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Regulation of the On Bipolar Cell mGluR6 Pathway by Ca®*
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Glutamate produces a hyperpolarizing synaptic potential in On
bipolar cells by binding to the metabotropic glutamate receptor
mGIuR6, leading to closure of a cation channel. Here it is
demonstrated that this cation channel is regulated by intracel-
lular Ca®™. Glutamate-evoked currents were recorded from On
bipolar cells in light-adapted salamander retinal slices in the
presence of 2 mm external Ca®". When glutamate was applied
almost continuously, interrupted only briefly to measure the size
of the response, the glutamate response remained robust.
However, currents elicited by intermittent and brief applications
of glutamate exhibited time-dependent run down. Run down of
the glutamate response was also voltage dependent, because
it was accelerated by membrane hyperpolarization. Run down
was triggered, at least in part, by a rise in intracellular Ca®";
measured as a function of time or voltage, it was attenuated by

intracellular buffering of Ca®* with BAPTA or by omitting Ca®*
from the bathing solution. Current-voltage measurements dem-
onstrated that Ca®* induced run down of the glutamate re-
sponse by downregulating cation channel function, rather than
by preventing closure of the channel by glutamate and mGIuRG6.
A major source of the Ca2* that mediated this inhibition is the
cation channel itself, which was found to be permeable to
Ca?®", accounting for the use dependence of the run down.
These results suggest that Ca®* influx through the cation chan-
nel during background illumination could provide a signal to
close the cation channel and repolarize the membrane toward
its dark potential, an adaptive mechanism for coping with
changes in ambient light.
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The synapse between photoreceptors and On bipolar cells is one
of the initial synapses in the visual system and is the first oppor-
tunity for modification of the visual signal. At this synapse,
glutamate, the photoreceptor transmitter, hyperpolarizes On bi-
polar cells via activation of a G-protein-coupled receptor (Nawy
and Jahr, 1990a; Shiells and Falk, 1990), identified molecularly as
mGluR6 (Nakajima et al., 1993). Hyperpolarization results when
the G-protein-mGluR6 complex suppresses a cation current that
keeps the On bipolar cells continuously depolarized. The
mGluR6 receptor is selectively activated by the glutamate agonist
L-2-amino-4-phosphonobutyrate and is therefore characterized
as a group III metabotropic receptor (for review, see Pin and
Duvoisin, 1995). The G-protein, most likely G, (Vardi, 1998;
Nawy, 1999a), may inhibit channel function via a direct interac-
tion with the channel, a common pathway for G, (Hille, 1994) .

The photoreceptor—On bipolar cell synapse has long been
recognized as a potentially important site for a photoreceptor-
independent form of light adaptation within the retina (Dowling,
1987), although the underlying cellular mechanism has not been
resolved. New insight into this problem was provided by a recent
study showing that tightly buffering intracellular Ca®* with
BAPTA reduces adaptive changes in the light response of On
bipolar cells (Shiells and Falk, 1999). The authors concluded that
Ca?" may mediate adaptive changes to the light response in On
bipolar cells, as it does in photoreceptors. Their study raises a
number of important questions. For example, the target of Ca®*
within the mGluR6 pathway is unclear. Ca?* could be interacting
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with the receptor or G-protein, diminishing the ability of the
receptor to close the channel, or it may downregulate the channel
directly. Also, the source of the Ca®* that mediated these adap-
tive changes is unclear. It has been suggested that it may be the
synaptic cation channel itself (Shiells and Falk, 1999), but there is
currently no evidence that the channel is permeable to Ca**. In
addition, information about the kinetics of Ca®" action is lacking.
Resolution of these issues is necessary to provide a clearer
understanding of Ca?"-dependent modulation of postsynaptic
responses in On bipolar cells.

Accordingly, the present study was undertaken to assess the
role of Ca®" in the function and regulation of the mGluR6
pathway. The results presented here suggest that the nonselective
cation channel that is closed by glutamate is highly permeable to
Ca?* and that the entry of Ca®" through this channel will then
cause the channel to close. This feedback can be observed within
a second after the opening of the cation channel. Ca** could
provide a signal to close cation channels that have been opened by
steady illumination. This process would help to restore the On
bipolar cell to its dark membrane potential and operating range.

