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Abstract

Synaptic transmission from photoreceptors to all types of ON bipolar cells is primarily mediated by
the mGIuR6 receptor. This receptor, which is apparently expressed uniquely in the nervous system
by ON bipolar cells, couples negatively to a nonselective cation channel. This arrangement results
in a sign reversal at photoreceptor/ON bipolar cell synapse, which is necessary in order to establish
parallel ON and OFF pathways in the retina. The synapse is an important target for 24 messenger
molecules that are known to modulate synaptic transmission elsewhere in the nervous system, 2nd
messengers that act on a time scale ranging from milliseconds to minutes. This review focuses on
two of these molecules, Ca2* and cGMP, summarizing our current knowledge of how they modulate
gain at the photoreceptor/ON bipolar cell synapse, as well as their proposed sites of action within
the mGIuR6 cascade. The implications of plasticity at this synapse for retinal function will also be
examined.
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1. Introduction

The retina is divided into two functional channels. Cells belonging to the ON channel are
depolarized by the onset of light, while members of the OFF channel depolarize when light is
turned off. In principle, this could have been accomplished if photoreceptors themselves were
organized into two channels, depending upon the polarity of their light response. Instead, all
photoreceptor are hyperpolarized by light, and channels are created by differential expression
of glutamate receptors on the dendrites of bipolar cells. OFF bipolar cells express ionotropic
AMPA/kainate receptors (Gilbertson et al., 1991; DeVries and Schwartz, 1999; DeVries,
2000), and so hyperpolarization of photoreceptors is conserved at this synapse, and the OFF
pathway retains the light-induced hyperpolarization characteristic of photoreceptors. ON
bipolar cells have instead adapted the use of a novel metabotropic receptor called mGIluR6
(Nakajima et al., 1993; Nomura et al., 1994), which is negatively coupled to a cation-selective
channel. Here, glutamate acts essentially as an inhibitory transmitter, closing the cation channel
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that would otherwise keep ON bipolar cells depolarized (Shiells et al., 1981; Slaughter and
Miller, 1981). Thus, a major role of the photoreceptor-ON bipolar cell synapse is to invert
light-activated hyperpolarizations of photoreceptors into a depolarization (Werblin and
Dowling, 1969; Kaneko, 1970).

Although several aspects of the transduction mechanism itself remains elusive, significant
progress has been made toward characterizing plasticity at this synapse. Both potentiation and
depression of postsynaptic responses have been demonstrated, and an emerging theme is that
intracellular Ca* induces depression, while cGMP potentiates postsynaptic responses. Not
unexpectedly there are differences in both experimental findings and interpretations in the
literature regarding the specific roles of these two ubiquitous second messengers. This review
focuses on recent findings regarding the mechanisms and sites of modulation by Ca2* and
cGMP, as well as the transduction mechanism itself. It also examines the potential role of
plasticity at this synapse in shaping the kinetics of light responses in the ON pathway.

2. A brief history of mGIluR6 transduction

2.1 The mGIuRG6 receptor and its signaling pathway

The primary task of the photoreceptor-ON bipolar cell synapse is to invert the “sign” of the
synapse. Glutamate is a canonical excitatory transmitter, but at this synapse, its acts essentially
as an inhibitory transmitter by hyperpolarizing ON bipolar cells. Early studies of the glutamate
receptor expressed by ON bipolar cells in lower vertebrates revealed that it possessed a novel
pharmacological profile, as it was activated by L-2- amino-4-phosphonobutyric acid (L-AP4),
and that activation of the receptor was associated with a conductance decrease (Shiells et al.,
1981; Slaughter and Miller, 1981). Measurements of the current-voltage relation associated
with the response to L-AP4 and to light demonstrated that both L-AP4 and the endogenous
photoreceptor transmitter closed a channel with a reversal potential near 0 mV (Nawy and
Copenhagen, 1987; Nawy and Jahr, 1990a). Furthermore, patch clamp experiments in which
GTP analogs were dialyzed into ON bipolar cells demonstrated that the as yet unidentified
receptor operated via a G protein-coupled mechanism (Nawy and Jahr, 1990a). Several years
later, the receptor was cloned and termed mGIuR6 (Nakajima et al., 1993), a member of the
group I11 family of metabotropic glutamate receptors. Thus it was established that the cascade
consisted of a G protein-coupled receptor at one end, and a cation-selective channel at the other,
although the route of communication between them was unknown.

Other members of the group I11 category of metabotropic glutamate receptors include mGIuR4,
mGIuR7, and mGIuR8 (Conn and Pin, 1997). In expression systems, group Il receptors are
coupled to a decrease in stimulated cAMP levels (Okamoto et al., 1994). However, there is no
evidence that mGIuRG6 is coupled to, or in any way modulates cCAMP levels in ON bipolar cells.
In native systems, group |11 metabotropic receptors are expressed predominantly at presynaptic
terminals, where they couple to pertussis toxin-sensitive G proteins. Their predominant
physiological action is to inhibit transmitter release by reducing Ca2* channel activation
(Trombley and Westbrook, 1992; Gereau and Conn, 1995; Martin et al., 2007) viaa membrane-
delimited binding of G protein By subunits to the p subunit of Ca2* channels (Herlitze et al.,
1996; lkeda, 1996; O'Connor et al., 1999). Coupling of mGIuRS, in contrast, is less well
understood. Early patch clamp studies of mGIuR6 transduction in salamander (Nawy and Jahr,
1990a, 1991) and dogfish (Shiells and Falk, 1990) retina pointed to cGMP as the second
messenger that gated the opening of synaptic cation channel. It was hypothesized that,
analogous to phototransduction, mGIuR6 activated a cGMP phosphodiesterase through a G
protein-coupled mechanism, leading to hydrolysis of cGMP and subsequent closure of the
cation channel. However more recent experiments, described below, argue against a
photoreceptor-like signal transduction mechanism. The G protein downstream of mGIuR6 has
been identified as Go (Vardi, 1998; Nawy, 1999; Dhingra et al., 2000), but the molecular
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identity of the synaptic channel is not yet known, and this is clearly a key step toward
completely elucidating the transduction mechanism.

Recent progress has also been made toward identifying proteins that increase the rate of GTP
hydrolysis of the G protein. Understanding how the mGluR6-Gao complex is shut off is critical,
as the rise time of the light response is determined by the rate at which G protein signaling is
terminated. The RGS proteins RGS11, RGS7, and their obligate binding partner G5 have
recently been shown to be concentrated at the dendrites of mouse ON bipolar cells along with
mGIuR6 (Morgans et al., 2007; Rao et al., 2007). To date, however, there is no functional
evidence that either RGS11 or RGS7 specifically increase the rate of GTPase activity by
Gao. Another regulator of G protein signaling, ret-RGS1 has been detected in the dendrites
and cell bodies of rod ON bipolar cells (Dhingra et al., 2004). Using an expression system,
this group demonstrated that coexpression of ret-RGS1, along with Go and mGIuR®, sped the
rate at which signaling is terminated, although this rate is still quite slow compared to the rising
phase of the light response. Further studies will be required to sort out the roles of each RGS
in the regulating of the mGIuR6 pathway.

