
Kinetics of Synaptic Transmission at Ribbon Synapses of Rods
and Cones

Wallace B. Thoreson
Department of Pharmacology and Experimental Neuroscience, University of Nebraska Medical
Center, Omaha, NE 68198-5840, USA

Abstract
The ribbon synapse is a specialized structure that allows photoreceptors to sustain the continuous
release of vesicles for hours upon hours and years upon years but also respond rapidly to momentary
changes in illumination. Light responses of cones are faster than those of rods and, mirroring this
difference, synaptic transmission from cones is also faster than transmission from rods. This review
evaluates the various factors that regulate synaptic kinetics and contribute to kinetic differences
between rod and cone synapses. Presynaptically, the release of glutamate-laden synaptic vesicles is
regulated by properties of the synaptic proteins involved in exocytosis, influx of calcium through
calcium channels, calcium release from intracellular stores, diffusion of calcium to the release site,
calcium buffering, and extrusion of calcium from the cytoplasm. The rate of vesicle replenishment
also limits the ability of the synapse to follow changes in release. Post-synaptic factors include
properties of glutamate receptors, dynamics of glutamate diffusion through the cleft, and glutamate
uptake by glutamate transporters. Thus, multiple synaptic mechanisms help to shape the responses
of second-order horizontal and bipolar cells.
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Vision begins with the transduction of light into membrane potential changes as the result of
an enzymatic cascade occurring in the outer segments of rod and cone photoreceptors [1,2].
Light-evoked membrane potential changes are modified by voltage-dependent currents in the
inner segment [3] and transmitted to second order bipolar and horizontal cells by changes in
release of the neurotransmitter, L-glutamate, from the synaptic terminals of both rods and
cones. Because all of the visual information available to downstream retinal neurons must first
pass through the photoreceptor synapse, synaptic transmission from photoreceptors has a
considerable impact on visual perception. The focus of this review is on mechanisms that shape
the kinetics of synaptic transmission at synapses of rods and cones. Additional information on
other physiological and anatomical characteristics of photoreceptor ribbon synapses can be
found in recent reviews [4–6].

Differences in Rod and Cone Kinetics
Rod and cone photoreceptors are tonically depolarized in darkness with membrane potentials
of −35 to −45 mV that allow continuous release of the neurotransmitter, L-glutamate. Light
onset causes photoreceptors to hyperpolarize by as much as 30 mV, leading to a reduction in
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glutamate release, whereas light offset causes depolarization and an increase in glutamate
release. The light responses of cones are five to ten times faster than those of rods [7–9],
resulting in a higher flicker fusion frequency for cones than rods [10]. Rod/cone differences
in light response kinetics involve rod/cone differences in outer segment Ca2+ homeostasis as
well as faster inactivation of transduction cascade enzymes in cones [11].

Post-synaptic light responses of cone-driven second-order neurons are also faster than rod-
driven responses [12]. The presence of slower light responses in rods would be sufficient to
produce slower rod-driven light responses in second-order bipolar and horizontal cells even if
rod and cone synaptic kinetics were identical. But the experimental evidence shows that
synaptic transmission from rods is slower than transmission from cones. Baylor and Fettiplace
[13] found that responses of ganglion cells to depolarizing current injected into cones were
threefold faster than rod-driven responses (although these data could also be explained by the
rod and cone signals utilizing different synaptic pathways to the ganglion cell). By comparing
responses to brief flashes or impulses of light recorded simultaneously from photoreceptors
and horizontal cells, Copenhagen and colleagues [9,14] determined that the impulse responses
of rod and cone synapses were similar in shape but five to ten times faster for cones, and thus,
roughly matched to kinetic differences in their light responses. And finally, direct stimulation
of cones evoked much faster post-synaptic responses than stimulation of rods in simultaneously
recorded bipolar and horizontal cells [15,16].

Many different factors influence the kinetics of synaptic transmission. Light-evoked
hyperpolarization of photoreceptors reduces the open probability of calcium channels, which,
in turn, reduces the rate at which glutamate-filled vesicles are released. Depolarization at light
offset increases transmembrane calcium influx and stimulates the exocytosis of glutamate.
Factors which regulate the rise and fall of intraterminal calcium levels in dark and light
therefore play a major role in controlling the kinetics of glutamate release. These include
properties of the calcium channels, calcium release from intracellular stores, diffusion of
calcium to the release site, buffering, and extrusion from the cytoplasm. Factors which regulate
the rise and fall of glutamate in the synaptic cleft also shape synaptic kinetics. These include
the diffusion of glutamate from the release site to post-synaptic glutamate receptors and the
rate of removal by glutamate transporters. Intrinsic kinetics of glutamate receptors are also
important, particularly rates of desensitization and recovery from desensitization. Finally, the
rate at which vesicles are replenished also limits the ability of the synapse to track rapid changes
in intensity. This review considers the contribution of these different processes to the kinetics
of synaptic transmission from rods and cones.

Kinetics of Exocytosis
Various techniques have been employed to measure exocytosis from the photoreceptor
synapse, including capacitance measurement techniques that detect the increase in membrane
surface area accompanying vesicular fusion, activity-dependent dyes like FM-143 that
optically monitor vesicle fusion, and recordings from second-order neurons that detect the post-
synaptic currents produced by glutamate released at the synapse. This section begins with a
consideration of potential artifacts and limitations in the use of capacitance and synaptic current
measurements for the study of exocytosis.

Although capacitance measurements provide a direct measurement of exocytosis, they can be
confounded by endocytosis and artifacts arising from large membrane conductance changes.
[17]. To avoid large conductance changes produced by the opening of calcium channels,
capacitance measurements are typically suspended during the depolarizing test step.
Conductance changes arising from calcium-activated tail currents [18,19] also persist after
termination of a depolarizing test step. To prevent tail current artifacts, one can inhibit calcium-
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activated K+ currents with tetraethylammonium [19–21] and calcium-activated Cl− currents
with niflumic acid. Niflumic acid is more effective in blocking calcium-activated Cl− currents
in photoreceptors than other Cl− channel blockers that have been tested including 5-nitro-2-
(3-phenylproplyamino)benzoic acid (NPPB), N-phenylanthracilic acid, IAA-94, and
flufenamic acid. However, niflumic acid does not fully block calcium-activated Cl− currents
in rods even at a concentration of 0.1 mM, and higher concentrations begin to substantially
inhibit ICa [18,22]. Although identification of a more potent and selective blocker of this
channel would be useful, the residual tail currents that remain in the presence of niflumic acid
do not appear to significantly contaminate capacitance measurements [16,23].

The capacitance change measured after resuming capacitance measurements at the end of a
test step yields the net increase in membrane capacitance that occurred during the step. This
reflects the exocytotic fusion of vesicles minus any endocytotic retrieval. Countervailing
endocytosis during the test step can thus lead to an underestimate of exocytosis. The time course
of endocytotic retrieval of vesicles can be determined from the decline in capacitance after the
step. Endocytosis in photoreceptors exhibits time constants of a few hundred milliseconds
[16,24], and therefore, does not significantly impact measurements of exocytosis evoked with
brief test steps. Consistent with this, there is a linear correlation between the amount of release
measured using capacitance techniques and release measured by recording the post-synaptic
current with test steps up to 1–2 s in duration [16,23]. Endocytosis is inhibited by elevated
calcium levels in bipolar cells [25]. Calcium-dependent inhibition of endocytosis in
photoreceptors would explain why capacitance measurements appear to provide a reliable
measure of exocyosis from photoreceptors even with test steps as long as 2 s.