MATERIALS AND METHODS

Preparation of slices and solutions. Slices of retina from larval tiger
salamanders (Kons Scientific, Germantown, WI) were prepared as de-
scribed previously (Nawy and Jahr, 1990b; Walters et al., 1998). Briefly,
salamanders were anesthetized with 3-aminobenzoic acid ethyl ester and
decapitated, and the eyes were enucleated. Whole retinas were isolated
and placed on a 0.65 um cellulose acetate/nitrate membrane filter (Mil-
lipore, Bedford, MA) that was secured with vacuum grease to a glass
slide adjacent to the recording chamber. Slices were then cut to a
thickness of 150-200 wm with a tissue slicer (Stoelting, Wood Lane, IL),
transferred to the recording chamber while remaining submerged, and
viewed with a Zeiss (Thornwood, NY) Axioskop equipped with a water-
immersion 40X objective with Hoffman modulation contrast (Modula-
tion Contrast, Greenvale, NY). All manipulations were performed in
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normal room light. Slices were bathed in a solution containing (in mm):
108 NaCl, 2 CaCl,, 2.5 KCl, 1.2 MgCl,, 10 HEPES, 10 glucose, and 0.1
picrotoxin, pH 7.6 (with NaOH). Total Na™ was 110 mM. The solution
was perfused continuously through the recording chamber at a rate of ~1
ml/min. In some experiments, the metabotropic receptor antagonist
(R,S)-a-cyclopropyl-4-phosphonophenylglycine (CPPG; Tocris Cook-
son, Ballwin, MO) was added to the control flow pipe solution. For the
Ca?"-free solution, CaCl, was replaced with 2 mmM EGTA. The 20 mm
Ca?* solution contained 85 mm Na ™. For reversal potential experiments,
MgCl, was omitted. These solutions were applied to cells through the
flow pipes (see below). The pipette solution was composed of (in mm): 85
K *gluconate, 10 KCI1, 10 HEPES, 10 EGTA, 4 MgATP, and 1 LiGTP,
pH 7.4 (with KOH). Final [K"] was 144 mm.

Electrophysiology and drug application. Patch pipettes were fabricated
from borosilicate glass (WPI, Sarasota, Fl) using a two-stage vertical
puller (Narishige, Sea Cliff, NY) and were fire-polished to resistances of
2-3 M{). Whole-cell recordings were obtained with an Axopatch 200A
amplifier (Axon Instruments, Foster City, CA) and had input and series
resistances of ~1 GQ and 10-19 M(), respectively. On bipolar cells were
identified by their position in the slice and by their characteristic outward
responses to glutamate. Cells were discarded if the series resistance
exceeded 20 M(), if the holding current changed suddenly, or if the
holding current during the first application of agonist exceeded —20 pA
(i.e., current measured while the sustained inward current was sup-
pressed) at —40 mV. Holding potentials were corrected for the liquid
junction potential, which was measured to be 10 mV with the standard
K *gluconate pipette solution. Data were acquired with Axobasic soft-
ware and the Digidata 1200 interface (Axon instruments) and analyzed
with Kaleidagraph (Synergy Software, Reading, PA).

Drugs were applied via two polymer-coated fused silica tubes (outer
diameter, 350 wm; inner diameter, 250 wm; Polymicro Technologies,
Phoenix, AZ) positioned close to the cell. One tube contained control
bathing solution, and the other contained bathing solution to which 1 mm
glutamate was added. The tubes were mounted to a computer-controlled
piezobimorph (Morgan-Matroc, Bedford, OH). Each tube was supplied
by two separate reservoirs, which were manually switched. One reservoir
contained low Ca?", either 0 or 2 mm Ca?", and the other contained
higher Ca®" concentrations, either 5 or 20 mm Ca?". The other set of
reservoirs contained the same solutions, but with added glutamate. /-1
plots were constructed first in low-Ca?* and then in high-Ca®" solutions
without repositioning the tubes. Switching from low to high Ca>* took
~15 sec. The bath solution always contained the standard 2 mm Ca®"
solution.

Measurement of reversal potentials. Direct measurement of the reversal
potential of the glutamate response was often hampered by a pronounced
outward rectification of the I~} relation, particularly with elevated Ca®".
The reversal potential was therefore obtained from the linear least
squares fit to the outward limb of individual /- plots. Reversal poten-
tials were pooled from all cells to obtain a mean and SE for each Ca>"
concentration. Analysis of reversal potential shifts in single cells yielded
results that were nearly identical to the shifts obtained by pooling the
data. The permeability ratio Ca®*/Na™ was obtained from experimen-
tally determined reversal potentials using the Goldman-Hodgkin-Katz
(GHK) constant field equation extended to include divalent ions using
ion activities (Jan and Jan, 1976; Mayer and Westbrook, 1987). Ion
activity was calculated as the product of the ion concentration and
activity coefficient y. Activity coefficients used to calculate ion activities
were YNa® = 0.74, yK* = 0.72, and yCa*"(2 mm) = 0.23 [references
cited in Gilbertson et al. (1991)] and yCa?*(20 mm) = 0.44 (Taschen-
berger et al., 1999).