2.2 Some ON bipolar cells signal through alternative mechanisms

There is evidence for additional mechanisms of signaling at the photoreceptor/ON bipolar cell
synapse, primarily in teleost retina. In this retina, as in the retinas of other lower vertebrates,
most classes of ON bipolar cells collect input from both rods and cones. Early studies of the
light responses of carp and goldfish retina demonstrated that in these mixed input bipolar cells,
light responses arising from rods were associated with a positive reversal potential and a
conductance increase, while the light responses originating from cones reversed at negative
voltages and were associated with a conductance decrease (Saito et al., 1978; Saito et al.,
1979). Note that both conductance mechanisms are functionally similar in that they result in
membrane depolarization. It was later demonstrated that the rod, but not the cone component
of the light response is mediated by the mGIuR6 receptor (Nawy and Copenhagen, 1987).
Subsequent studies revealed that the synaptic response generated by the cone pathway is
probably not a true glutamate receptor, but instead displays a transporter-like pharmacology.
Most likely the transported ion is CI~ (Grant and Dowling, 1995, 1996; Connaughton and
Nelson, 2000). However, by activating a Cl- conductance, glutamate released from cones in
the teleost still obeys the general rule that photoreceptor transmitter inhibits ON bipolar cells.
Thereis also immunocytochemical evidence that AMPA receptors are localized to the dendrites
of some ON bipolar cells (Hughes, 1997), but a physiological response to AMPA application
had not yet been reported.

2.3 ON bipolar cells and the cGMP hypothesis

During patch clamp recording, it was observed that the responses induced by glutamate or L-
AP4 often ran down, suggesting that dialysis of the internal contents of the cell washed away
or blocked the production of a substance that was required to gate the channel open (Nawy and
Jahr, 1990b). Inclusion of cGMP in the pipette solution prevented this run down, and often
enhanced the amplitude of the agonist-suppressed current (fig. 1) (Nawy and Jahr, 1990a;
Shiells and Falk, 1990). This finding was consistent with the hypothesis that run down of the
response was due to the wash out of endogenous cGMP from the cytoplasm during patch
recording, and that enhancement of the agonist-suppressed cation current resulted from dialysis
of ON bipolar cells with a concentration of cGMP that exceeded endogenous levels. These
results led two groups to propose that responses to glutamate in ON bipolar cells were
transduced in a way that was analogous to phototransduction: Binding of glutamate to mGIluR6
turned on a transducin-like G protein which then activated a cGMP-preferring
phosphodiesterase (PDE). Hydrolysis of cGMP resulted in closure of cGMP-gated channels,
and membrane hyperpolarization. The hypothesis that these two neighboring cells shared a
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conserved signal transduction mechanism to attain a common goal seemed appealing, and
gained rapid acceptance in the literature.

The central dogma that phototransduction was recapitulated in bipolar cells drove a concerted
effort by a number of groups to identify and clone the elements of the cascade, all of which
were unsuccessful. For example, immunocytochemical identification of cyclic nucleotide-
gated channels was negative (Wassle et al., 1992), although detection of mMRNA from ON
bipolar cells has been reported (Henry et al., 2003). Studies of mMGIuR6 G-protein coupling in
expression systems showed that mGIuR6 couples poorly to transducin compared with the Go
family of G proteins (Weng et al., 1997; Tian and Kammermeier, 2007). In addition Go, rather
than transducin, has been detected immunocytochemically on the tips of ON bipolar cell
dendrites (Vardi, 1998). Furthermore, dialysis via patch pipette of the Gao subunit, or an
antibody directed against the subunit, functionally disrupted the cascade (Nawy, 1999). Most
convincingly, the b wave component of the ERG was found to be completely absent in mice
lacking a specific Goo splice variant, Gaoy, indicating a loss of ON bipolar cell function
(Dhingra et al., 2002). These findings strongly implicate Go rather than transducin in mGIuR6
transduction. However they do not address the possibility that a PDE is still the effector enzyme
for mGIuR6 transduction, and that Go might couple to the PDE in a novel way. An obligatory
role for PDE in the cascade seems unlikely for several reasons. First, dialysis of ON bipolar
cells with poorly hydrolyzed analogs of cGMP, does not inhibit or alter the kinetics of the
glutamate response (Nawy, 1999). Furthermore, when exogenous glutamate is present in the
bath solution to ensure that all the cation channels are closed, cGMP application has no effect
on holding current, indicating that it cannot gate the opening of channels on its own (Snellman
and Nawy, 2004). These findings call into question the notion that hydrolysis of cGMP is
required in order for the cation channel to open. Instead, they point toward a modulatory, rather
than an obligatory role for cGMP in transduction. This will be discussed in more detail in the
next section.

2.4 If not a cGMP-gated channel, then what?

If the phototransduction hypothesis is to be rejected, then a compelling argument for an
alternative pathway has yet to be advanced. What is required is a model that can account for
how the channel is gated open, and how it is closed by activation of Go. Perhaps the simplest
model is that the channel does not require a second messenger to be gated open, but is opened
either constitutively, or by phosphorylation. Closure would then be achieved by a direct
interaction of the channel with one or more G protein subunits. Pertussis toxin-sensitive G
proteins, including Go, interact directly with certain classes of voltage-gated Ca2* channel
through a membrane delimited pathway mediated by Gpy (Dolphin, 2003). Here, channel
closure is achieved by shifting voltage activation to more positive potentials. However, closure
of voltage-independent channels by Gy has not been reported, making such a mechanism less
likely (although in the retina, anything is possible). More likely is a model where gating of the
channel is accomplished by a second messenger, and closure of the channel is achieved either
by G protein-mediated breakdown of the second messenger, or by direct interaction with the
channel. Lipid-based molecules such as PIP, may be the most likely candidates here, as they
have been implicated in gating of a variety of different channels (Suh and Hille, 2005).

Recent pharmacological experiments performed in our lab suggest that the cation-selective
transduction channel expressed in mouse ON bipolar cells possesses several of the basic
pharmacological properties of the TRP family of channels. In particular, the transduction
current is inhibited by ruthenium red at micromolar concentrations, but potentiated by 2-
aminoethoxydiphenyl borate (2-APB), consistent with the pharmacological profile of several
classes of TRP channels (Ramsey et al., 2006; Clapham, 2007). A TRP-like channel has been
implicated in signal transduction in melanopsin-containing light-sensitive ganglion cells
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(Warren et al., 2006; Hartwick et al., 2007). Furthermore, TRP channels are strongly
desensitized by Ca2* (Cholewinski et al., 1993; Liu and Simon, 1996; Koplas et al., 1997), as
are the cation-selective transduction channels expressed in ON bipolar cells (see below).