Another way to measure exocytosis is to record post-synaptic currents evoked in second-order
horizontal and bipolar cells by stimulating simultaneously recorded pre-synaptic
photoreceptors. The kinetics of the transduction cascade employed by mGluR6 in ON bipolar
cells is not fully characterized, so analysis of release kinetics in paired recordings has typically
focused on synaptic responses of horizontal and OFF bipolar cells which employ non-NMDA
ionotropic glutamate receptors at their synapses (reviewed in [26]). As long as they do not
significantly impair voltage clamp, pre-synaptic conductance changes do not significantly
impact measurements of release in paired recordings. Instead, one must be concerned about
post-synaptic factors that can lead to an underestimate of release: glutamate uptake, glutamate
receptor saturation, and receptor desensitization. Glutamate receptors in most horizontal and
OFF bipolar cells of the salamander retina are of the AMPA subtype in which desensitization
can be blocked by cyclothiazide. In the presence of cyclothiazide, the charge transfer during
the excitatory post-synaptic current (EPSC) is linearly correlated with exocytotic capacitance
increases [16,23]. The presence of a glutamate transport inhbibitor, TBOA, did not significantly
improve this correlation [16]. The linear correlation between pre- and post-synaptic measures
of exocytosis indicates that increases in exocytosis produce corresponding increases in post-
synaptic responses, which, in turn, suggests that glutamate receptors are not saturated by cleft
glutamate levels. Linear convolution of single quantal miniature EPSCs (mEPSCs) with the
release rate measured using capacitance techniques in cones accurately reproduced the cone-
driven EPSC waveform which is also consistent with the conclusion that glutamate receptors
are not saturated [15]. These results suggest that after blocking receptor desensitization, the
EPSCs recorded during paired recordings appear to provide a fairly accurate measure of release.

Optical techniques have also been used to measure release from the photoreceptor synapse
[27]. The activity-dependent dye, FM1-43, inserts into the outer leaflet of the plasma
membrane, allowing it to be endocytosed into synaptic vesicles. After removing the dye from
the extracellular medium, dye captured in vesicles remains inside the cell until dye-stained
vesicles are exocytosed. The destaining of FM1-43 from the terminal can thus be used to track
the fusion of vesicles. Photobleaching experiments with FM1-43 have revealed that vesicles
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in photoreceptor terminals are unusually mobile [27]. It should also be possible to apply
evanescent wave microscopy techniques to monitor the fusion of individual FM1-43 stained
vesicles, as has been done at the bipolar cell synapse [28].

The stimulation of cones evokes a fast, transient EPSC in simultaneously recorded OFF bipolar
and horizontal cells (Fig. 1a). Stimulation of rods also evokes a transient EPSC in the same
post-synaptic cell studied with cone stimulation, but with a slower and more complex time
course involving multiple components (Fig. 1b, c). These differences are intrinsic to the
synapse, as EPSCs evoked in a horizontal or OFF bipolar cell by stimulation of a cone are
consistently faster than EPSCs evoked in the same post-synaptic cell by stimulation of a rod
[15,16]. The cone-driven EPSC rises more quickly, with a time constant averaging 2 ms, and
attains its peak earlier than the rod-driven EPSC [15]. There is sometimes an initial component
present in rod-driven EPSCs with a short latency similar to the fast component of cone-driven
EPSCs (see arrow in Fig. 1b). This fast response component of the rod-driven EPSC is labile
and disappears rapidly during recording. It may reflect an intrinsic capability for fast release
from rods, although it may also involve output from coupled neighboring cones. Cone-driven
EPSCs also decay very rapidly with a time constant averaging 8 ms, whereas the time constant
of decay for rod-driven EPSCs averaged 58 ms [15]. Rod-driven EPSCs do not always decay
with a single exponential time course, but sometimes exhibit a discrete hump in the later
portions of the EPSC (Fig. 1c). As discussed later, slow response components of rod-driven
EPSCs involve release evoked by calcium-induced calcium release (CICR) from intracellular
stores as well as release from coupled neighboring rods evoked by current passing through gap
junctions.

Kinetics of exocytosis from rods and cones were measured by determining the amount of
release evoked by test pulses of varying duration using both capacitance and paired recording
techniques [16]. Both approaches revealed an initial fast component of release from cones with
a time constant of ~3 ms followed by a slower and more sustained component (τ>0.5 s). The
amplitude of the depolarization-evoked capacitance increase in hair cells and retinal bipolar
cells shows a similar bi-exponential dependence on step duration [29,30]. These two kinetically
distinct components are thought to reflect an initial transient burst of release followed by slower
sustained release [29,30]. The initial fast burst of release from cones evoked by a strong
depolarizing step produces an initial transient inward post-synaptic current, and the slower
sustained component of release causes a much smaller maintained inward current (Figs. 1 and
3). Capacitance and paired recording techniques also revealed both fast and slow (τ>1 s)
components to release from rods, but the initial component was much slower than for cones
(τ~45 ms for steps to −10 mV, τ~ 20 ms for steps to −30 mV) [16]. This slower initial rate of
release accounts for the slower rise of rod-driven EPSCs compared to cone-driven EPSCs
[15].

To analyze the contribution of release kinetics to shaping post-synaptic responses, release rates
measured with capacitance techniques were convolved with averaged mEPSC waveforms.
Convolution of cone release rates with mEPSCs accurately reproduced the waveform of the
cone-driven EPSC, and convolution of rod release rates with mEPSCs produced a slower EPSC
waveform similar, although not identical, to the actual rod-driven EPSC [15]. This indicates
that differences in the rates of exocytosis at rod and cone synapses are responsible for much
of the difference in the kinetics of rod- and cone-driven EPSCs. Rod-driven EPSCs were often
a bit slower than the waveform predicted by convolution due, in part, to contributions to the
EPSC by glutamate released from gap junctionally coupled rods [15].

Light responses of cones increase linearly with small increases in light intensity over the first
10% of the total dynamic range [31]. Bipolar cells respond linearly to small sinusoidal
modulations of light intensity (<10%) about a mean level [32], whereas linearity of horizontal
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cell responses is maintained over a larger range of intensities [33]. This indicates that for small
intensity changes resulting in small changes in release, processes regulating transmission at
the photoreceptor synapse (e.g., ICa, calcium-dependence of exocytosis, glutamate receptor
binding, etc.) remain linear. Furthermore, the finding that responses to incremental and
decremental steps of light are mirror images of one another suggests that the processes
controlling the rate at which synaptic exocytosis declines at light onset mirror those controlling
the increase in exocytosis at light offset. For small intensity changes, it is therefore likely that
intracellular calcium levels rise and fall with similar rates at light offset and onset. Responses
of bipolar and horizontal cells become increasingly non-linear at higher light intensities. In
addition to the sigmoidal intensity/response relationship of the photoreceptor voltage response,
this non-linearity also is a consequence of the sigmoidal voltage dependence of ICa and other
nonlinearities in release.