RESULTS

Use-dependent regulation of the mGIuR6 cascade

Whole-cell recordings were obtained from On bipolar cells in
slices of tiger salamander retina that were light-adapted by room
light. Under light-adapted conditions, synaptic release of gluta-
mate from photoreceptors should be minimal. This was con-
firmed with CPPG, a type III metabotropic receptor antagonist
(Jane et al., 1996; von Gersdorff et al., 1997). Application of 300
uM CPPG to On bipolar cells produced no response (data not
shown), indicating a lack of endogenous glutamate. At 30 sec
intervals after obtaining recordings, cells were exposed to gluta-
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mate for 5 sec, to monitor the amplitude of the response. This will
be referred to as the 20/120 protocol. Figure 14 shows three
current traces in a cell that was voltage clamped at —40 mV. Each
trace is composed of the average of four glutamate responses,
obtained during the time period indicated above each trace. The
response appears outward because glutamate activates the
metabotropic receptor mGluR6 and shuts off an inward cation
conductance (Nawy and Jahr, 1990a; Shiells and Falk, 1990).
There was a time-dependent run down of the response associated
with a decrease in baseline current, as has been reported previ-
ously (Nawy and Jahr, 1990b). Overall, the amplitude of the
response decreased to 35.3 = 6.5% of its initial size after 15 min
of recording (Fig. 1C).

In darkness, photoreceptors release glutamate continuously at
their maximum rate onto On bipolar cells. Consequently, a large
fraction of the mGIluR6 receptors are bound, and the cation
conductance is primarily suppressed. These conditions were mim-
icked in the present study by continuously applying glutamate
during establishment of whole-cell recording. Thereafter, it was
washed away once every 2 min for 5 sec to measure the size of the
response. Thus glutamate was present for 115 of 120 sec (115/
120). Figure 1B shows a series of three responses to the wash off
of glutamate at different times during the recording. The re-
sponses are inward because the removal of glutamate activated
the cation conductance. Although there was a small change in the
kinetics of the response to glutamate removal (see Fig. 1B leg-
end), the amplitude of the response was essentially unchanged
throughout the recording period. Overall, cells exposed nearly
continuously to glutamate exhibited no significant change in re-
sponse amplitude (103.6 * 11.8% of the initial response) over a
20 min recording period (Fig. 1C).

To examine better the mechanism and kinetics of response run
down after glutamate deprivation, I first measured responses to
glutamate in cells using the 115/120 protocol. Response run down
was then initiated by switching to the low-glutamate, 20/120
protocol. An example of the result is shown in Figure 2A4. In this
cell, which had the largest response of all of the cells that were
observed, the decay of the glutamate response (Fig. 24, filled
circles) could be resolved as the sum of two exponentials, with
time constants of 53.9 sec and 7.7 min. However, in six other cells,
only a single exponential was required to obtain an adequate fit of
the averaged data (Fig. 24, inset), with a time constant of 1.4 min.
In several experiments, the order of application protocols was
reversed. Continuous application of glutamate for as long as 30
min failed to reverse run down that was induced by the 20/120
protocol (n = 4 cells; data not shown). Thus, with conventional
whole-cell recording, the run down of the glutamate response was
essentially irreversible.

Loss of the response could be because of the failure of the
receptor— G-protein complex to close the open cation channel or
because cation channels are no longer open and available to be
closed by glutamate. In Figure 24, total cation current is plotted
as a function of time (open squares) along with the glutamate
response. Total cation current was estimated by assuming that
during the largest response that was observed, glutamate sup-
pressed all of the cation current (i.e., the total cation current was
set equal to the size of the glutamate response at the time point
labeled 1 in Fig. 2A4). The striking similarity in the magnitude and
rate of decay of the response and the loss of current that could be
suppressed by glutamate is consistent with the idea that the cation
channel was downregulated with time, thus accounting for the run
down of the response. This can be appreciated by comparing the
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trace is a single response to the application
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indicated above each trace. The bathing so-
lution contained the group III metabotropic
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peak and baseline of the response during glutamate removal (Fig.
2b, left) with the peak and baseline of the trace obtained imme-
diately (middle) and 10 min (right) after switching protocols. The
holding current in the presence of glutamate, when the cation
channels were closed, was essentially unchanged during the
course of the experiment. Similar results were obtained in six of
seven cells.

Further evidence that a loss of the cation current was respon-
sible for the overall change in holding current was obtained by
using voltage ramps to measure the cell I~} relation during the
115/120 phase of the experiment (glutamate was not applied
during the ramp) and then again after switching to the 20/120
protocol. In three of three cells, one of which is shown in Figure
2C, the change in baseline was associated with a decrease in
conductance (left) with a reversal potential near 0 mV (right), as
expected if the conductance decrease was caused by the closure of
a nonselective cation channel.