3. ON bipolar cell signaling and cGMP

3.1 Elevated cGMP levels improves signal detection near threshold

There is convincing evidence from a number of studies and species that cGMP modulates the
mGIuR6 pathway. Dialysis of salamander ON bipolar cells with cGMP potentiates the standing
inward current, but still allows glutamate to suppress this current completely, thus increasing
the size of the response to exogenously applied glutamate and to light (Nawy and Jahr,
1990a; Shiells and Falk, 1990; Nawy and Jahr, 1991). Noise analysis of the cation current in
dissociated ON bipolar cells from cat retina suggested that dialysis with cGMP dramatically
increases the open channel probability (de la Villa et al., 1995). In all of these studies, cGMP
was applied under conditions where a fraction of the currently was tonically activated.
Modulation of the activated component of the current by cGMP was, at that time, interpreted
as a recruitment of closed channels, and led to the hypothesis that cGMP might play a role in
channel gating. As noted in the previous section, cGMP has no effect on the membrane current
or voltage of ON bipolar cells when the cation current is completely suppressed in the presence
of a saturating concentration of mGIuR6 agonist (Snellman and Nawy, 2004). Thus, cGMP
appears to act as a true modulator of the current (but see Shiells and Falk, 2002).

Two groups have studied cGMP modulation in detail. In the all rod retina of the dogfish,
intracellular dialysis of cGMP produced a leftward shift in the intensity-response function
(Shiells and Falk, 2002). Rather than remaining parallel to the control intensity-response
function, the cGMP-induced shift was associated with a significant decrease in the slope. As
a result, the potentiating effects of cGMP were most prominent near the threshold for light
detection. Light stimuli too weak to elicit detectable events in ON bipolar cells often produced
reliable responses after dialysis of ON bipolar cells with cGMP. Working in the mammalian
retina, our lab used pressure ejection of the mGIuR6 antagonist (RS)-a-Cyclopropyl-4-
phosphonophenylglycine (CPPG) while flooding the retina with L-AP4 to mimic light flashes,
varying the simulated flash intensity by changing the duration of CPPG application. As reported
in the dogfish retina, addition of cGMP also caused a leftward shift in the pharmacologically
simulated intensity-response function without significantly changing the maximum response
(Snellman and Nawy, 2004). Similarly, puffs of CPPG that were too brief to evoke a measurable
response in the absence of cGMP could be reliably detected after cGMP application. Similar
results were obtained using activators of guanylate cyclase, as well as inhibitors of cGMP
phosphodiesterases (PDE), indicating that rod bipolar cells can generate cGMP at
concentration that is sufficient to induce potentiation (Snellman and Nawy, 2004). These
studies suggest that cGMP may play a role in setting the threshold for the postsynaptic detection
of photons that are absorbed within the rod network. The relationship between cGMP and the
threshold for event detection in ON bipolar cells will be discussed below. The role of cGMP
in mGIuRG6 transduction appears to be highly conserved, as it found in the animals as divergent
as dogfish and mouse.

3.2 Mechanism of cGMP potentiation

cGMP acts on three main classes of effectors, including CNG channels, PDEs and cGMP
dependent kinase (cGK) (Beavo and Brunton, 2002; Feil and Kleppisch, 2008). As discussed
above, there is currently no evidence for expression of CNG channels in the dendrites of ON
bipolar cells. Furthermore, PDEs activated by cGMP belong to the type-2 family which can
be found in a subset of olfactory neurons and in certain cell types of the hippocampus, but have
no known expression in the retina (Beavo, 1995). However, there is evidence that the third
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effector of cGMP, cGK, is involved in modulation of the mGIuR6 cascade. In mouse retina,
inhibitors of cGK completely reverse potentiation of the cation current by exogenous cGMP
(Snellman and Nawy, 2004). Similarly, stimulation of endogenous cGMP production by
application of the NO analog SNAP also potentiates mGIuR®6 responses, (Shiells and Falk,
1992; Snellman and Nawy, 2004), and this potentiation is blocked by cGK inhibitors (Snellman
and Nawy, 2004).

Likely intracellular targets of phosphorylation by cGK include the mGIuR6 receptor and the
synaptic cation channel, but at the present time there is no direct evidence favoring one or the
other. There is circumstantial evidence that cGK could potentially phosphorylate mGIuR6: G
protein-coupled receptors are regulated by phosphorylation of sites within the intracellular
loops and the carboxyl terminus (Dale et al., 2002). A consensus cGK phosphorylation site,
RKRS, is present in the carboxyl terminus of mGIluR6 (NCBI nucleotide sequence
NM_1733772). Furthermore, cGK has been shown to phosphorylate the closely related group
Il mGIuR?7 receptor (Sorensen et al., 2002). Phosphorylation of mGIuR7 by cGK prevents
binding of calmodulin to the carboxyl terminus. Binding of calmodulin and Gy, in turn, are
mutually exclusive (O'Connor et al., 1999), and so phosphorylation by cGK effectively
increases the capacity of receptor binding to Gy, preventing Gpy from interacting with its
effector. One possible scenario is that cGK phosphorylation of the mGIuR6 C-terminus
increases the strength of its interaction with GBy. If GPy is responsible for closing the synaptic
channel, then phosphorylated mGIuR6 could buffer free GBy, preventing it from interacting
with the channel, and resulting in an upregulation of channel function.

Another possibility is that cGK phosphorylates the transduction channel itself, thereby
changing its open probability, as has been shown for TRPC channels (Kwan et al., 2004).
Phosphorylation by cGK could either increase the affinity of the synaptic channel for an
intracellular agonist that is required for channel opening, or it could lower channel affinity for
a substance that closes the channel (as is discussed in the following section). The mGIuR6
receptor has been expressed in oocytes (Dhingra et al., 2004) and in superior cervical ganglion
cells (Tian and Kammermeier, 2007). Thus, the question of whether cGK can functionally
modulate mGIuR6 can be addressed by coexpression of the receptor and cGK along with a
readout channel (such as a G protein-regulated inwardly rectifying K* channel). Addressing
the potential role of phosphorylation of the synaptic channel expressed in ON bipolar cells will
have to await the cloning of the channel.