The rate of release maintained by photoreceptors in darkness has been estimated in various
ways. Fluctuation analysis of post-synaptic currents in cone-driven OFF bipolar cells of the
turtle retina yielded rates of 20–80 vesicles/s/ribbon [34] and mean/variance analysis of ON
cone bipolar cell responses of mouse retina yielded a rate of 18 vesicles/s/ribbon [35].
Measurements of FM1-43 destaining suggest an even lower rate of release from lizard cones
of ~10 vesicles/s/ribbon in darkness [36]. These results indicate that the entire range of cone
light responses is encoded by rather modest changes in release rate. The need to discriminate
small changes in release rate to detect small changes in intensity presents a challenge for post-
synaptic neurons, particularly if quantal release obeys Poisson statistics [37,38]. Cones may
overcome this difficulty by using multiple ribbons (e.g., >50/cone in peripheral cones of
primate retina) [39] to encode changes in intensity [5]. The presence of multiple ribbons can
amplify release and average out local fluctuations. Mammalian rods, however, have only two
ribbons [40]. To permit reliable post-synaptic detection of single photon events, Schein and
Ahmad [37] hypothesized that exocytosis at individual release sites may be more regular than
predicted by Poisson statistics. The timing of individual mEPSCs recorded from horizontal or
OFF bipolar cells is consistent with a Poisson distribution [15,41], but this may reflect the
presence of multiple uncorrelated synaptic release sites rather than Poisson release processes
operating at each individual release site.

Photoreceptor Coupling
In the amphibian retina, there is strong gap junctional coupling among neighboring rods, as
well as direct coupling between rods and cones [42]. Mammalian retina also exhibits inter-
photoreceptor coupling, including weak rod–rod coupling [43]. Photoreceptor coupling is
mediated by connexons containing Cx36 [44]. Coupling can improve the signal to noise ratio,
extend the dynamic range of the rod synapse, and enhance boundary detection by cones [43,
45–47]. Coupling also influences the kinetics of post-synaptic responses by contributing to
band pass filtering at rod synapses [48]. The coupling among rods allows hyperpolarizing
current to spread from one rod to its neighbors, and thereby, activate hyperpolarization-
activated cation (Ih) currents that lead to rebound membrane depolarization [49]. These
negative feedback effects are more pronounced at low frequencies because activation of Ih is
relatively slow, and thus, acts as a high-pass filter. In addition to Ih effects, the net increase in
membrane surface area added by gap junctional coupling among rods contributes to low pass
filtering [44]. Modeling suggests that rod–rod coupling accounts for as much as half of the
high pass filtering and a smaller fraction of the low pass filtering observed at the rod synapse
[48]. Consistent with low pass filtering by gap junctions, blocking gap junctions with
carbenoxolone preferentially reduces slower components of the EPSC evoked by depolarizing
steps applied to rods [15]. In mammalian retina, spread of depolarizing current through gap
junctions into neighboring cones produces a slow, second component in the cone-driven EPSC
[50]. Rods also couple to cones, sometimes quite strongly, and the spread of depolarizing
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current from one photoreceptor cell type to another can also contribute to shaping post-synaptic
responses [43,51]. Although gap junction coupling contributes to slow response components
in the rod-driven EPSC, coupling is not entirely responsible for the slow kinetics of exocytosis
from amphibian rods, as slow release kinetics are also found in single enzymatically isolated
rods [16].

Anatomical Features of the Photoreceptor Synapse
Photoreceptor terminals contain many more synaptic vesicles than conventional synapses.
Conventional synapses exhibit 10–100 vesicles clustered near the pre-synaptic density,
whereas the synaptic terminal of a lizard cone contains about 170,000 vesicles or 7,000 vesicles/
ribbon [36]. Furthermore, only ~20% of the vesicles at conventional synapses are in the rapidly
recycling and readily releasable pool; most are in the slowly recycling reserve pool [52,53].
By contrast, 85% of the vesicles in photoreceptor terminals are freely mobile and readily
participate in release [27,36].

Synaptic vesicles are tethered by fine filaments to plate-like, electron-dense ribbons at the base
of the photoreceptor terminal [54,55]. Synaptic ribbons presumably assist in the continuous
release of vesicles from photoreceptors [56], although sustained high frequency release has
also been observed at conventional synapses [57]. Photoreceptor ribbons are about 35 nm thick,
1–2 μm long, and up to 1 μm high [58,59]. At the base of the ribbon is a trough-like structure
known as the arciform density. The ribbon and arciform density sit above an invaginating
depression in the photoreceptor membrane called the synaptic ridge [40,54,55,58–63]. The
ribbons of mammalian rods wrap around the synaptic ridge to create a distinctive crescent or
horseshoe shape [63]. Synaptic ribbons with different shapes but similar molecular features
are found in other sensory neurons including hair cells and retinal bipolar cells [4,5,64–67].

In addition to synaptic ribbons, photoreceptors also make flat or basal contacts onto bipolar
cells [55,68]. Flat contacts exhibit pre- and post-synaptic paramembranous densities, but lack
the clustering of vesicles that characterizes conventional synapses [55]. In mammalian retina,
dendrites of most OFF bipolar cells are not positioned directly adjacent to synaptic ribbons but
instead contact cones only at flat junctions [50,68]. The lack of direct ribbon contacts onto
mammalian OFF bipolar cells prompted the suggestion that they must therefore receive
synaptic input from flat contacts despite the paucity of vesicles [69,70]. Evanescent field
imaging studies of bipolar cell terminals show that exocytosis can occur at ectopic sites away
from the ribbon [28,71]. However, by comparing correlated synaptic events recorded
simultaneously from an OFF bipolar cell that makes only flat contacts and a neighboring OFF
bipolar cell whose dendrites enter the invagination, DeVries et al. [50] concluded that most, if
not all, of the glutamate reaching post-synaptic processes making flat contacts is released at
the ribbon.

The initial fast component of exocytosis is thought to reflect release from a readily releasable
pool of vesicles tethered to the base of the ribbon and primed for release [72]. Differences in
the number and size of ribbons influence the size of this readily releasable pool [5]. Although
cone ribbons are generally smaller in size (~1 μm long × 0.2 μm high in mammals) than rod
ribbons (2 μm long × 0.4 μm in mammals), cone terminals have many more ribbons than rod
terminals, and this probably accounts for their larger exocytotic capacitance response [16].
Although differences in ribbon size and number influence the size of the releasable pool of
vesicles, it seems unlikely that they influence the speed at which vesicles are released.

Synaptic Proteins
Ribbon and conventional synapses contain many of the same proteins (see [4,6] for reviews).
These include SNARE (SNAP receptor) proteins that assist in vesicular fusion: synaptobrevin
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(VAMP1 and 2), SNAP-25, and syntaxin [73–82]. The syntaxin-1 isoform present at many
conventional synapses is replaced by syntaxin-3 at ribbon synapses [77,80,83]. Munc 18-1 and
Munc 13-1, which assist in SNARE assembly and vesicle priming [84], are both present at
ribbon synapses [82,85]. RIM proteins bind to a number of other synaptic proteins at the ribbon
synapse including Munc 13-1, CAST1, and rab3 proteins involved in synaptic vesicle docking.
RIM1 is localized to the ribbon, whereas RIM2 is clustered at the base of the active zone
[81,85]. In addition to RIM1 binding, CAST1 binds to bassoon and piccolo [86,87]. Bassoon
is found at the base of the ribbon and appears to help anchor it to the active zone [85,88,89].
Piccolo is a cytomatrix protein like bassoon, but it is found at more distal parts of the ribbon
than bassoon.

One notable difference with conventional synapses is the absence of synapsins at ribbon
synapses [73,90,91]. In conventional synapses, synapsin 1 appears to tether a reserve pool of
vesicles to the cytoskeleton near the active zone [92, but see 93]. The absence of synapsin 1
may allow vesicles to be more freely mobile [27]. The ribbon may also help to replace this
function of synapsin by tethering vesicles near the release site.