Use-dependent regulation of the channel

involves Ca®*

Ca?* has been postulated as a mediator of adaptive changes in
On bipolar cell light responses (Shiells and Falk, 1999). To test
the possibility that Ca®* is involved in mediating the use-
dependent effect of glutamate described here, experiments were
performed with BAPTA as the Ca®" chelator rather than
EGTA. The mean amplitude of the response elicited by the
115/120 protocols in cells dialyzed with BAPTA was essentially
unchanged during the same time period (Fig. 3C; 98.5 = 19.9% of
the initial response), similar to the result obtained with EGTA-

10 12 14 1

' 120 sec; open circles; n = 7) exposure to

glutamate. The holding potential for all
cells was —40 mV.

dialyzed cells using the same glutamate application protocol.
However, dialysis with 10 mm BAPTA decreased time-dependent
run down of the response observed with the 20/120 application
protocol. An example of the glutamate responses obtained with
BAPTA in the pipette and 2 mm Ca*" in the bathing solution is
shown in Figure 34. Overall, the amplitude of the response was
79.2 = 10.4% of the initial response after 15 min of recording
(Fig. 30).

Although BAPTA effectively diminished time-dependent run
down, a significant amount of run down was still observed.
BAPTA may not have reached the dendrites in time to prevent
the initiation of a Ca®*-dependent process, leading to run down.
Alternatively, one or more sites of Ca®* action may not be
accessible to BAPTA. Accordingly, glutamate responses were
measured in a bathing solution containing no added Ca*" and 2
mmM EGTA. In this experiment, 2 mm Ca?" was present in the
bath to facilitate seal formation and break-in. Immediately after
breaking into the cell, the bath solution was switched to a Ca®*-
free solution, and the response to glutamate was measured using
the 20/120 protocol. After a delay of several minutes, a run-up of
the glutamate response was typically observed, and the amplitude
of the response was 139.2 = 28.7% of the initial response (Fig.
4A). Although there was a large degree of variability from cell to
cell, as can be appreciated by the SE, run down was seen in only
one of six cells, and in that one cell, the size of the response after
15 min was ~90% of the initial response.

The possibility that the entry of Ca®" through voltage-gated
Ca?" channels might contribute to inhibition of the glutamate
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Figure 2. Use-dependent run down is associated with a loss of the
underlying cation conductance. A, Plot of the decay of the response to
glutamate (filled squares) and the suppressible cation current (open
squares) in the same cell exposed to both glutamate application protocols.
Because there is no known selective blocker of the cation channel, an
independent measure of the total cation current was not possible. Instead,
the amount of current was estimated by assuming that glutamate sup-
pressed all of the cation current immediately before switching to the
20/120 protocol, when the response reached a maximum. The continuous
line is a double exponential fit to the response data. Inset, Averaged decay
of the response after switching to the 20/120 protocol. Data are from six
cells and were reasonably well fitted by a single exponential. Norm. resp.,
Normalized response. B, Single responses to the withdrawal (left) or
application (center, right) of glutamate at the times indicated by the
numbers 1-3 in A. The decay of the response is caused solely by a loss of
holding current. C, Left, Currents elicited by ramping the holding voltage
from —80 to +30 mV. The duration of each ramp was ~8 sec. Voltage
ramps were obtained immediately before, and then 10 min after, switch-
ing to the 20/120 protocols. Right, Ramp subtraction showing that the
change in holding current during the experiment can be attributed to
the loss of a conductance with a reversible potential near 0 mV. Records
shown in C are from a different cell than that producing records in 4
and B.

response was examined. Addition of 100 uMm nifedipine to the
normal bathing medium did not prevent run down of the gluta-
mate response (Fig. 44) but did block voltage-gated Ca?" current
in On bipolar cells (Fig. 4B), as has been reported previously
(Tachibana et al., 1993; Protti and Llano, 1998). It therefore
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Figure 3. BAPTA reduces use-dependent run down. 4, Currents elicited
by glutamate with the 20/120 protocol, recorded from an On bipolar cell
with a pipet solution containing 10 mm BAPTA. Responses exhibited
only moderate run down. B, C, Time course of the response to glutamate
in BAPTA-dialyzed cells, using the 20/120 application protocol (B; n = 9)
or the 115/120 protocol (C; n = 8). With BAPTA, the time course of the
response with both protocols was similar, suggesting that intracellular
Ca?" mediates use-dependent run down.

seems likely that Ca®" entry through nifedipine-sensitive Ca®"
channels, the prominent type of voltage-gated Ca*" channel in
On bipolar cells, does not contribute to regulation of the mGluR6
pathway.

