-4 (200 �M) (Washout, dotted traces) are superimposed. Baselines
of the evoked EPSCs were shifted arbitrarily for a better view. Right, Pooled data of the peak
amplitude and total charge of the cone-evoked EPSCs normalized to the values in Control
(filled bars, �L-AP-4, n � 8; open bars, Washout, n � 5). L-AP-4 ranged between 50 and
200 �M. B, Left, Effects of L-AP-4 (100 –200 �M) on the cone-evoked EPSCs in OFF bipolar
cells. Right, Pooled data (filled bars, �L-AP-4, n � 8; open bars, Washout, n � 3). Error
bars represent SEM.
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Exocytosed protons and group III mGluRs modulated the
cone ICa independently
Synaptic vesicles are acidified by an ATP-dependent proton
pump that provides the driving force for loading neurotransmit-
ters (Liu and Edwards, 1997). Recently, it has been demonstrated
that exocytosed protons feedback to suppress ICa in mammalian
cones (DeVries, 2001). If ICa induced by a prepulse triggers a
burst of exocytosis, a subsequent test pulse will reduce the
amount of exocytosis resulting from depletion of releasable syn-
aptic vesicles. This leads to disinhibition (that is, apparent facili-
tation) of ICa during the test pulse, because the test pulse does not
induce copious release of transmitters and protons. Thus, using
the prepulse protocol, we examined whether exocytosed protons
also affected the cone ICa in the newt retina.

To identify inhibition of ICa associated with exocytosis, we
performed simultaneous recordings from pairs of a cone and an
OFF bipolar cell and monitored both the cone ICa and the evoked
EPSC. A 50 ms prepulse to �60 mV elicited a tail ICa at the
prepulse offset (Fig. 5A, middle, thick trace marked by arrow)
and evoked EPSC in the OFF bipolar cell (Fig. 5A, bottom, thick
trace). The tail ICa was abolished by nifedipine (data not shown).
However, a subsequent test pulse to �20 mV failed to evoke
EPSCs in the OFF bipolar cell (Fig. 5A, bottom, thick trace),
although the test pulse still elicited ICa (Fig. 5A, middle, thick
trace). In contrast, when the prepulse did not precede, the test
pulse elicited both the cone ICa (Fig. 5A, middle, thin trace) and
the evoked EPSC (Fig. 5A, bottom, thin trace). It should be noted
that the amplitude of the cone ICa was smaller during the test
pulse when the prepulse did not precede (Fig. 5A, middle, thin
trace). These results may indicate that inhibition of the cone ICa is
associated with the amount of exocytosis (DeVries, 2001). Pre-
pulse disinhibition of ICa could be more clearly seen when the test
pulse duration was prolonged to 50 ms, and the prepulse accel-
erated the activation kinetics of the cone ICa (Fig. 5B, left, thick
trace). The total charge of ICa evoked by the test pulse was signif-
icantly increased by the prepulse (Fig. 5B, right) (charge ratio,
1.50 � 0.19; n � 19; p � 0.01). The prepulse disinhibition re-
mained even in the presence of NBQX (10 �M), excluding hori-
zontal cell-mediated feedback as a mechanism (n � 2) (data not
shown).

If the prepulse disinhibition was related to the exocytosed
protons, this phenomenon would disappear when the extracellu-
lar pH buffering capacity was raised (DeVries, 2001; Palmer et al.,
2003). Indeed, the prepulse disinhibition disappeared in a high-
HEPES (40 mM)-buffered extracellular solution (Fig. 5C) (charge
ratio, 0.99 � 0.03; n � 5; p � 0.82). These results are consistent
with the data of the mammalian cone ICa reported by DeVries
(2001) and suggest that the newt cone ICa is inhibited not only by
the activation of group III mGluRs but also by the exocytosed
protons. Prepulse disinhibition of the cone ICa is caused mainly
by relief from ICa inhibition by exocytosed protons under this
condition (application of the test pulse to �20 mV in the control
solution).