Another notable difference between ribbon and conventional synapses is the presence of the
ribbon-specific protein, ribeye. Ribeye is the major protein in the ribbon with an estimated
4,000 ribeye molecules/ribbon in goldfish Mb1 bipolar cells [94]. The tenfold greater surface
area of rod ribbons suggests that they may each possess as many as 40,000 ribeye molecules.
Ribeye is an alternative transcript of the gene for transcriptional repressor C terminal binding
protein 2 (CtBP-2) but also possesses an additional ribbon-specific domain [95]. It is
hypothesized that the ribbon-specific domain may self-assemble to form the central scaffold
of the ribbon [95]. CtBP-1 is also present at the ribbon [85]. CtBP1 and 2 play roles in the
membrane fission of intracellular organelles [96], suggesting possible roles in vesicle cycling
at the photoreceptor synapse. A kinesin motor protein, KIF3A, is present at the ribbon and
other synapses [97–99]. Although the presence of a motor protein is intriguing, there is no
functional evidence that molecular motors are involved in vesicle movement on the ribbon
[4].

There are rod/cone differences in synaptic proteins that potentially may contribute to
differences in synaptic release kinetics. For example, cone terminals contain SV2A and SV2B,
whereas rod terminals contain only SV2B [100]. SV2A interacts with the proposed calcium
sensor, synaptotagmin, in a calcium-dependent manner, and SV2B interacts with
synaptotagmin in a calcium-independent manner [101,102]. Knockout of SV2A reduces the
size of the readily releasable pool of vesicles in hippocampal neurons [103]. Thus, one can
hypothesize that the absence of SV2A from rod terminals might lead to a smaller releasable
pool and contribute to the smaller exocytotic responses of rods compared to cones [16]. The
antiepileptic drug levetiracetam, which binds selectively to SV2A [104], may provide a tool
for testing the role of SV2A at cone synapses.

Amphiphysin and clathrin, both involved in endocytosis, are expressed at higher levels in rods
than cones [105]. Although the functional consequences of this difference are unclear, higher
rates of exocytosis at cone terminals necessitate higher rates of endocytosis, and this may be
accomplished by using different endocytotic proteins.

Synaptotagmin I appears to be the low-affinity calcium sensor at most conventional synapses,
but the identity of the calcium sensor(s) employed at rod and cone synapses remains in question.
Antibodies to synaptotagmin I/II label photoreceptor ribbon synapses in mouse and bovine
retina, but do not label photoreceptor synapses in goldfish and salamander. These are instead
labeled by antibodies to synaptotagmin III [106,107]. Synaptotagmin III has a much higher
affinity for calcium than synaptotagmin I or II, consistent with physiological findings of a high
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affinity release mechanism in amphibian rods [23,24]. The apparent presence of synaptotagmin
I/II in mammalian rods raises the question of whether they utilize conventional low affinity
sensors or the high affinity sensors found in amphibian rods.

It was recently proposed that otoferlin, not synaptotagmin, may be the principal calcium sensor
at the ribbon synapse of hair cells [108]. Otoferlin and other members of the FER protein family
have C2 domains with high homology to the C2A domain of synaptotagmin III. FER-like
proteins are thus also possible candidates to be the calcium sensor at photoreceptor ribbon
synapses.

A surprising property of the high affinity release mechanism in amphibian rods is its relatively
low cooperativity for calcium binding (n≤3) compared to the high cooperativity exhibited by
low affinity mechanisms at other synapses (n≥4) [23,109,110]. Cones appear to have a
comparable high affinity mechanism [111]. In addition to the high affinity mechanism,
amphibian rods and cones also appear to possess a more conventional, low-affinity calcium
sensor [112]. The apparent coexistence of high affinity, low cooperativity mechanisms with
low affinity, high cooperativity mechanisms in photoreceptor terminals [23,24,112] may reflect
the presence of two distinct calcium sensors, as proposed to explain similar results at bipolar
cell synapses [25,108,113,114]. However, it is also possible that the photoreceptor synapse
employs a single allosteric sensor mechanism similar to that hypothesized to regulate release
at the calyx of Held in which submicromolar calcium evokes release with low cooperativity,
whereas higher calcium levels evokes release with greater cooperativity [115].

Photoreceptor Calcium Channels
Neurotransmitter release from photoreceptor synapses is calcium-dependent [116] and
triggered by calcium influx through calcium channels. Unlike other conventional synapses
which rely on N- and P-type calcium channels [117], photoreceptors and other ribbon synapses
employ dihydropyridine-sensitive, L-type calcium channels to vary synaptic release in
response to changes in membrane potential [118–122]. The main calcium channels present in
photoreceptors are CaV1.4 (alpha 1F) and CaV1.3 (alpha 1D). Although there is no evidence
that individual photoreceptor cells possess more than one type of calcium channel, different
photoreceptors possess different types of calcium channel. Mutations in CaV1.4 cause various
forms of incomplete congenital stationary night blindness [123–126], and antibodies to CaV1.4
label mammalian rod terminals [127–129], suggesting that CaV1.4 is the predominant calcium
channel in mammalian rods. CaV1.3 antibodies label most cones in the tree shrew retina; the
unlabelled subtype appears to be short wavelength-sensitive (S) cones [130,131]. Consistent
with different types of calcium channels in different types of cone, ICa in red-sensitive, large
single cones of the salamander retina is enhanced by activation of cAMP-dependent protein
kinase (PKA), whereas ICa in small single cones and rods is inhibited by PKA activation
[132]. Antibodies to L-type calcium channels produce punctate labeling at the base of the
ribbon that co-localizes with synaptic proteins such as bassoon and ribeye [85,128,133–135].
This is consistent with physiological results demonstrating highly localized sites of calcium
influx at the base of the photoreceptor terminal [136]. Freeze fracture electron micrographs
show ~500 transmembrane particles clustered beneath the arciform density of each ribbon
[60,137]. These particles, described as polyhedral in shape and containing a central dimple,
have been proposed to be the calcium channels [60].

Similar to anatomical estimates, physiological estimates comparing single channel and whole
cell conductance measurements yield estimates of 400–500 channels/ribbon in the salamander
retina [4,17]. However, these physiological estimates were based on the results of Thoreson et
al. [138] showing that the properties of photoreceptor calcium channels were similar to L-type
calcium channels in other preparations, including a single channel conductance of 22 pS with
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Ba2+ as the charge carrier and a maximum mean open probability of ~0.1. By contrast, single
channel studies of CaV1.4 channels expressed in HEK cells revealed a much smaller single
channel conductance of 3.7 pS and lower maximum mean open probability of 0.014 [139].
This would imply a 40-fold larger number of channels per ribbon (16,000–20,000). A
substantially lower single channel conductance would reduce both the amount of calcium
entering through each open channel and the voltage noise associated with individual channel
openings.

L-type calcium channels in photoreceptors and expressed CaV1.4 channels exhibit limited and
slowly developing voltage-dependent inactivation [118,140–143]. Photoreceptor Ca2+

channels also exhibit unusually slow Ca2+-dependent inactivation compared to other calcium
channels [118,140]. Minimal inactivation is important for sustaining output at ribbon synapses
[122]. CaV1.3 shows calcium-dependent inactivation, but CaV1.4 does not [143], and so, the
presence of calcium-dependent inactivation in amphibian rods suggests they may possess
CaV1.3 channels. The continued influx of calcium during sustained activation of photoreceptor
ICa at the dark potential can also reduce ICa by significantly depleting extracellular calcium
ions from the synaptic cleft [140]. Because these voltage- and calcium-dependent reductions
in ICa accompanying sustained activation are slow, changes in ICa produced by brief changes
in illumination largely reflect the sigmoidal voltage dependence of ICa [144].