Ca?" causes a run down of the glutamate response principally
via downregulation of the cation channel. Figure 5 illustrates an
experiment in which the bathing medium was switched from
Ca?"-free to a solution containing 2 mm Ca*". During this time,
glutamate was applied briefly every 30 sec. The addition of Ca®*
produced a small transient change in the peak of the glutamate
response. This was commonly observed, and the reason is un-
clear, but the long-lasting effect of added Ca** was a shift in the
baseline (Fig. 5B). Voltage ramps made in the absence and
presence of Ca** (Fig. 5C, left) clearly show that the decrease in
holding current was associated with a conductance decrease with
a reversal potential near 0 mV. On the other hand, voltage ramps
generated during glutamate application show that membrane
conductance was relatively unchanged by Ca®* when the cation
channels were held closed by glutamate. Similar results were
obtained in seven other On bipolar cells. These results suggest
that the use-dependent inhibition described in the previous sec-
tion shares a common mechanism with Ca?", both downregulat-
ing function of the cation channel.

The cation channel that couples to the mGIuR6
receptor is permeable to Ca?*

One potential route for Ca®" entry that is consistent with the
data presented above is through the cation channel itself. Because
there is presently no evidence that the channel is permeable to
Ca?", this possibility was examined by measuring the reversal
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Figure 4. Run down is prevented by removing Ca®" from the bathing
medium but not by blocking voltage-gated Ca** channels. A4, A summary
of the run down of the glutamate response, obtained with the 20/120
protocol, is shown. Cells were bathed in solution containing 2 mm EGTA
and no added Ca*" (filled circles; n = 6) or 2 mm Ca”" and 100 um
nifedipine (open circles; n = 5). B, This concentration of nifedipine was
sufficient to block Ca?* currents in On bipolar cells fully. A Ca>* current
was elicited with a voltage ramp from —60 to +30 mV lasting ~2 sec. The
addition of 100 um nifedipine through a flow pipe blocked the current.
Nifedipine also blocked Ca?* current in two other cells. For this exper-
iment, Ca®* was replaced with 10 mm Ba?* in the bathing solution. Nifed,
Nifedipine.

potential of the glutamate response while varying the external
Ca”" concentration. An example of this experiment is illustrated
in Figure 6. In the absence of Ca?", the response reversed near
0 mV (Fig. 64). However, when a portion of the external Na™
was substituted with 20 mm Ca®* (see Materials and Methods),
the reversal potential was shifted in the positive direction
(Fig. 6B).

The mean reversal potential measured in Ca**-free solution
was —0.24 * 0.74 mV, corresponding to a Na*/K ™ permeability
ratio near unity (1.27:1). In 5 mm Ca?*, the reversal potential was
+2.7 = 1.7 mV. In the presence of higher external Ca®", the
glutamate response rectified strongly near the reversal potential,
making direct measurements of the reversal potential difficult.
For this reason, the reversal potential was determined by a linear
extrapolation of the outer limb of the /-J relation, as illustrated
in Figure 6C. In 20 mm Ca?", the reversal potential was +10.1 =
1.9 mV. In Figure 6D the reversal potential of the glutamate
response is plotted as a function of Ca®* concentration. The
continuous line is the GHK equation with a Ca®*/Na "/K* ratio
of 4.9:1.27:1, adjusted for the activities of Ca®*, K", and Na™
(see Materials and Methods). Thus, the shift in the reversal
potential of the glutamate response suggests that the cation chan-
nel is significantly permeable to Ca>*.
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Figure 5. Ca®" induces run down via downregulation of the cation
conductance. A4, At the indicated time, control and glutamate bathing
solutions with 2 mM EGTA and no added Ca?* were switched with
solutions containing 2 mM Ca?*. Ca?" shifted the baseline and reduced
the amplitude of the response. There was a 15 sec period during which
there was no acquisition before each response to glutamate. B, Glutamate
responses indicated by the boxes in A are displayed on a faster time scale.
Note the undershoot after removal of glutamate in the 2 mm bathing
solution, although the acquisition sequence ended before the response
recovered to baseline. The holding potential for this cell was —40 mV. C,
Responses to voltage ramps from —80 to +30 mV and ~8 sec long,
obtained in 0 mM Ca?" (thin line) and 2 mm Ca?* (thick line) solution in
the absence (left) and presence (right) of glutamate, are shown. In the
presence of glutamate, when the cation channels were closed, Ca* had
no effect on the I-V relation. In the absence of glutamate, Ca®" decreased
membrane conductance with a reversal potential near 0 mV, suggesting
that the decrease in conductance was caused by an overall downregula-
tion of cation channel function. The cell in C is different from the cell in
A and B.