While cGMP-mediated potentiation of mouse ON bipolar cell responses is dependent upon the
activation of cGK, it should be mentioned that possible species differences exist. It has been
reported that inhibition of tyrosine kinase potentiates dogfish ON bipolar cell responses in a
way analogous to that of cGMP, and that activators of tyrosine kinase block cGMP-mediated
increases in sensitivity (Shiells and Falk, 2002). This is similar to a mechanism reported in
photoreceptors, where phosphorylation of the CNG channel by tyrosine kinase favors channel
closing and decreases sensitivity to cGMP, while dephosphorylation favors channel opening
(Molokanova et al., 1999; Krajewski et al., 2003). This mechanism does not appear to be
present in mouse bipolar cells since addition of the general tyrosine kinase inhibitor genestein
in the pipette had no potentiating effect (Snellman and Nawy, unpublished observations).

3.3 cGMP and the threshold model of mGIuR6 transduction

Several groups (Shiells and Falk, 1994; van Rossum and Smith, 1998; Sampath and Rieke,
2004) have proposed variations on a threshold model to account for the nonlinear relationship
between the concentration of mGIuR6 agonist and the fraction of open transduction channels.
An essential feature of the model is that there is an excess number of molecules within the
dendrites of the ON bipolar cell that serve to keep the synaptic channels closed in the dark.
Random fluctuations in the rod membrane potential, due to the occurrence of spontaneous
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events in the phototransduction cascade (Baylor et al., 1980; Rieke and Baylor, 1996) lead to
small decreases in the concentration of glutamate in the cleft. As proposed by Sampath and
Rieke (2004), a drop in transmitter concentration results in an increase in the number of
unoccupied mGIuR6 receptors, and a concomitant drop in the concentration of the channel
closing substance (S*). However, because of the excess in the levels of S*, the synaptic
channels do not open. Such a thresholding mechanism is therefore potentially important for
reducing the transfer of voltage noise across the synapse, but the penalty to be paid is a loss of
sensitivity to small single photon responses. In an alternative and equally valid version of the
model, also proposed by Sampath and Rieke (2004), there is linear relationship between the
concentration of S* and the channel open probability, and the nonlinearity occurs upstream of
the channel, perhaps at the level of the G protein.

The role of cGK can be viewed within the context of the threshold model (fig. 3).
Phosphorylation of the channel by cGK decreases the affinity for the channel for S*. A higher
concentration of S* is now needed to close the channel, and so there is no longer an excess
amount of S* in the dark. As a result, small perturbations in transmitter levels at the synapse
are now sufficient to open the channel. Of course, as discussed in the previous section, cGK
might instead phosphorylate the mGIuRG6 receptor. This would result in a decrease in the levels
of free S*, once again allowing for small perturbations in transmitter levels to open synaptic
channels. Regardless of the site of action, the net result of activation of the cGMP pathway is
an amplification of small changes in transmitter release that accompany the detection of a
sparse number of photons.

Interestingly, in both dogfish and mouse rod bipolar cells, dim backgrounds have essentially
the same effect as cGMP on the ON bipolar cell intensity response function, decreasing the
slope of the intensity response function, and shifting the function to the left (Shiells and Falk,
2002; Sampath and Rieke, 2004). In dogfish retina, it has been postulated that the cation channel
is gated by cGMP, and that glutamate closes the channel by hydrolyzing cGMP. In this scenario,
dim backgrounds would increase endogenous intracellular cGMP by lowering the glutamate
concentration in the synaptic cleft sufficiently to slow the rate of cGMP hydrolysis. Thus cGMP
would serve two roles, both gating and modulating of the cation channel (Shiells and Falk,
2002). However, a more parsimonious explanation is that dim backgrounds relieve saturation
of the mGIuR6 cascade by imposing a small hyperpolarization of the rod membrane voltage
(Sampath and Rieke, 2004). Further hyperpolarization of the rod by dim flashes superimposed
upon the background readily moves the cascade into a non-saturated state, and the synaptic
channels can now open. Yet to be tested experimentally is the prediction that both cGMP and
dim backgrounds should augment the detection of rod noise in the ON bipolar cell, as the
threshold behavior of the mGIluR6 cascade would be removed.

Perhaps as a consequence of lowering the threshold for channel opening, cGMP also reduces
the latency of channel opening (fig. 4). In rod bipolar cells dialyzed with 1 mM cGMP, the
latency of the response to puffs of CPPG was consistently reduced compared with the latency
after break in. In cells that were not dialyzed with cGMP, no change in the latency was observed
over the same time period (data not shown). The response latency following a puff of CPPG
reflects not only the transduction time, but also the time required for CPPG to reach the
dendrites after it is ejected from the puffer pipette, as well as the time required for the unbinding
of agonist. However, the difference in the latency (17.8+3.2 ms) in the presence and absence
of cGMP most likely reflects a change in transduction time, as the position of the puffer pipette,
and the pressure of ejection were not changed during experiments. This may represent the
savings in time gained by reducing the steady state levels of S*, or decreasing the affinity of
S* for the channel, and thus decreasing the change in concentration of S* required to initiate
channel opening.
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3.4 Improved ON bipolar cell signal detection is reflected in postsynaptic cells

For cGMP/cGK-mediated potentiation of ON bipolar cell responses to be relevant to retina
signalling, potentiation must be passed across the synapse to the downstream neuron. In the
mouse (Tsukamoto et al., 2001), as in other mammalian retinas (reviewed in Bloomfield and
Dacheux, 2001), rod bipolar cells synapse onto the All amacrine cell (Kolb and Famiglietti,
1974). At the rod bipolar cell terminal, the predominant Ca2* channel, the L-type channel
(Protti, 1998; Satoh et al., 1998; Hartveit, 1999; Pan, 2000), begins to activate between —40
mV and —45 mV (Protti, 1998; Hartveit, 1999; Singer and Diamond, 2003). In darkness, when
rod bipolar cell synaptic channels are mostly closed, the resting potential of the rod bipolar cell
has been measured to be between —59 mV and —47 mV (Berntson and Taylor, 2000; Euler and
Masland, 2000; Pang et al., 2004; Wu et al., 2004). Our own measurements of rod membrane
potential, made in the presence of L-AP4, indicate an average value of —56.4 £ 0.4 mV (n=24).
Thus, in the absence of light, the membrane potential of the rod bipolar cell is too negative to
support transmitter release. Direct evidence for this comes from the observation that bath
application of the mGIluR6 agonist L-AP4 suppresses spontaneous EPSCs in All amacrine cells
(Singer and Diamond, 2003; Tamalu and Watanabe, 2007). Because most bipolar cells lack
Na* or other regenerative voltage-gated channels to drive depolarization, the light-evoked
opening of synaptic cation channels in the dendrites must therefore be sufficient to depolarize
the axon terminal into the range of Ca2* channel activation.