In addition to pore-forming alpha1 subunits, calcium channels possess accessory beta and
alpha2/delta subunits. Knockout of the beta2 subunit, but not beta1, beta3, or beta4 subunits,
from mouse retina almost completely abolished both the ERG b-wave and staining for CaV1.4
in the outer plexiform layer. This suggests that the beta2 subunit is the only beta subunit that
combines with alpha1 subunits to create functional channels at the photoreceptor synapse
[145]. A mutation in the alpha2/delta type 4 subunit results in disordered ribbons, reduced
scotopic b-waves, absent photopic b-waves, and a human cone dystrophy, indicating that this
accessory subunit is associated with photoreceptor calcium channels, particularly those of
cones [146,147].

The calcium-binding protein, CaBP4, can bind to both CaV1.3 and CaV1.4 [148,149].
Mutations in CaBP4 reduced both rod and cone function; the loss of rod function by CaBP4
mutation leads to congenital stationary night blindness [150]. In the absence of CaBP4,
expressed CaV1.4 channels exhibit little or no activity at the dark resting potential of −40 mV
and thus seem unsuitable for mediating transmission from photoreceptors. However,
coexpression of CaV1.4 with CaBP4 shifts the voltage dependence of ICa to more negative
potentials, thereby enhancing its activation at −40 mV and yielding a current that more closely
resembles ICa in vivo [148].

Although rods possess a different type of calcium channel from cones, the voltage dependence
and activation kinetics of ICa in both cell types are similar [4,16,130,132]. ICa in rods and cones
activate with a rapid, bi-exponential time course with time constants of about 1 and 2.5 ms
[16,118]. The kinetics of release from bipolar cell terminals is limited by the activation kinetics
of ICa [29], and it seems plausible that ICa activation kinetics (τ1~1 ms, τ2~2.5 ms) also limit
the fast release component (τ=3 ms) in cones [16]. The EPSC evoked by pre-synaptic
stimulation of rods rises more slowly (τ~8 ms) than does rod ICa, indicating that the rise time
of slower components of the EPSC is not due to slower ICa kinetics in rods [15]. The faster
decay of cone-driven EPSCs compared to rod-driven EPSCs is also not due to faster
inactivation of cone ICa. Because of the slow time course for ICa inactivation, the EPSCs evoked
by pre-synaptic stimulation of both rods and cones decay well before any appreciable decrease
in ICa [15]. The ability of a sustained ICa in photoreceptors to elicit transient EPSCs in bipolar
and horizontal cells is similar to results at the ribbon synapse made by rod bipolar cells onto
AII amacrine cells [151].
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Diffusional Distances Between Ca2+ Channels and Release Sites
The dynamics of synaptic release are influenced by the diffusion and buffering of calcium from
the mouth of the calcium channel to the site of release [152]. Fast release at most synapses
requires calcium levels above 20 μM. These levels are typically attained only in nano- or micro-
domains of high calcium immediately adjacent to individual calcium channels. Release
mechanisms with a low affinity for calcium are therefore effectively limited to release from
sites close to individual calcium channels. By contrast, the high-affinity release mechanism
employed by amphibian rods permits release by submicromolar calcium levels attained far
from individual calcium channels [23,24]. This led to the proposal that exocytosis from rod
terminals may be regulated by spatially averaged intraterminal calcium levels rather than the
high levels attained in calcium microdomains [24]. On the other hand, the biphasic release
kinetics of cones are strikingly similar to those of bipolar cells and hair cells in which the initial
fast component of release has been shown to be due to release from sites very close to calcium
channels [72], suggesting that the fast component of release from photoreceptors also reflects
release from sites close to calcium channels. Consistent with control of release by local calcium,
computer simulations modeling the transformation of photoreceptor voltage responses into
post-synaptic currents in horizontal and OFF bipolar cells also suggest that glutamate release
from photoreceptors depends almost instantaneously on ICa [144]. In this context, it is worth
noting that the extremely low single channel conductance of expressed CaV1.4 channels
[139] would be expected to produce lower calcium levels beneath individual CaV1.4 channels
than found beneath other calcium channels. Perhaps the presence of high-affinity calcium
sensors for release from rods is an adaptation to the presence of calcium channels with an
unusually low single channel conductance.

Intracellular Calcium Handling
In addition to influx through voltage-gated calcium channels, calcium levels in the synaptic
terminal are regulated by release of calcium from intracellular stores, uptake into organelles,
buffering, and extrusion from the cell. Contributions of these mechanisms of calcium regulation
to synaptic release are considered below; the role of calcium regulation in phototransduction,
cell degeneration, and other aspects of photoreceptor function have been reviewed elsewhere
[4,153].

Intracellular calcium is stored and released from the endoplasmic reticulum. Ultrastructural
studies revealed smooth endoplasmic reticulum in the inner segments and synaptic terminals
of photoreceptors [154] capable of accumulating calcium ions [155]. There are two principal
mechanisms of calcium release from internal stores: CICR mediated by ryanodine receptors
and release mediated by receptors for the second messenger, IP3 [156]. Immunohistochemical
studies indicate that there are type II ryanodine receptors on synaptic terminals of rods and
cones [157,158], and there is physiological evidence, discussed further below, that CICR in
rod terminals contributes to release [135,159,160]. Antibodies to type 2 IP3 receptors also label
photoreceptor inner segments and terminals, with particularly strong labeling of cones [158,
161]. However, calcium release from stores triggered by IP3 production in photoreceptors has
not been demonstrated, so it is unclear whether IP3 receptors participate in photoreceptor
synaptic transmission.

At low concentrations (≤1 μM), ryanodine acts as an agonist at ryanodine receptors, but at high
concentrations, ryanodine blocks the receptor [162,163]. Activation of ryanodine receptors
with caffeine or low concentrations of ryanodine stimulates the release of calcium from
intracellular stores in the inner segments and synaptic terminals of rods (Fig. 2; [136,158,
159]). Brief depolarizing steps (<200 ms, −70 to −10 mV) applied to voltage clamped rods and
cones produce highly localized calcium increases due to influx through calcium channels
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clustered close to the ribbons. In rods, lengthening the step duration to 200 ms or greater
stimulated a secondary wave of calcium that spread across the synaptic terminal. This
secondary wave was blocked by high concentrations of ryanodine introduced into the cell
through the patch pipette, suggesting it was mediated by ryanodine receptors and thus resulted
from CICR [136].

In the retinal slice preparation, low concentrations of ryanodine stimulate calcium increases in
cones, consistent with immunohistochemical evidence for the presence of ryanodine receptors
in cones (Fig. 2; [164]). Cones exhibited a more pronounced calcium increase in their somas
and inner segments than in the synaptic region at the base of the soma (Fig. 2; [75]). In contrast
to the ability of ryanodine to evoke calcium increases in cones in a retinal slice preparation,
caffeine failed to evoke calcium increases in isolated cones unless calcium extrusion by the
plasma membrane calcium-ATPase (PMCA) was blocked [157]. Krizaj et al. [157]
hypothesized that the efficient extrusion of calcium by PMCA in cone terminals intercepts
calcium before it can stimulate significant amounts of CICR. Application of depolarizing steps
to cones failed to evoke the calcium waves seen in rods, but instead produced only local calcium
changes that rapidly diminished upon termination of the test step [164]. A limited contribution
of CICR to calcium regulation in cone terminals also is suggested by the finding that high
concentrations of ryanodine (50 μM) had little or no effect on cone-driven EPSCs in three cone/
horizontal cell pairs [164]. These results suggest that although rods and cones both possess
ryanodine receptors, CICR is a more prominent feature of intracellular calcium regulation in
rods.