CaZ2* confers voltage dependence on the

glutamate response

Downregulation of the cation conductance by Ca®" was strongly
potentiated by membrane hyperpolarization. This is illustrated in
the experiments summarized in Figure 7. Cells were held at —20
mV, and the holding potential was then stepped from +30 to —80
mV. In some experiments, cells were held at each potential for 5
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Figure 6. Cation-selective channels in On bipolar cells are permeable to
Ca?". A, B, Records from an On bipolar cell obtained in 0 mm Ca?* (4)
and 20 mm Ca?* (B). Raising external Ca®" produces a positive shift in
the reversal potential of the glutamate response. C, Mean (=SE) of the
outward limb of the I-V relation measured with 0 mm Ca?* (n = 9), 5 mm
Ca’" (n = 14), or 20 mM Ca>* (n = 13) in the bath. D, Mean reversal
potential as a function of external Ca?*. Fit is from the extended GHK
equation (Mayer and Westbrook, 1987) with a Ca?*/K*/Na™* ratio of
4.9:1.27:1.

sec before glutamate was applied (Fig. 74, left). In other experi-
ments, the step length before glutamate application was increased
to 65 sec (Fig. 74, right). The mean (= SE) amplitude of the
glutamate response after long and short voltage steps is plotted as
a function of the step voltage in Figure 7B. The external solution
always contained 2 mm Ca?*. With both step lengths, the slope
conductance of the voltage-response plot was similar over the
range of —20 to +30 mV (short step, 2.07 nS; long step, 1.79 nS).
At holding potentials more negative than —20 mV, the slope
conductance declined dramatically. With short steps, the slope
conductance was 0.68 nS, and with longer steps, it was 0.14 nS.
The inhibition of the response at more negative holding poten-
tials was not readily reversible and resulted in a depression of the
current suppressed by glutamate irrespective of holding potential
(data not shown).

These data are consistent with the idea that hyperpolarization
increases the driving force for Ca?* through the cation channel
and hastens run down of the response. Support for this idea was
obtained by measuring the I~} relation using the long-step pro-
tocol and including BAPTA in the pipette solution (Fig. 74,
right). The slope conductance from —80 to —20 mV was 0.79 nS,
similar to the conductance obtained with the short step with
EGTA in the pipette solution (Fig. 7B). This experiment indi-
cates that the rectification of the I-J relation is attributable to
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Figure 7. Inhibition of the steady-state glutamate response by Ca’* is

potentiated by long hyperpolarizing steps. 4, Three examples of
glutamate-elicited currents during a series of 10 mV voltage steps from
+30 to —80 mV. Left, Responses to glutamate, applied 5 sec after the
beginning of each step (Short step). The early portion of the trace at +30
mV has been omitted because of contamination from voltage-gated K*
currents. Middle, Responses from another cell to glutamate applied 65 sec
after the initiation of each step (Long step). Right, Same as the middle
panel except that this cell was dialyzed with BAPTA. Voltage protocols
are shown above each series of responses. For clarity, only responses
during odd voltage steps are shown. Calibration: left, right, 100 pA;
middle, 50 pA. B, Mean (* SE) of the I-J/ plot obtained with short steps
(open circles; n = 15), long steps (open squares; n = 17), and long steps in
cells dialyzed with BAPTA ( filled squares; n = 11). Slope conductances
for each condition were obtained from the linear regression of the aver-
aged data over the voltage ranges of +30 to —20 and —30 to —80 mV. For
short steps, slope conductances were 2.07 and 0.68 nS, respectively
(dashed lines). For long steps, the slope conductances were 1.79 and 0.14
nS, respectively (continuous lines). For long steps with BAPTA in the
pipette solution, the slope conductances were 1.51 and 0.79 nS,
respectively.

enhancement of Ca?™ inhibition at negative potentials. However,
substantial rectification of the -} relation was still observed in
cells dialyzed with BAPTA. It is not clear whether this rectifica-
tion persists because BAPTA is simply overwhelmed by the local
increase in Ca?" or whether Ca?" acts at other targets that are
not accessible to BAPTA, such as the channel pore (see
Discussion).
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Figure 8. Ca**-induced changes in response kinetics contribute to inhi-
bition of the response during hyperpolarization. 4, Each trace is the
average of four responses obtained in a bathing solution with 0 mm Ca?*
(thin trace) or 5 mMm Ca?* (thick trace). Ca®* depressed the steady-state
cation current, but in this cell the depression was relieved briefly after the
wash off of glutamate. Inset, The Ca2+-dependent decay of cation current
was exponential, with a time constant of ~0.8 sec in this cell. Calibration:
20 pA, 1 sec. B, I-V relations of the glutamate response using brief voltage
steps as described in Figure 7 are shown. Steady-state responses were
measured in 0 mm Ca?" (filled circles; n = 10) or 5 mm Ca?* (open
circles; n = 9). The slope conductance for 0 mm Ca?" was 2.06 nS. In a
third group of cells, the “peak” response was measured in cells that
displayed a significant undershoot (open squares; n = 11), by summing the
size of the undershoot and the steady-state response. This group was
obtained by pooling cells that were recorded with 5 mm Ca?* (7 cells) and
2 mMm Ca®" (4 cells). The 0 mm Ca®" group includes only cells that
displayed a significant undershoot with Ca2* in the bathing medium.