To determine whether cGMP can enhance synaptic transmission from rod bipolar to All
amacrine by amplifying presynaptic events, we recorded from synaptically connected rod
bipolar and All amacrine cell pairs and puffed CPPG onto the dendrites of the rod bipolar cell
(fig. 5). The rod bipolar cell, recorded in current clamp mode, was depolarized by a brief puff
of CPPG, whose duration was adjusted so as to be too brief to produce a significant response
in the voltage-clamped All amacrine cell. After 10 minutes of dialysis with cGMP, the response
to the same length puff of CPPG in the rod bipolar cell was considerably potentiated, and was
now large enough to evoke an EPSC in the All amacrine cell. Fig. 5B summarizes the results
of this experiment as a function of puff length for all of the rod bipolar-All amacrine cell pairs
that we tested. Cyclic GMP increased the postsynaptic response, expressed here as integrated
current, at every puff length. Thus, potentiation by cGMP of the response in the presynaptic
cell can be transmitted across the synapse.

The size of the presynaptic response produced by brief puffs of CPPG might be an
underestimate of the average voltage response to a photon of light absorbed by a rod. In 7 rod
bipolar cell-All amacrine cell pairs, the average size of the response to CPPG that failed to
elicit an EPSC in the All was 3.4+0.6 mV. By comparison, the single photon response,
measured in voltage clamp, has been estimated to be between 5 and 10 pA in mouse (Field and
Rieke, 2002; Berntson et al., 2004b), similar to the estimate of 8 pA in dogfish, obtained 20
years earlier (Ashmore and Falk, 1982) using sharp electrode recording and noise analysis. For
arod bipolar cell with an input resistance of 2 GQ (Zhou et al., 2006; Oltedal et al., 2007), the
single photon response would produce a depolarization of approximately 10-20 mV in the rod
bipolar cell. A response of this magnitude, rising from a baseline membrane potential of —55
mV is well matched to the voltage required for L-type Ca2* channel activation. However, it is
unclear to what extent these values of the single photon response in rod bipolar cells reflect
cGMP-mediated potentiation. In the dark-adapted retina, it has been reported that addition of
exogenous cGMP through the recording pipette does not enhance the amplitude of the flash
response (Sampath and Rieke, 2004), possibly because levels of endogenous cGMP are already
high. It would be of interest to know whether application of cGK antagonist in the dark-adapted
retina would reduce the amplitude of the dim flash response.
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3.5 Localization of cGMP and NOS in the retina

cGMP is produced by the enzyme guanylate cyclase. In mammals, there are two families of
guanylate cyclase: Particulate guanylate cyclases are membrane bound and activated by
natriuretic peptides, while soluble guanylate cyclases are activated by nitric oxide (NO) (Israel
etal., 1990; de Vente and Steinbusch, 1992). Studies have demonstrated that the NO-activated
form of soluble guanylate cyclase is expressed in ON bipolar cells (Ahmad and Barnstable,
1993; Spreca et al., 1999; Haberecht et al., 2000). Furthermore, there is strong evidence for
up-regulation of cGMP levels in ON bipolar cells in response to NO stimulation (Koistinaho
et al., 1993; Gotzes et al., 2000; Baldridge and Fischer, 2002). As mentioned earlier, studies
in ON bipolar cells have shown that NO donors increase response amplitudes to light flashes
in a way similar to that of cGMP (Shiells and Falk, 1992; Snellman and Nawy, 2004). ON
bipolar cell responses potentiate in the presence of SNAP, an activator of soluble guanylate
cyclase, suggesting that production of endogenous cGMP is sufficient for response
amplification. This potentiation is readily reversible, indicating that ON bipolar cells contain
an endogenous PDE capable of restricting the duration of the signal.

Physiological studies indicate multiple roles for NO in retinal modulation. In cone
photoreceptors, NO has been found to increase gain and affect release by extending the voltage
range over which exocytosis occurs (Rieke and Schwartz, 1994). In ganglion cells, NO
facilitates the activation of N-type calcium channels through activation of cGK (Hirooka et
al., 2000). In horizontal cells, NO decreases the affinity of AMPA/Kainate receptors, and
increases the maximal current, a possible mechanism for preserving response range during
light adaptation (McMahon and Schmidt, 1999). Furthermore, NO closes gap junctions
between horizontal cells (DeVries and Schwartz, 1989; Pottek et al., 1997). NO stimulated
increases in cGMP have also been reported to close the gap junction between amacrine cells
and cone bipolar cells (Mills and Massey, 1995) and depress GABA currents in amacrine
cells (Wexler et al., 1998).

4. Role of calcium ions in mGIuR6 transduction

Synaptic transmission from photoreceptors to OFF bipolar cells is mediated by ionotropic
AMPA and kainate receptors (Gilbertson et al., 1991; DeVries and Schwartz, 1999; DeVries,
2000). Following the binding of glutamate, AMPA/kainate receptors move rapidly from an
open to a desensitized, poorly conducting state (Jonas et al., 1993; Paternain et al., 1998). The
specific types of AMPA/kainate receptors that are expressed in OFF bipolar also desensitize,
although there are significant differences in desensitization rates between them (DeVries and
Schwartz, 1999; DeVries, 2000; DeVries et al., 2006). This means that receptors on the OFF
bipolar cell dendrites are rapidly trapped in a desensitized state as a result of the continuous
bombardment of transmitter that is released from photoreceptors in darkness. It is only during
illumination, when release is suppressed, that AMPA/kainate receptors have an opportunity to
recover from desensitization. If the period of illumination is longer than the time required to
recover from desensitization, then the response to renewed transmitter release (i.e., a
decrements in illumination) will be robust. Conversely, if release lasts longer than the time
required for AMPA/kainate receptors to enter the desensitized state, then the response to
suppression of transmitter release (i.e., increments in light) will be weak. Hence, the
photoreceptor-OFF bipolar cell synapse is well constructed to signal decrements in
illumination, but responds poorly to an increase in light intensity. Instead, this is the function
of the ON pathway.

4.1 Ca?* depresses synaptic transmission

The ON bipolar mGIuR6 cascade undergoes a functional desensitization in the presence of
steady illumination, as described below, but the mGIuR6 receptor itself does not desensitize
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in the classic sense, as there is no evidence that agonist-bound mGIuR®6 receptors enter a
desensitized state. Instead, ON bipolar cells display desensitization in response to withdrawal
of transmitter, thus allowing the ON pathway to respond most strongly to increments in light.
This phenomenon has been studied by three different groups, including this laboratory, and
has been given a different name by each. Although there are differences in the experimental
approach and species used, all the laboratories agree that Ca2* plays an essential role.