CICR promotes the spontaneous release of vesicles [165] and has been shown to contribute to
synaptic release from the ribbon synapse in vestibular hair cells [166]. Given the presence of
release mechanisms with an unusually high affinity for calcium in rod terminals, it is thus
perhaps no surprise that the release of calcium from ryanodine-sensitive intracellular stores is
also capable of stimulating glutamate release from rods [136,159,160]. In paired recordings
from rods and post-synaptic neurons, blocking CICR with high concentrations of ryanodine
preferentially reduced later portions of the depolarization-evoked EPSC [136,160]. Consistent
with the finding that CICR significantly boosts intraterminal calcium levels when rods are
depolarized for at least 200 ms, ryanodine detectably inhibited PSCs evoked by depolarizing
steps maintained for at least 200 ms [136]. CICR amplifies and sustains synaptic output from
rods, and thereby, contributes to the slower decay of rod-driven EPSCs observed in paired
recordings. However, CICR is not the principal reason for slower synaptic kinetics at the rod
synapse, as blocking CICR does not convert slow rod-driven EPSCs into fast cone-driven
EPSCs or produce fast cone-like release kinetics [136].

Blocking CICR with ryanodine inhibited light-evoked currents more strongly than it inhibited
the EPSCs evoked by strong depolarizing test steps in paired recordings. Suryanarayanan and
Slaughter [160] suggest that this discrepancy may result from voltage dependence of CICR,
as they found that ryanodine blocked a greater fraction of the EPSCs evoked by depolarizing
steps to −40 mV (near the dark potential) than EPSCs evoked by stronger depolarization to
−20 mV (above the normal physiological range). Cadetti et al. [136] did not find marked voltage
dependence and instead proposed that the strong effect on light responses simply reflects the
fact that the fractional contribution of CICR increases as rods are maintained for long periods
of time in a depolarized state (e.g., in darkness).

From effects of ryanodine on the amplitude distribution of spontaneous mEPSCs,
Suryanarayanan and Slaughter [160] concluded that CICR increased the likelihood that two or
more vesicles would be released in a coordinated fashion. Evidence for coordinated release
has been obtained at hair cell and bipolar cell ribbon synapses [167,168], so one might
anticipate similar processes operating at photoreceptor ribbon synapses. In muscle cells,
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calcium influx through a calcium channel can activate a spatially restricted cluster of ryanodine
receptors resulting in a highly localized calcium spark [169]. Calcium sparks have not been
detected in photoreceptor terminals, but the coordinated opening of a handful of ryanodine
receptors adjacent to a calcium channel might provide a means for the calcium flux through a
single calcium channel to coordinate the release of vesicles from multiple release sites along
the ribbon.

In addition to modifying synaptic transmission directly, calcium released from stores also
indirectly influences synaptic output by its actions on calcium-dependent ion currents.
Calcium-activated chloride currents in photoreceptors are sensitive to caffeine, suggesting that
they may be activated by CICR [20]. Because the chloride equilibrium potential in rods is
positive to the dark resting potential, activation of these channels results in chloride efflux, and
rod depolarization would depolarize rods and might therefore be expected to stimulate release.
This mild stimulatory effect, however, is counterbalanced by direct inhibitory effects of
chloride efflux on calcium channels [138]. Conversely, stimulation of calcium-activated
potassium channels in rod terminals by CICR can enhance ICa [19].

IP3 and ryanodine receptors are capable of mobilizing calcium from overlapping internal stores
[156]. Depletion of intracellular stores triggers the opening of plasma membrane calcium
channels that allow calcium to enter the cytoplasm and facilitate store refilling. Transient
receptor potential channels (TRPCs) appear to participate in store replenishment and are widely
distributed in different cell types [170]. Little is known about the specific distribution and roles
played by various TRPC isoforms in photoreceptors, but an antibody to TRPC6 has been shown
to label rod cell bodies [171]. Sarco- and endoplasmic reticulum ATPases (SERCA) pump
calcium into the ER. Antibodies to the SERCA 2A subtype label photoreceptor inner segments
and synaptic terminals, whereas antibodies to SERCA 2B label inner segments but only weakly
label terminals [158].

Calcium continuously enters depolarized photoreceptors in darkness. To prevent overload and
cell death, this calcium must be buffered and extruded. In the outer segment, calcium is
extruded by a Na/Ca exchanger, whereas inner segment and synaptic terminal extrusion relies
principally on PMCA [138,158,172,173]. PMCA are concentrated along the flanks of the
terminal and appear to be absent from active zones of the ribbon synapse [135,174]. Antibodies
to PMCA subtypes 1, 2, and 4 label photoreceptor terminals [158]. PMCA2 has a tenfold higher
affinity for calcium than the other subtypes [175], and PMCA2 knockout mice showed
pronounced reductions in the amplitude of rod-driven responses with little change in cone-
driven components, suggesting that this subtype is particularly important in regulating calcium
levels in rod terminals [176].

Extrusion of calcium is relatively slow compared to calcium buffering. Endogenous calcium-
binding proteins bind calcium ions at helix-loop-helix (EF hand) motifs. Most calcium-binding
proteins function primarily as signaling molecules, but a handful function mainly as calcium
buffers (e.g., calbindin, calretinin, and parvalbumin). Calbindin and calretinin are relatively
fast buffers, whereas parvalbumin is relatively slow. Calretinin and parvalbumin exhibit
relatively high cytosolic mobility, whereas calbindin exhibits relatively low mobility [177].
Cells differ in their expression of these buffers, and these differences presumably have
functional consequences. However, there is considerable species variability in the cellular
expression of calcium buffers in retinal cells. The only generalization that can be drawn about
photoreceptor expression patterns is that cones of most species possess calbindin (a fast, low
mobility buffer), whereas calretinin and parvalbumin are less commonly localized to
photoreceptors. The extent to which endogenous calcium buffers shape calcium levels at the
release site depends on the location, speed, and affinity of the buffers [152,178]. CaBP4 is
directly associated with calcium channels and thus ideally positioned to buffer incoming
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calcium ions. Calmodulin often associates with calcium channels and, although it is principally
considered a calcium signaling protein, can be present at high enough concentrations (>1 μM)
to buffer physiologically significant amounts of calcium [179]. We still know little about the
specific localization and binding constants for different calcium buffers in relation to the
calcium microdomains adjacent to calcium channels. Thus, the role of calcium buffers in
regulating calcium dynamics and the kinetics of synaptic release from rods and cones remain
unclear.

Properties of Glutamate Receptors
The properties of glutamate receptors, particularly desensitization, greatly influence the
kinetics of post-synaptic responses. Presynaptic depolarization of cones evokes EPSCs with
markedly different kinetics in different classes of cone-driven OFF bipolar cell from the ground
squirrel retina [180]. These kinetic differences reflect the presence of different subtypes of
AMPA and KA receptors that recover from desensitization at different rates. B3 and B7 types
of OFF bipolar cells that possess KA receptors recovered from desensitization many times
more slowly than B2 cells that express AMPA receptors [180].