Many cells, particularly early in the recording, displayed a
prominent undershoot after the removal of glutamate, which
decayed back to baseline over the course of several seconds. An
example of this undershoot in a cell recorded with 5 mm Ca*" in
the bathing solution is shown in Figure 8A (thick trace). Gluta-
mate would be expected to close nearly all of the cation channels.
Thus would eliminate Ca®* influx and favor upregulation of the
cation channel. According to this model, upregulation is revealed
briefly after the removal of glutamate, until the cation current
decays to a smaller steady-state value as a result of Ca®"* influx.
In support of this idea, switching to a Ca*"-free bathing solution
almost completely abolished the undershoot and increased the
steady-state amplitude of the glutamate response (Fig. 84, thin
trace). In six of six cells that displayed a prominent undershoot,
the undershoot was eliminated by switching to Ca**-free solu-
tion. In the cell illustrated in Figure 84, the time constant of
decay was 0.84 sec, the fastest decay observed. In six cells, all of
which could be fitted with a single exponential, the average time
constant was 3.2 = 1.4 sec.

Perhaps because of the increased driving force for Ca?"
through the channel, the size of the undershoot was enhanced
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relative to the steady-state glutamate response at negative hold-
ing potentials. Current-voltage relations for the glutamate re-
sponse in bathing solution containing 5 or 0 mm Ca?* are shown
in Figure 8 B. The responses were generated using the short-step
protocol as in Figure 74. In 5 mm Ca?", the steady-state response
rectified sharply. Between —20 and +30 mV, the slope conduc-
tance was 1.48 nS, and it was 0.49 nS between —30 and —80 mV.
In 0 mm Ca*", the relation was relatively linear over the entire
voltage range, with an overall slope conductance of 2.10 nS. When
the instantaneous amplitude of the glutamate response in Ca>*
(data for 2 and 5 mm Ca*" were pooled) was measured by
incorporating the undershoot, Ca®*-dependent inhibition was
minimized, and the response—voltage function more closely re-
sembled the 0 mm Ca** function.

DISCUSSION

Synaptic responses in the dendrites of On bipolar cells are gen-
erated by current flow through a nonselective cation channel. The
channel is negatively regulated by the mGluR6-G,-protein com-
plex, which is localized to the dendrites (Vardi et al., 1993;
Nakanishi, 1994; Nomura et al., 1994; Vardi and Morigiwa, 1997
Vardi, 1998). As a result, the cation channel is closed in darkness,
when glutamate levels in the synapse are high, and opens when
light hyperpolarizes the presynaptic photoreceptor and decreases
transmitter release. In this study I show that this cation channel is
regulated in a use-dependent manner. When the channels were
held close by continuous application of glutamate, a large fraction
of them opened in response to brief periods of glutamate re-
moval. However, when the channels were allowed to remain open,
the cation current quickly ran down. Run down was triggered, at
least in part, by a rise in intracellular Ca®", because it was
attenuated by buffering Ca?* with BAPTA or removing Ca®*
from the bathing solution. A potential source of Ca®* entry is the
cation channel itself, which was shown to have significant Ca>*
permeability.

At physiological concentrations, external Ca“" appears to in-
hibit On bipolar cell cation channel function primarily by binding
to an intracellular site rather than via channel block, such as has
been observed for other cation channels. The effect of Ca®*
described here is much slower than can be accounted for by
divalent open channel block (Haynes et al., 1986; Zimmerman
and Baylor, 1986; Mayer and Westbrook, 1987; Jahr and Stevens,
1993; Zagotta and Siegelbaum, 1996). Furthermore, inhibition of
channel function could be primarily prevented by buffering intra-
cellular Ca?* with BAPTA. Downregulation of the cation cur-
rent by Ca®" probably also accounts for the pronounced voltage
dependence of the glutamate response described here. During
long hyperpolarizing steps (in the absence of glutamate), a
greater accumulation of Ca?" within the dendrites might be
expected, because of a larger driving force for Ca®* (Vernino et
al., 1992), and this would promote further downregulation of the
channel. Significant downregulation during hyperpolarizing steps
as brief as 5 sec could be observed, and one such example can be
seen in the —80 mV record in Figure 7A4. I-V relations with long
voltage steps were relatively linear when cells were buffered with
BAPTA. Furthermore, instantaneous measurements of the I-1/
relation for the channel made in previous studies, constructed
either with very brief steps or with ramps, do not exhibit pro-
nounced rectification (Nawy and Jahr, 1991; Thoreson and
Miller, 1993; Tian and Slaughter, 1994; Thoreson et al., 1995;
Nawy, 1999a).

Higher concentrations of Ca?™, such as those used to measure

2+
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permeability of the cation channel to Ca®", inhibited the cation
channel at all voltages that were examined. Inhibition of the
cation conductance with high external Ca*" might result from
channel block, because BAPTA was unable to produce any relief
from this inhibition. Alternatively, high external Ca** might
overwhelm BAPTA and raise intracellular Ca®* near its intra-
cellular target (Legendre et al., 1993).