Shiells and Falk (1999) first showed that during continuous exposure to dim illumination, the
amplitude of the ON bipolar cell response declines precipitously. In theory, this form of
synaptic depression could have been presynaptic (i.e., adaptation in the rods). However, the
authors also showed that it was absent in OFF bipolar cells, making a presynaptic mechanism
less likely. Furthermore, the decline in the response was prevented by dialyzing cells with the
rapid CaZ* chelator BAPTA, indicating not only a postsynaptic locus, but a role for Ca?* as
well. They also found that during the plateau phase of the response to dim backgrounds, the
response to flashes superimposed on the background were strongly reduced in amplitude, as
compared with the flash response in the absence of a steady background. This was not due to
occlusion of the flash response by steady illumination, as the summed flash and background
response was still smaller than the flash response alone. The authors argued that the suppressive
effect of dim backgrounds on the flash response was mediated by a rise in intracellular Ca?*.
The cation channel itself was later shown to be permeable to Ca?* (Nawy, 2000), thus providing
a potential route for its entry. It seems plausible that influx of Ca?* through the channel would
be sufficient to significantly raise intracellular Ca2*. However, conformation of this hypothesis
will require direct measurements of intracellular Ca2* before and after channel opening, and
this has yet to be accomplished.

The effects of continuous illumination on flash sensitivity have been proposed be an adaptive
mechanism, whereby light lowers the gain of the photoreceptor-bipolar cell synapse (Shiells
and Falk, 1999, 2000). A lowering of synaptic gain would help prevent saturation of the
postsynaptic response at low light intensities, and would extend the operating range of the
synapse. However, backgrounds do not induce a rightward shift of the intensity-response
function, as would be expected for an adaptive process. Instead, the depressive effects of dim
steady backgrounds on the flash response cannot be overcome by increasing flash intensity,
resulting in a compression of the intensity response function. These findings are more
consistent with an inhibitory or desensitizing process.

As a complimentary approach to studying the properties of the photoreceptor-ON bipolar cell
synapse, light responses were simulated pharmacologically (Nawy, 2004). This approach is
similar to that described earlier in this review, except that rather than using a puffer pipette,
drugs are applied to bipolar cells using a series of “flowpipes” which were originally designed
for drug application to neurons in culture (Johnson and Ascher, 1987). This approach allows
for the delivery of a constant stream of antagonist for an extended period of time. Following
the application of the mGIuR6 antagonist CPPG, the response reaches a peak and then decays
to a plateau response (fig. 6), a phenomenon that was termed desensitization. As had been
reported earlier in the dogfish retina (Shiells and Falk, 1999), desensitization was dependent
upon arise in intracellular Ca2*, and was blocked by BAPTA. This requirement for Ca2*
confers a voltage dependence to desensitization, which is absent at positive voltages,
presumably due to the lack of driving force for Ca2*, but is initiated by stepping the voltage
to negative potentials (fig. 6). The time constant of desensitization, when measured using this
voltage step protocol, is within a range of 300-1000 ms. Responses to steps of light in
salamander ON bipolar cells have similarly been shown to be transient (Awatramani and
Slaughter, 2000). The time constants of the decay of the response have been reported to fall
into two classes, one with an average of 800 ms, and the other about 300 ms, perhaps
corresponding to different subtypes of ON bipolar cells (Awatramani and Slaughter, 2000).
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Thus, when the synaptic current is activated by either light or application of an mGIuR6
antagonist, the peak decays to a steady state with a rate constant of 300-1000 ms. Recovery
from the desensitized state, measured using a paired pulse protocol, is surprisingly slow, having
a time constant of 27 seconds (fig. 7). Thus, at least in tiger salamander, a light stimulus that
opens all of the synaptic channels long enough to drive them into the desensitized state will
decrease the sensitivity to further light stimulation for about 1 minute.

Recordings from rod bipolar cells of the mouse retina similarly reveal a sag in the response to
light steps (Berntson et al., 2004a), which they termed inactivation (fig. 8). This was unlikely
to be presynaptic as the sag was eliminated either by buffering Ca?* with BAPTA or by holding
the membrane potential at positive voltages so as to reduce the driving force for Ca?* influx
through the synaptic channel. Thus, both mammals and lower vertebrates share a Ca?*-
mediated negative feedback that limits the duration of signaling in On bipolar cells. In mouse,
the time constant of Ca2* feedback in mouse was found to be considerably faster than in tiger
salamander, approximately 60 ms. As the 10-90% time for channel opening was found to be
approximately 30 ms, negative feed back is rapid enough to attenuate the peak of the flash
response (Berntson et al., 2004a). As pointed out by the authors, there is considerable
variability in the amplitude and shape of the single photon response in rod bipolar cells. One
function of Ca* feedback may be to improve the reproducibility of the single photon response:
If the strength of feedback inhibition is correlated with the size of the flash response, then larger
than average quantal responses will be reduced more than smaller responses.

4.2 Mechanisms of Ca2*-mediated depression

Based on the studies summarized above, there is good consensus that Ca2* provides a feedback
signal that depresses the synaptic current. However, there is little or no agreement regarding
the downstream targets of Ca2*. In dogfish, inhibitors of CaMKII block desensitization, as well
as Ca?*-mediated outward rectification of the cation channel, implying that CaMKII-mediated
phosphorylation of the channel induces desensitization (Shiells and Falk, 2000, 2001). In
salamander, inhibition of neither CaMKII nor calcineurin, a Ca2*-activated phosphatase,
prevents the type of fast desensitization discussed above (Nawy, 2004). Perhaps this is due to
differences in the nature of the synaptic channels in the two species, as the channel in dogfish
retina is thought to be gated by cGMP, while the tiger salamander channel is not. Another
common mechanism by which Ca2* modulates channel function is via direct interaction of
Ca2* with calmodulin that is tightly bound to the target channel. A well-studied example of
this is the gating by Ca2* of Ca2*-activated K+ channels (Levitan, 1999; Maylie et al., 2004).
Although our lab has failed to block desensitization with inhibitors of calmodulin, this is a
common finding in cases where calmodulin is constitutively bound to the targeted channel (i.e.,
even in the absence of Ca?*) (Levitan, 1999). Interesting, Ca2*-mediated TRP channel
desensitization has been reported to be mediated by calmodulin (Numazaki et al., 2003; Lishko
etal., 2007). One possible way to distinguish between direct and indirect modes of Ca2* action
on the channel would be to measure the latency of desensitization following the induction of
a rapid increase in intracellular Ca2*, perhaps by flash photolysis of caged Ca%*. Such
experiments have yet to be carried out.