The prepulse protocol was usually used for testing the involve-
ment of membrane-delimited pathways of G-proteins (direct ac-
tion of G-proteins) in ICa inhibition (Boland and Bean, 1993;
Campbell et al., 1995; Zamponi and Snutch, 1998; Dolphin,
2003). The key features of the membrane-delimited G-protein-
dependent ICa inhibition are slowing of the ICa activation kinetics
and removal of ICa inhibition by a depolarizing prepulse (that is,
prepulse facilitation). To test whether membrane-delimited
pathway of G-proteins were involved in mGluR-mediated inhi-
bition of the cone ICa, we applied the prepulse protocol (prepulse

Figure 4. Inhibition of the cone ICa by L-AP-4 involves activation of G-proteins in cones but
not horizontal cell-mediated feedback. A, Effects of L-AP-4 on the cone ICa in the presence of
NBQX (10 �M), which blocked non-NMDA receptors in horizontal cells. The cone was depolar-
ized from �50 to �20 mV for 50 ms. B, Effects of L-AP-4 on ICa recorded from a GDP�S (0.5
mM)-filled cone. C, Pooled data of the peak amplitude and total charge of the cone ICa (n � 6).
The concentration of GDP�S ranged between 0.5 and 3 mM. Error bars represent SEM.
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to �60 mV; test pulse to �30 mV instead of �20 mV) to cones in
the high-HEPES-buffered extracellular solution, in which ICa in-
hibition by exocytosed protons was excluded, and examined the
effect of L-AP-4. Before application of L-AP-4 (200 �M), the pre-

pulse did not affect the cone ICa elicited by the test pulse (Fig. 5D,
left). Application of L-AP-4 slowed down the activation kinetics
and reduced the peak amplitude of the ICa (Fig. 5D, compare
middle, thin trace with left, thin trace), and inhibition of ICa by
L-AP-4 was partially relieved by the prepulse (Fig. 5D, middle,
thick trace), consistent with direct action of G-proteins. The ef-
fect of L-AP-4 was reversible (Fig. 5D, right). It should also be
noted that prepulse in the presence of L-AP-4 did not completely
restore the cone ICa to the similar amplitude in the absence of
L-AP-4 (Fig. 5D, compare middle, thick trace with left, thick
trace). Another voltage-independent inhibitory pathway might
be involved in the effect of L-AP-4, and direct action of
G-proteins would not be predominant. We cannot deny the pos-
sibility that the prepulse used in the present experiment was not
strong enough to relieve membrane-delimited G-protein inhibi-
tion, but strong prepulses often deteriorated the cells. Here, we
point out that group III mGluRs and exocytosed protons modu-
late the cone ICa independently.

Neither L-AP-4 nor prepulse affected the L-type ICa in rods
and synaptic transmission from rods to the
second-order neurons
We examined whether L-AP-4 and prepulses also affected ICa in
rods (Fig. 6A). A 50 ms depolarizing pulse from �50 to �20 mV
elicited a sustained inward current (Fig. 6B, left, Control). The
current was identified as the L-type ICa, because it was completely
blocked by nifedipine (10 �M) (Fig. 6B, right, �Nifedipine).
L-AP-4 did not affect the rod ICa (Fig. 6B, left, �L-AP-4). Specif-
ically, L-AP-4 (100 –200 �M) did not change the peak amplitude
(Control, 71.64 � 7.63 pA; �L-AP-4, 70.05 � 7.52 pA; n � 7; p �
0.36) or total charge (Control, 2.90 � 0.37 pC; �L-AP-4, 2.84 �
0.35 pC; n � 7; p � 0.53) of the L-type ICa (Fig. 6C).