AMPA receptors desensitize nearly ten times faster than KA receptors [181], raising the
possibility that the slowly decaying EPSCs observed at rod synapses may be due to the presence
of KA receptors. However, the post-synaptic responses at rod and cone synapses of most
horizontal and OFF bipolar cells in the salamander retina are mediated primarily by AMPA
receptors [15,182,183]. Maple et al. [183] found that AMPA receptors in cone-dominated OFF
bipolar cells desensitized more rapidly than AMPA receptors in rod-dominated OFF bipolar
cells. Nevertheless, the desensitization kinetics of AMPA receptors in cone-dominated OFF
bipolar cells [183] are too slow to account for the rapid decay of cone-driven EPSCs observed
with paired recordings [15]. Kim and Miller [184,185] also suggested that rods and cones may
contact different types of glutamate receptors based on differences in the efficacy of low affinity
glutamate antagonists. However, low affinity antagonists block lower concentrations of
glutamate more effectively than high concentrations, and so these results can also be explained
by the presence of higher glutamate levels at rod synapses than cone synapses. In bipolar and
horizontal cells receiving both rod and cone inputs, the amplitude and kinetic histograms of
spontaneously occurring mEPSCs are unimodal and unchanged by reducing release from rods.
This provides additional evidence that for a given post-synaptic cell, rods and cone inputs
activate glutamate receptors with similar properties [15]. Thus, differences in the response
kinetics at rod and cone synapses appear not to reflect different types of glutamate receptors.
Instead, as discussed earlier, the kinetic differences between of rod- and cone-driven EPSCs
are better explained by rod/cone differences in pre-synaptic release kinetics.

Miniature EPSCs arising from the fusion of individual vesicles can be detected in OFF bipolar
as well as uncoupled horizontal cells [15,41,186,187]. Although the slow kinetics of the
mGluR6 transduction cascade obscures individual mEPSCs, the presence of an underlying
quantal structure to ON bipolar cell responses has been inferred from mean variance analysis
[35]. Ultrastructural studies show that vesicles in rods (45–50 nm in salamander rods) are
slightly larger than those in cones (35–45 nm) [55,188]. However, selectively reducing the
spontaneous release of vesicles from rods did not significantly alter the properties of mEPSCs
in mixed rod/cone horizontal cells, suggesting that vesicles of rods and cones contain similar
amounts of glutamate [15].

In addition to the rate of recovery from desensitization, the onset of receptor desensitization
also influences post-synaptic responses. Blocking AMPA receptor desensitization with
cyclothiazide broadens both individual mEPSCs [189] and depolarization-evoked EPSCs
[15] in horizontal and OFF bipolar cells. However, cyclothiazide has relatively modest effects
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on the kinetics of horizontal cell light responses [182,189]. The main effects of cyclothiazide
are to depolarize horizontal cells by enhancing effects of tonic glutamate in the cleft and to
increase the depolarizing overshoot at light offset. This suggests that the kinetics of individual
mEPSCs have a stronger influence on horizontal cell response kinetics when release is highly
synchronized (e.g., at light offset of cones or in response to a depolarizing test pulse applied
pre-synaptically) than when vesicular release is less well synchronized.

Although the vesicles of rods and cones appear to contain similar amounts of glutamate, the
mean amplitudes of mEPSCs vary among different post-synaptic neurons [15,50]. This may,
in part, reflect different types of glutamate receptors on different post-synaptic cells [180,
187,190], but also differences in diffusional distances from the release site. Unlike the relatively
simple active zones of conventional central nervous system synapses, the ribbon synapse
involves tortuous invaginations with multiple post-synaptic processes [39,54,55,63]
possessing clusters of glutamate receptors situated at varying distances from the ribbon [191,
192]. Glutamate released at a synaptic ribbon diffuses rapidly through the limited volume of
the synaptic cleft to reach nearby post-synaptic receptors at relatively high concentrations
[40,193]. However, glutamate released from the same ribbon also reaches receptors located on
relatively distant flat basal contacts, eliciting from them slow broad synaptic currents whose
kinetics encompass a relatively long diffusion path from the ribbon [50].

Glutamate Uptake
Because post-synaptic responses result from the presence of glutamate in the synaptic cleft,
glutamate removal influences response kinetics. Glutamate is removed from the photoreceptor
synapse by diffusion and uptake by glutamate transporters into glial Müller cells and
photoreceptors. A light-induced photoreceptor hyperpolarization slows release and lowers
intraterminal calcium levels; concomitantly, extracellular glutamate levels in the synapse are
lowered. By impeding glutamate removal from the synapse, glutamate transport inhibitors slow
the horizontal cell response at light onset [194]. This is not due to changes in the rate of release,
as blocking glutamate transport does not significantly alter the kinetics of exocytosis [16].
Müller glial cells possess glutamate transporters [195], and Müller cell processes ensheathe
photoreceptor terminals, thereby preventing glutamate released at one synapse from reaching
a neighboring photoreceptor synapse [196,197]. Glutamate transporters are also present pre-
synaptically on photoreceptor terminals. Noise analysis indicates that each amphibian cone
photoreceptor possesses 10,000–20,000 transporter molecules [198]. Studies of the
mammalian rod–rod bipolar cell synapse suggest that transporters are clustered at high density
(perhaps 10,000/μm2) in the rod terminal near the site of release [199].

The principal glutamate transporter in mammalian cones is EAAT2 (GLT1), whereas EAAT5
is the major subtype in rods [200–202]. EAAT2 and EAAT5 also are present in the outer
plexiform layer of salamander retina [201]. The glutamate transporter in mammalian Müller
cells is EAAT1 (GLAST); amphibian Müller cells possess both EAAT1 and EAAT2 [195,
201]. GLAST knockout mice exhibit reduced ERG b-waves, suggesting a role for Müller cell
transporters in regulating cleft glutamate levels [203]. However, the time to peak and decay
times of electrically evoked synaptic responses in rod bipolar cells were not altered in GLAST
knockout mice [199], suggesting that post-synaptic response kinetics are more directly
regulated by pre-synaptic uptake of glutamate into rods than by uptake into Müller cells.
Vandenbranden et al. [204] have proposed that Müller cell transporters play a greater role in
maintaining steady state glutamate levels in darkness, whereas photoreceptor transporters are
more important for the rapid removal of glutamate during light-evoked hyperpolarization of
photoreceptors. Uptake into photoreceptors may also be accelerated by hyperpolarization
because of the increased driving force for sodium ions which are co-transported with glutamate
[194,201,204,205].
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Synaptic Depression and Vesicle Replenishment
Photoreceptor synapses are continuously active in the dark and therefore particularly
susceptible to the synaptic depression that accompanies maintained or repetitive stimulation
at most synapses. Various pre- and post-synaptic mechanisms can produce synaptic depression
(reviewed in [206]). Post-synaptic mechanisms include glutamate receptor saturation and
desensitization; pre-synaptic mechanisms include use-dependent inhibition of ICa and
depletion of releasable vesicles. Linear correlations between pre- and post-synaptic measures
of release suggest that glutamate receptors are not saturated during strong pre-synaptic
stimulation [15]. As discussed earlier, slow rates of recovery from glutamate receptor
desensitization in subtypes of OFF bipolar cells that possess KA receptors can contribute
significantly to post-synaptic depression [180]. In contrast, the glutamate receptors of AMPA
receptor-possessing OFF bipolar cells and horizontal cells recover quickly from receptor
desensitization [180,207]. Thus, at synapses with AMPA receptors, pre-synaptic factors make
a greater contribution to synaptic depression. Comparisons of pre- and post-synaptic measures
of release indicate that >80–90% of the synaptic depression at AMPA receptor synapses is pre-
synaptic in origin [207].