In salamander, there is evidence for at least two separate forms of Ca*-dependent depression
of the mGIuR6 cascade. In addition to the fast type discussed above, a second, slower form
has also been described (Nawy, 2000). The time constant of this form of depression is about
2 minutes (Nawy, 2000; Snellman and Nawy, 2002). Unlike the faster type of depression, this
slow form is poorly reversed, at least in whole cell patch clamp recording, suggesting the loss
of an enzyme that is responsible for reversing the effects of Ca?*. Several lines of evidence
suggest that the slower form of depression is mediated by calcineurin. First, it is prevented by
intracellular dialysis of the calcineurin inhibitor cyclosporine A. Second, it is induced by
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intracellular application of a truncated form of constitutively active calcineurin under
conditions where slow synaptic depression would normally not occur, such as when the cell is
dialyzed with BAPTA (Snellman and Nawy, 2002). As mentioned above, inhibitors of
calcineurin have been reported to have no effect on the fast component of depression,
suggesting that each form of depression works to downregulate channel function via an
independent pathway. In mouse, the molecular mechanism underlying fast Ca2*- mediated
depression has not been investigated, and there is as yet no evidence for a slower component
of depression. Yet the obvious advantages of genetic manipulations would seem to make mouse
the most likely preparation for working out the specific details of these pathways in the future.

4.3 Role of desensitization

Thus in the outer plexiform layer, the influx of Ca2* into ON bipolar cell dendrites is
responsible for the conversion of a sustained input from photoreceptors into a more transient
output. A number of mechanisms exist for performing this task in the inner retina, including
feed-forward and feedback inhibition mediated by amacrine cells (Hartveit, 1999; Shields et
al., 2000; Matsui et al., 2001), desensitization of postsynaptic AMPA receptors (Lukasiewicz
etal., 1995; Matsui et al., 1998), and removal of transmitter from the synaptic cleft by glutamate
transporters (Higgs and Lukasiewicz, 1999). It would seem that there are a number of ways to
terminate signaling in the inner retina, so why are additional mechanism required in the outer
retina? The large degree of convergence of photoreceptor input onto bipolar cells, particularly
in lower vertebrates, may require that the voltage response from local portions of the dendritic
tree be “reset” so that illumination detected elsewhere in the receptive field is able to further
depolarize the bipolar cell. L-type Ca2* channels expressed in ON bipolar cell terminals begin
to turn on at around —50 mV, and the activation curve is steepest 23 between —45 mV and —35
mV (Protti, 1998; Pan, 2000). In darkness, bipolar cell membrane potential is at the foot of the
L-type channel activation curve. Light that falls on a portion of the receptive field will
depolarize the membrane sufficiently to move it into, or even beyond the steepest portion of
the Ca2* channel activation curve. Thus the light signal is passed on to the postsynaptic cell.
However, if signaling were to continue (i.e., the bipolar cell membrane remains depolarized),
then further increases in light intensity in other regions of the dendritic tree would go
undetected. Limiting the duration of ON bipolar cell responses at individual synaptic sites helps
to prevent saturation of the ON bipolar cell membrane potential due to spatial summation across
the dendritic tree.

Itis interesting to note that Berntson et al. (2004) observed desensitization in ON bipolar cells
that receive input from rods, but not in those driven by cones. It will be important to determine
if this dichotomy is observed in other species. A mechanism that avoids saturation due to spatial
summation might be less important for cone bipolar cells, which tend to collect input from
fewer photoreceptors than rod bipolar cells. In mouse, rod bipolar cells each receive input from
about 22 rods, while cone bipolar cells gather input from 4-7 cones (Tsukamoto et al., 2001).
Furthermore, the integration time of mammalian cones is about 25 msec (Schneeweis and
Schnapf, 1999), underlying the cone pathway’s ability to respond at higher temporal
frequencies compared with the rod pathway. Assuming a Ca2* feedback system with the same
time constant of recovery of 375 ms, as has been measured in rods (Berntson et al., 2004a),
then the time required to recover from even a brief light stimulus would strongly compromise
the sensitivity of cone bipolar cells for an order of magnitude longer than the integration time
of the cone. There may be physical constraints imposed on the minimum time required to return
synaptic channels to the non-desensitized, highly conducting state (i.e., buffering of Ca?*, or
possibly phosphorylation/dephosphorylation of the channel) which make it impractical for the
Ca?* feedback pathway to be adapted to the cone system. Alternatively, rod and cone ON
bipolar cells may express different synaptic channels, distinguished by their susceptibility to
regulation by Ca2*.
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5 Conclusions and future directions

This review summarizes our knowledge of the mGIuR6 cascade in ON bipolar cells, focusing
on its regulation by 2"d messengers, particularly Ca?* and cGMP. These two molecules have
opposing effects on the cascade, as Ca2* reduces the synaptic current, while cGMP potentiates
it. Although Ca2* has multiple actions on the mGIuR6 cascade, operating over a range of time
scales, its physiological role seems straightforward, as it acts as a signal for the initiation of
feedback inhibition, thus preventing prolonged signalling of the ON bipolar cell. Future studies
will need to address more directly the relationship between the number of synaptic channels
opened by light and the strength of the Ca2* feedback. Is the amount of inhibition (i.e., the
ratio of the peak to steady-state response) constant over the entire range of channel openings?
This is what would be predicted if the domain for Ca2*-mediated inhibition encompasses only
asingle channel. The same fraction of inhibition would then be observed if one channel opened,
or if 100 channels opened. An alternative model, for which there is more evidence, is that the
response to dim illumination, which only opens a few channels in each dendrite, is insufficient
for the induction of inhibitory feedback. This implies a larger Ca2* domain, and the presence
of a threshold for Ca?*. This issue has implications for the broader issue of whether Ca?*
feedback operates continuously at all light levels, or whether its main function is as a safety
mechanism, activated only during strong illumination. Likewise, there is a need for further
studies on the manner in which cGMP levels are regulated in ON bipolar cells. One issue which
will need to be addressed is the range of ambient light intensities over which cGMP-mediated
gain amplification operates. On the one hand, it would make sense for cGMP levels to be high
under scotopic conditions, when photons are scarce, as a high synaptic gain would make it
more likely that single photon responses of rods will be transmitted across the rod bipolar cell
synapse. On the other hand, a high gain would also contribute to the amplification of noise,
potentially swamping the signal.

Undoubtedly the central question that needs to be solved by future studies is the molecular
identity of the synaptic cation channel(s) in the mGIuR6 cascade. Aside from the inherent
importance of identifying the channel, the ability to express it in cell lines will allow us to
address key questions of synaptic modulation raised in this review. For example, the
identification and subsequent mutation of putative Ca2*/calmodulin binding domains are
essential for determining the role of Ca2* feedback in retinal function. Ultimately, generation
of a mice with a cell specific mutation in a putative Ca2*/calmodulin binding domain would
allow for the study of Ca2* feedback at the level of a single bipolar cell, or using behavioral
approaches, at the level of the entire visual system.