It should be noted that activation kinetics of the rod ICa (time
constant, 1.01 � 0.15 ms; n � 9) was faster than that of the cone
ICa (4.52 � 0.55 ms; n � 26). Because the rod ICa was activated
more rapidly and did not inactivate (Fig. 6B), the I–V relation-
ship could reliably be obtained from voltage ramps (Fig. 6D,
Control). Vhalf of the rod ICa was �32.46 � 1.07 mV (n � 8),
similar to the one in cones (�34.23 � 0.44 mV; n � 18). L-AP-4
had little effect on the I–V relationship of the rod ICa (Fig. 6D,
�L-AP-4) (Vhalf shift, �0.76 � 0.27 mV; n � 6). A prepulse to
�60 mV did not affect the amplitude of the rod ICa during a test
pulse even within a few minutes after whole-cell break-in (Fig.
6E) (charge ratio, 0.97 � 0.02; n � 4; p � 0.27), although the tail
ICa was effectively triggered at the cessation of the prepulse (Fig.
6E, left, arrow). We also tested the effects of prepulse on the rod
ICa in a bicarbonate-buffered extracellular saline, but we could
not detect any changes (n � 2).

We further investigated whether L-AP-4 affected synaptic
transmission from rods to the second-order neurons (OFF bipo-
lar cells and horizontal cells) by paired recordings. A depolarizing
pulse to �20 mV elicited the rod ICa and evoked an EPSC at a
synaptically connected horizontal cell clamped at �85 mV.
L-AP-4 (100 �M) affected neither the rod ICa nor the evoked EPSC
in the horizontal cell (Fig. 7A). There were no significant differ-
ences in the peak amplitude or total charge of the rod-evoked
EPSCs (two horizontal cells and an OFF bipolar cell as postsyn-
aptic cells). Even when the evoked EPSC amplitude was reduced
by changing the pulse amplitude (�35 instead of �20 mV), the
effects of L-AP-4 were not detected (Fig. 7B), excluding possible
occlusion of the L-AP-4 effect by postsynaptic receptor saturation
(Tang et al., 1994; Auger and Marty, 2000).

Figure 5. Inhibition of the cone ICa by group III mGluRs and by exocytosed protons. A, Pre-
pulse disinhibition observed in the control solution (5 mM HEPES). Paired recordings were per-
formed from a cone (voltage clamped at �50 mV) and a synaptically connected OFF bipolar cell
(voltage clamped at �80 mV). A 50 ms prepulse from �50 to �60 mV preceded a 5 ms test
pulse to �20 mV (thick traces). The interval between the two pulses was 100 ms. Thin traces
were obtained without prepulse. The arrow indicates a tail ICa elicited at the prepulse offset. B,
Left, Current traces recorded from the cone with (thick trace) and without (thin trace) prepulse.
Test pulse duration was prolonged to 50 ms. Right, Charge ratio was calculated as the ratio of
the total charge of the cone ICa during the test pulse with prepulse to that without prepulse (n�
19). C, No prepulse disinhibition in the high (40 mM)-HEPES-buffered extracellular saline, pH 7.8
(similar to the control saline). The same prepulse protocol is used as in B. Left, Current traces
from the cone. Right, Charge ratio (n � 5). D, Effects of the prepulse on the cone ICa in the
high-HEPES-buffered extracellular saline before (left), during (middle), and after application of
L-AP-4 (200 �M) (right). The same prepulse protocol as B except that test pulses to �30 mV,
instead of �20 mV, were applied. Current traces recorded from the cone with (thick trace) and
without (thin trace) prepulse are superimposed.
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Discussion
The present study demonstrated that activation of group III
mGluRs by L-AP-4 reduced glutamate release from cones but not
from rods (Figs. 1, 3, 7). Group III mGluRs inhibited the cone
L-type ICa by shifting the voltage dependence of activation to
more positive potentials (Fig. 2). L-AP-4 most effectively reduced
the cone ICa from �50 to �20 mV, the physiological range of
membrane potential of newt cones (Fig. 2). The inhibition in-
volved activation of G-proteins in cones (Fig. 4). In addition to
group III mGluRs, exocytosed protons also inhibited the cone ICa

(Fig. 5), which confirms the results of DeVries (2001). In con-
trast, neither L-AP-4 nor exocytosed protons affected the rod
L-type ICa (Fig. 6).