Several previous studies have sought to identify a role for Ca**
in regulation of the mGluR6 cascade and have yielded conflicting
results. An early study of rod On bipolar cells isolated from rat
retina showed that removal of extracellular Ca?" increased the
magnitude of the cation current, whereas raising Ca?" from 2.5
to 25 mm decreased the current (Yamashita and Wassle, 1991).
Similar results were obtained in a study of amphibian retina in a
slice preparation (Thoreson and Miller, 1993). The conclusions of
these studies are in agreement with the results presented here.
One difference is that these previous studies attributed the effects
of Ca?" to a direct block of the cation channel, whereas it is
proposed here that at least a portion of the actions of Ca®" can
be attributed to an intracellular site of action (see below). An-
other laboratory has reported no significant change in the cation
current or response to agonist after removal of extracellular
Ca?" (Shiells and Falk, 1992). One explanation for their result is
that they held the voltage of their cells at —20 mV, significantly
less negative than the holding potentials in the other studies. At
—20 mV, the driving force for Ca®* is small, and only minor
effects of Ca" on the cation current and, hence, the glutamate
response are observed (see Figs. 7, 8 of this study). In fact, close
inspection of Figure 34 of the study by Shiells and Falk (1992)
indicates a slight potentiation of the cation current in the absence
of external Ca?".

The findings of the present study would seem to contradict a
previous study from this laboratory that concluded that CaMKII,
a kinase that is activated by a rise in intracellular Ca®*, upregu-
lates the cation channel (Walters et al., 1998). In that study, but
not in the present one, bipolar cells were dialyzed with pipette
solutions containing high concentrations of inorganic phosphate,
because it increases the size of the glutamate response. Inorganic
phosphate is an inhibitor of phosphatases (Jones and Westbrook,
1997) and probably serves this function in On bipolar cells,
because a similar potentiation of the glutamate response has been
observed when the Ca®*-dependent phosphatase calcineurin is
inhibited (Nawy, 1999b). Calcineurin is activated by 10- to 100-
fold lower Ca?*/calmodulin concentrations than is CaMKII
(Klee, 1991), Therefore, one explanation for our results is that
when the cation channels are open, recordings with EGTA and no
added Ca*" in the pipette allow the intracellular Ca®" concen-
tration near the cation channel to rise sufficiently to activate
calcineurin but not CaMKII. Inhibition of calcineurin would
unmask CaMKII that was activated before initiation of the re-
cording, when intracellular Ca®* may have been higher, or
CaMKII that was weakly activated at low Ca" concentrations
during the recording. There is abundant evidence that the bal-
ance between Ca?*-dependent phosphorylation and dephos-
phorylation at a single site can be regulated by Ca®* concentra-
tion and preferential activation of CaMKII or calcineurin [see
references in Wang and Kelly (1996, 1997)]. It is unclear whether
Ca?" levels in On bipolar cell dendrites become sufficiently high
to activate CaMKII near the cation channel. If so, this would
constitute a positive feedback pathway, in which the entry of
Ca?* through the channel might lead to further upregulation of
the cation channel.
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The run down of cation current induced by Ca** was essen-
tially irreversible. As discussed above, this may be caused by an
imbalance of phosphatase and kinase activities that regulate the
channel. Because calcineurin is bound to the plasma membrane
(for review, see Yakel, 1997), its activity may be retained during
prolonged whole-cell recording, while the conjugate kinase(s)
may be dialyzed from the cell. Consistent with this view is the
observation that early in the recording, usually within the first 2-3
min, Ca”"-induced inhibition of the cation current could be
reversed (S. Nawy, unpublished results).

The results of this study provide evidence of a Ca*"-triggered
negative-feedback pathway, activated when glutamate levels in
the synapse fall during steady illumination and the fraction of
open channels increases. Ca®" entering through cation channels
would close them, helping to restore the membrane potential and
input resistance of On bipolar cells to their preillumination val-
ues. This would insure that the input resistance of the cell
remained high, preventing shunting of currents evoked by the
opening of a few number of channels (Shiells and Falk, 1994).
The kinetics of downregulation, estimated from the decay of the
cation current after the removal of glutamate, yielded time con-
stants of 1-6 sec, which would allow for relatively rapid recovery
from adapting backgrounds. A recent study of On bipolar cells of
the dark-adapted dogfish retina demonstrated that BAPTA pre-
vents desensitization to dim light backgrounds, providing support
for this model (Shiells and Falk, 1999). Regulation of the
mGluR6 pathway by Ca?* would provide the retina with an
adaptive mechanism for coping with changes in ambient light in
addition to adaptation within photoreceptors.
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