As discussed previously in this review, cloning strategies based on the assumption that the
mGIuR6 channel shares a conserved cGMP-binding domain with cyclic nucleotide gated
channels proved to be unsuccessful. Preliminary studies aimed at defining the pharmacology
of the channel point instead toward a TRP-like channel (see fig. 2 of this review). Future
experiments in this vein, albeit with the use of pharmacological reagents that are less than ideal,
should be able to further narrow the identity of the channel, at least to its closest relatives. Such
information should help guide future cloning strategies. Once this is accomplished, all of the
major known components in this exceedingly elusive transduction cascade will have been
identified molecularly. Then, the real work of understanding how the parts interact with one
another, and how these interactions are regulated to control the gain of the postsynaptic
response can begin.
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Fig. 1. Summary of the effects of cGMP on holding current in two studies of ON bipolar cells

(A) Recording of a tiger salamander ON bipolar cell dialyzed with a solution containing 1 mM
cGMP. Note the development of a standing inward current which can be suppressed by
application of glutamate. Modified from (Nawy and Jahr, 1990a). (B) Recording from an ON
bipolar cell in dogfish retina. The cell was recorded with a pipet solution containing 200 pM
cGMP. Note again the development of a standing inward current. Upward deflections are
responses to 2 mV voltage steps, used to monitor changes in input resistance. Modified from
(Shiells and Falk, 1990). See text for details.
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Fig. 2. Pharmacological properties of the cationic transduction channel

(A) Response of a mouse rod bipolar cell to application of the mGIuR6 antagonist LY 341495
(100 pM) before, during and after application of 200 uM 2-APB. Holding potential was —40
mV. (B) Response of another cell before, during, and after application of 10 pM ruthenium
red. Holding potential was +40 mV, and thus the responses were outward. (C) Summary of the
effects of both compounds on the transduction current. Ruthenium red strongly reduced the
current (n=8; p<.01, Student’s t test), while 2-APB (200 pM) potentiated the current (n=5; p<.
02, Student’s t test).
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Fig. 3. Model depicting the proposed role of cGMP in mGIuR®6 transduction

Left: Binding of glutamate, the rod transmitter, to mGIuRG6 activates Go (G*), which in turn
catalyzes the production of a substance (S*) that closes the synaptic channel. Right: In this
model, there is a linear relationship between the rod membrane potential (which controls
transmitter release) and the production of S* (top). At depolarized rod membrane potentials
(i.e., in the dark) the production of S* is in excess compared with the number of channels,
allowing for negative-going excursions of the rod membrane potential without significant
channel opens (bottom). cGMP/cGK functionally shifts this curve to the right, allowing for
small changes in membrane potential to open channels, but does not change the maximum open
probability. Modified from (Sampath and Rieke, 2004).
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Fig. 4. Cyclic GMP reduces the latency of channel opening following removal of agonist

(A) Comparison of the latency of the response to a 200 ms puff CPPG immediately after break
in and after 10 minutes of recording in a rod bipolar cell dialyzed with an internal solution
containing 1 mM cGMP. Response amplitudes have been normalized to unity. Holding
potential: =50 mV. (B) Summary of response latency, defined as the time required to reach
10% of the peak response after break in (Con) and after 10 minutes of dialysis with 1 mM
cGMP (n=7 cells). Shaded histogram indicates mean and standard error. Connected points
indicate individual cells before and after dialysis. p<.01 (Student’s t test).
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Fig. 5. Potentiation of rod bipolar cell responses is passed forward to the All amacrine cell

(A) Paired recordings of a rod bipolar cell (current clamp) and an All amacrine cell (voltage
clamp). Traces on the left show the response of the rod bipolar and amacrine cell to a 15 ms
puff of the mGIuR6 antagonist CPPG immediately after breaking into the rod bipolar cell.
Traces on the right show the responses 10 minutes later. Bipolar cell pipet contained 1 mM
cGMP. Bath solution contained 4 uM L-AP4. Each trace is the average of 3 responses. (B)
Summary of the effect of rod bipolar cell cGMP on the postsynaptic response of the All
amacrine cell, plotted as a function of puff length. Amacrine cell responses were integrated
over the first 500 ms following the CPPG puff, and each was normalized to the current elicited
by the 45 ms control puff (i.e., prior to dialysis with cGMP). For each puff, n=6 (15 and 25 ms
puff) or 8 cells (5, 35, 45 ms puffs). P<.05 for 15-45 ms puff.
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Fig. 6. Ca2+-dependent depression of synaptic cation current in tiger salamander On bipolar cells
Top: Representative responses to application of the mGIuR6 antagonist CPPG, one from a cell
recorded with a solution containing 0.5 mM EGTA (left) and the other with a solution
containing 20 mM BAPTA. Holding potential of each cell was —40 mV. Bottom: Left panel
is the response of another cell to the application of CPPG at +40 mV. Note the absence of
desensitization. A jump from a holding potential of +40 mV to —40 mV results in an exponential
decay in the cation current. Right panel is an expansion of the decay of the transduction current
indicated by the box on the left. Dark line is the fit with a single time constant of 0.95 seconds.
Inset: Filled bars represent the mean * s.e.m. of the time constant at each voltage in cells that
were buffered with 0.5 mM EGTA. Open bar is the time constant measured in cells buffered
with 10 mM EGTA when stepped to —40 mV. From Nawy, 2004.
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Fig. 7. The timecourse of recovery from desensitization

Top; Example of a paired pulse experiment in which a conditioning pulse of the mGIuR6
antagonist LY 341495 was first applied to induce desensitization, followed by a second test
application at variable times to measure the amount of recovery. Only the responses at the three
shortest intervals are shown, followed by the response after complete recovery (note break in
x-axis). Holding potential was —40 mV, and cells were dialyzed with 0.5 mM EGTA. Bottom:
Summary of the experiment conducted in 5 cells. Smooth line is a single exponential fit with
a time constant of 25.4 seconds.
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Fig. 8. Ca2+-dependent depression is also present in the light responses of mammalian rod bipolar
cells

A: Response to a step of saturating light in a rod-driven bipolar cell (left), and a cone-driven
ON bipolar cell (right). The light response has the characteristic transient peak in the rod-driven
bipolar cell, but not in the cell driven by cones. B: Response to a light step as a function of
holding voltage. At positive potentials, when the driving force for Ca2* is reduced, the
depression is less pronounced. C. Averaged |-V relation measured at the times indicated by
the symbols in (B). The I-V relation measured at the peak of the response is linear, but the I-
V measured at steady-state rectifies outwardly as would be expected if Ca2* influx depresses
the steady-state response. From Berntson et al., 2004a.
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