Using simultaneous paired recordings from synaptically con-
nected neurons, we showed that L-AP-4 inhibited glutamate re-

lease from a cone but not from a rod. This
is compatible with the observation that
L-AP-4 reduced cone-dominated light re-
sponses of the second-order neurons in
carp and tiger salamander retinas (Nawy et
al., 1989; Hare and Owen, 1992; Hirasawa
et al., 2002). Furthermore, we identified
the cone L-type ICa as the target of presyn-
aptic group III mGluR action. We could
not exclude the possibility that modula-
tion of other ion channels (Cochilla and
Alford, 1998) and release machinery
(Scanziani et al., 1995; Wu and Saggau,
1997) might also contribute to the inhibi-
tion of glutamate release. The Ca 2� influx
through cGMP-gated channels can also
initiate exocytosis in cones (Rieke and
Schwartz, 1994). Because L-AP-4 had no
detectable effect on the light-induced
cGMP-gated currents in newt cones (data
not shown), presynaptic inhibition ob-
served here does not involve cGMP-gated
channels in newt cones. cGMP-gated
channels might play a different role in con-
trolling glutamate release, such as modu-
lation by NO (Savchenko et al., 1997).

Because cones make the first synapses
in the retina, endogenous activation of
presynaptic group III mGluRs may influ-
ence not only the OFF pathway but also the
ON pathway, which could not be investi-
gated by the pharmacological approach
used here. LY341495, an antagonist of
group II/III mGluRs, could increase light
responses of OFF bipolar cells, suggesting
possible endogenous activation of cone
presynaptic mGluRs. However, we could
not estimate the extent of their endoge-
nous activation because of the lack of
group III mGluR-specific antagonists.
Cones can function over a wider range of
light intensities than rods (Miller et al.,
1994; Ebrey and Koutalos, 2001). Thus, we
suppose that group III mGluRs of cones
may serve as negative-feedback autorecep-
tors to avoid depletion of releasable vesi-
cles and may broaden the dynamic range
of their synaptic outputs in a light-adapted

condition. Kinetics of synaptic transmission is faster in cone syn-
apses than rod synapses (Schnapf and Copenhagen, 1982), and
negative feedback by cone mGluRs may help this phenomenon.
Additionally, if cone mGluRs are activated by glutamate spilt over
from adjacent photoreceptors, the mGluRs might affect the for-
mation of concentric receptive field of second-order neurons and
might improve spatial resolution. This is likely to happen in the
ribbon synapses where glutamate release is more tonic, compared
with conventional synapses between fast-spiking neurons (Rieke
and Schwartz, 1996; Matsui et al., 1998; von Gersdorff, 2001;
Parsons and Sterling, 2003). In contrast to mammals, cone and
rod pathways are not well segregated in lower vertebrates, and
synaptic inputs from cones and rods converge on most second-
order neurons (Lasansky, 1973, 1978; Yang and Wu, 1996, 1997;
Brandstätter and Hack, 2001). Thus, the role of cone mGluRs on

Figure 6. No effect of L-AP-4 and prepulses on the rod L-type ICa. A, Fluorescent image of a rod stained with Lucifer yellow. B,
A 50 ms depolarizing pulse to �20 mV was applied to elicit the rod ICa. Left, The current was measured before (thin trace) and
during (thick trace) application of L-AP-4 (200 �M). Right, After washout of L-AP-4, the current was measured before (thin trace)
and during (thick trace) application of nifedipine (10 �M). C, Effects of L-AP-4 on the peak amplitude and total charge of the
nifedipine-sensitive ICa (n � 7). Filled and open circles represent mean values and individual data points, respectively. D, Effect of
L-AP-4 on the ICa–V relationship. The relationship was obtained by voltage ramps from�60 to�60 mV at the rate of 120 mV/300
ms. A sigmoid curve was fitted to the increasing portion of the ICa–V relationship. Fitted parameters to the control were �68.1 pA
(Imax), �30.4 mV (Vhalf), and �4.7 mV (Vslope). E, The prepulse protocol is the same as in Figure 5B. Left, Current traces with (thick
trace) and without (thin trace) prepulse. An arrow indicates the tail ICa. Right, Charge ratio of the rod ICa (n � 4).
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visual information processing might be complicated when both
cones and rods are functional in the mesopic state. Furthermore,
Koulen and Brandstätter (2002) have shown in the rat retina that
immunoreactivity of mGluR8, one of the group III mGluRs, is
present at approximately all rod terminals and 25% of cone ter-
minals. Their immunocytochemical findings in the rat retina are
not consistent with our physiological results in the newt retina.
The group III mGluRs in mammalian cones may play less signif-
icant roles than those in amphibian cones.

It has been reported that L-AP-4 inhibited glutamatergic syn-
aptic transmission from bipolar cells to ganglion cells in the inner

retina (Awatramani and Slaughter, 2001; Higgs et al., 2002). We
confirmed in the newt retina that L-AP-4 reduced OFF responses
of the light-evoked EPSCs in putative ganglion cells and that
L-AP-4 did not affect the postsynaptic glutamate conductance of
these cells (data not shown). However, L-AP-4 did not affect ICa in
bipolar cells (OFF bipolar cells, n � 6; ON bipolar cells, n � 7).
L-AP-4 may have no direct effect on synaptic transmission in the
inner retina and reduction of the OFF responses in putative gan-
glion cells may rather reflect reduction of synaptic inputs to OFF
bipolar cells. Alternatively, L-AP-4 may inhibit transmitter re-
lease by modulation of other ion channels or release machinery in
bipolar cells (Scanziani et al., 1995; Wu and Saggau, 1997; Co-
chilla and Alford, 1998). It is interesting to note that one of the
group III mGluRs, mGluR7, has been found on bipolar cell ter-
minals in the mammalian retina in addition to group I mGluRs
on their dendritic tips (Brandstätter et al., 1998). Functional roles
of these mGluRs should be investigated by simultaneous presyn-
aptic and postsynaptic recordings in the future.

Besides group III mGluRs, exocytosed protons inhibited the
cone ICa (DeVries, 2001) in the newt retina independently. ICa of
ON bipolar cells is also sensitive to exocytosed protons (Palmer et
al., 2003). Inhibition of the cone ICa by exocytosed protons oc-
curred within a few milliseconds after activation of ICa (Fig. 5).
Such a fast negative-feedback mechanism would reduce deple-
tion of the releasable synaptic vesicles effectively and enable cones
to follow high-frequency light stimuli, improving time resolution
of visual perception and contributing to detecting moving stim-
uli. The effect of exocytosed protons may be more prominent at
more depolarized potentials where the amount of exocytosis is
high. In contrast, the mGluR effect is more effective at more
negative potentials (Fig. 2F). The two modulatory pathways
might cover different ranges of the cone membrane potential.

Although the cone ICa and the rod ICa were both identified as
L-type (Figs. 2, 6), only the cone ICa was inhibited by group III
mGluRs and exocytosed protons. L-type calcium channels are
heteromeric protein complexes containing a principal pore-
forming �1 subunit and auxiliary � and �2� subunits (Dolphin,
1999; Catterall, 2000). Whereas �1 subunits determine the prin-
cipal biophysical and pharmacological properties of the channel,
� subunits modulate cell surface expression, voltage dependence,
and opening kinetics. The other subunits have been less investi-
gated thus far. It has been shown that three different �1 subunits
of L-type channels, �1C, �1D, and �1F, are expressed in the OPL of
the retina (Nachman-Clewner et al., 1999; Firth et al., 2001; Mor-
gans, 2001; Xu et al., 2002). Heterogeneity of calcium channel
subtypes among cones has been suggested in the cone-dominated
retina of the tree shrew (Morgans, 1999). The different properties
between the cone ICa and the rod ICa in the newt retina might be
derived from different subunit compositions. In the present
study, pH sensitivity of the L-type ICa was not examined. Ineffec-
tiveness of the prepulse on the rod ICa might result from different
pH sensitivity of the rod ICa or the different architecture of rod
output synapses.

It is well established that N- and P/Q-type calcium channels
are inhibited by G-protein-coupled receptors via a membrane-
delimited pathway where �� subunits of G-proteins directly in-
teract with calcium channels (direct effect of G-proteins) (Hille,
1994; Zamponi and Snutch, 1998; Dolphin, 2003). In N- and
P/Q-type calcium channels, the inhibition can be relieved by
large depolarizations, resulting in prepulse facilitation. Because
of slowing of the activation kinetics by L-AP-4 (Figs. 2, 5D) and
prepulse facilitation in the presence of 40 mM HEPES and L-AP-4,
direct modulation by G-proteins is a likely mechanism at cones.

Figure 7. No effect of L-AP-4 on synaptic transmission from rods to the synaptically con-
nected second-order neurons. A, A 20 ms depolarizing pulse from �50 to �20 mV elicited the
rod ICa (Rod; middle) and the evoked EPSC in a horizontal cell (HC) held at �85 mV (bottom).
The currents were obtained before (thin traces) and during (thick traces) application of L-AP-4
(100 �M). B, Effects of L-AP-4 on the rod-evoked (Rod) EPSCs in an OFF bipolar cell (OFF BC) held
at �80 mV. The rod was depolarized to �20 mV (top traces) or �35 mV (bottom traces).
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Similar results have been reported for L-type ICa in neurosecre-
tory cells (Ammälä et al., 1992; Degtiar et al., 1997). However,
mechanisms of L-type ICa modulation are heterogeneous (Dol-
phin, 1999). Direct G-protein inhibition does not always accom-
pany prepulse facilitation (Dolphin, 1999; Carbone et al., 2001).
Molecular mechanisms that are involved in direct G-protein
modulation of L-type ICa have yet to be elucidated. In the expres-
sion system of �1 subunits of L-type channels, voltage-dependent
G-protein modulation was not found in the currents through
channels constituted of the �1C, �1D, or �1F subunit (Zhang et al.,
1996; Bell et al., 2001; Koschak et al., 2003). Other isoforms or
undiscovered accessory proteins may be required for G-protein
modulation. It has been reported previously (Stella and Thore-
son, 2000; Straiker and Sullivan, 2003) in large single cones of the
tiger salamander retina that dopamine D2 receptors and canna-
binoid CB1 receptors, which activate Gi/o-type G-proteins, sup-
press ICa by reducing cAMP levels and protein kinase A activity. It
is also proposed in retinal ganglion cells that group III mGluRs
activate phospholipase C via G-proteins and induce production
of IP3 and calcium release from internal stores, leading to sup-
pression of L-type calcium channels (Shen and Slaughter, 1998).
Precise identification of the signaling pathways of the mGluR
modulation in cones remains to be elucidated.
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Brandstätter JH, Koulen P, Wässle H (1998) Diversity of glutamate recep-
tors in the mammalian retina. Vision Res 38:1385–1397.

Campbell V, Berrow NS, Fitzgerald EM, Brickley K, Dolphin AC (1995)
Inhibition of the interaction of G protein Go with calcium channels by the
calcium channel beta-subunit in rat neurones. J Physiol (Lond)
485:365–372.

Carbone E, Carabelli V, Cesetti T, Baldelli P, Hernández-Guijo JM, Giusta L
(2001) G-protein- and cAMP-dependent L-channel gating modulation:
a manyfold system to control calcium entry in neurosecretory cells.
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