ICa in photoreceptors is regulated by a large number of mechanisms. Use-dependent feedback
mechanisms include voltage- and calcium-dependent inhibition of ICa [140–143], inhibition
of cone ICa by the pre-synaptic actions of glutamate on group III mGluRs [208], inhibition of
cone ICa by vesicular protons [208,209], inhibition of ICa by vesicular zinc [116,210,211],
inhibitory effects of adenosine which can be derived from vesicular ATP [212–214], inhibition
of rod ICa due to chloride efflux mediated by pre-synaptic glutamate transporters [215],
inhibition of rod ICa due to chloride efflux through calcium-activated chloride channels
[138], and enhancement of rod ICa due to K+ efflux through calcium-activated potassium
channels [19]. Various neurotransmitters and neuromodulators also regulate rod and cone
ICa, including nitric oxide [216,217], dopamine [132], cannabinoids [218–220], somatostatin
[221], insulin [222], retinoids, and polyunsaturated fats [223]. Feedback from horizontal cells
onto cones [224] also modulates ICa [225]. Possible mechanisms for this feedback include
modulation of extracellular proton levels [226–228] and ephaptic mechanisms [229] involving
hemigap junctions [230,231]. The various mechanisms regulating ICa in photoreceptors are
reviewed in greater detail elsewhere [4,153].

In studies on rods, which lack many of these feedback mechanisms, and in the presence of
HEPES buffer, which blocks proton-related mechanisms, ICa exhibits little inhibition when
using sequential test pulses separated by short intervals [160,207]. For example, two 100-ms
test pulses separated by an interval of 100 ms depressed ICa produced by the second pulse by
~10%. By contrast, the same protocol depressed synaptic release by ~50% [207]. Because of
a high cooperativity for calcium at the release mechanism, small reductions in ICa produce
large amounts of synaptic depression at the calyx of Held [232]. However, the relationship
between ICa amplitude and release from photoreceptors does not exhibit this marked
cooperativity but is instead nearly linear, suggesting that ~80% of the synaptic depression is
not due to ICa inactivation but instead is due to other mechanisms, most likely depletion of the
releasable pool of vesicles [207].

The depression of release recovers at a similar rate in rods and cones with a time constant of
~250 ms [207]. This rate of recovery may contribute to the decrease in synaptic output from
amphibian photoreceptors at frequencies above 4 Hz [8] It is similar to the 210–250 ms needed
to prime individual vesicles for release at the bipolar cell synapse [28], suggesting that the
priming of vesicles for release may be a major factor limiting the rate of recovery from synaptic
depression. The fast initial component of the rod-driven EPSC appears to recover more slowly
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than later components of the EPSC, suggesting the possibility of multiple vesicle pools with
distinct properties in rods [160].

Conclusions and Future Questions
This review describes a large number of mechanisms that collectively regulate the kinetics of
synaptic transmission from rod and cone photoreceptors. These include the dynamics of
exocytosis, vesicle replenishment, calcium signaling, and glutamate removal. In response to a
brief flash of light, the synaptic impulse response is five to ten times faster in cones than rods
[9,14]. Which among these mechanisms are principally responsible for rod/cone differences
in the kinetics of light-induced synaptic transmission? The main causal factors governing the
reduction in synaptic output during light are: (1) the decline in intracellular calcium resulting
in diminished release and (2) the removal of glutamate from the synaptic cleft by glutamate
transporters. To assess the combined kinetic effects of these two mechanisms at light onset,
we examined the post-synaptic currents in horizontal cells evoked when rods and cones were
hyperpolarized from −40 to −70 mV, similar to the change in photoreceptor membrane
potential that occurs at light onset (Fig. 3; Thoreson and Cadetti, unpublished observations).
Depolarization of rod or cones from −70 to −40 mV evoked a transient EPSC in horizontal
cells followed by a small sustained synaptic current. When photoreceptor cells were
subsequently hyperpolarized back from −40 to −70 mV, this small sustained current decayed
back to baseline. Cone-driven EPSCs decayed ~1.5 times faster than rod-driven EPSCs (Fig.
3c). This suggests that in response to light-evoked hyperpolarization, the rates at which (a)
calcium levels fall in the terminal, (b) glutamate release diminishes, and (c) glutamate is
removed from the synapse differ only modestly between rod and cone synapses. Although
properties of ICa, glutamate diffusion, and glutamate receptors also help to shape post-synaptic
responses, there are no systematic rod/cone differences in these properties that can account for
faster kinetics at cone synapses. Rates of vesicle replenishment are also similar in rods and
cones [207]. By contrast, when stimulated with depolarizing test steps from −70 to −30, similar
to the depolarization of photoreceptors at light offset, the initial component of exocytosis from
cones was seven times faster than the initial component of exocytosis from rods [16]. Thus,
much of the five to tenfold difference in the kinetics of rod and cone synapses appears to be
derived from the ability of cones to release vesicles at faster rates.

There are a number of mechanisms that might contribute to rod/cone differences in the kinetics
of exocytosis, including the presence of different exocytotic mechanisms or calcium sensors
in rods and cones, differences in the diffusional distance from calcium channels to release sites,
and differences in intracellular calcium handling mechanisms. With regard to the latter, rod/
cone differences in release kinetics are not explained by the contribution of CICR to synaptic
release from rods [136]. Akin to the outer segment in which differences in mechanisms of
calcium homeostasis contribute to the ability of cones to respond more rapidly than rods to
light [11], differences in intraterminal calcium handling and calcium-dependent enzymes also
help to shape differences in the kinetics of release by rods and cones.

Many questions concerning photoreceptor ribbon synapses remain unanswered [4,5,56]. For
example, does slow synaptic transmission from rods simply permit a better match to the kinetics
of the rod light response or have rods sacrificed speed for sensitivity? More specifically, does
amplification of release from rods by CICR or other mechanisms enhance sensitivity at rod
synapses to small changes in light intensity? Do spatially or physically distinct vesicle pools
contribute to sustained and transient components of the EPSC? How are small changes in
intensity encoded by changes in release rate that can be reliably detected by post-synaptic cells?
What are the functional consequences of the unusually low single channel conductance and
open probability of the rod calcium channel, CaV1.4? What are the functional consequences
of the unusually high sensitivity to calcium of the release apparatus? Is there one calcium sensor

Thoreson Page 16

Mol Neurobiol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



or two employed at photoreceptor synapses? What is the molecular identity of the sensor(s)?
What is the role of the ribbon in release? Photoreceptor synapses possess many of the same
synaptic proteins and exhibit many of the same properties as other ribbon and conventional
synapses, but the constraints imposed by graded signaling and the need to accurately encode
small voltage changes have led to specific adaptations of the synaptic machinery employed at
rod and cone synapses.
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Fig. 1.
Examples of EPSCs evoked in horizontal cells by presynaptic stimulation of cones (a) and rods
(b, c). The cone-driven EPSC is faster and more transient than the rod-driven EPSCs, but there
is also a fast cone-like initial component evident in the rod-driven response shown in b
(arrow). Salamander photoreceptors were stimulated by depolarizing voltage steps from −70
to −10 mV, and horizontal cells were voltage-clamped at −50 mV
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Fig. 2.
Ryanodine (1 μM) stimulates Ca2+ increases in rods and cones from a salamander retinal slice
loaded with the calcium-sensitive dye, fluo-4. Images are stacks of five confocal sections taken
at 1-μm intervals. Image acquisition time was 125 ms/confocal slice. The somas of a rod and
cone are labeled in the figure. Bath application of ryanodine for 3 min stimulated a Ca2+

increase in both the soma and synaptic terminal (horizontal arrow) of the rod. Ryanodine also
caused a Ca2+ increase in the soma of the cone, but not the synaptic region at the base of soma
(vertical arrow) showed little change. Scale bar=10 μm
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Fig. 3.
Upon returning to a holding potential of −70 mV after a step to −40 mV, the EPSC evoked in
a salamander horizontal cell by presynaptic stimulation of a cone (a) decayed more rapidly
than the EPSC evoked in the same horizontal cell (HC) by rod stimulation (b). c Average data
from five horizontal cells in which presynaptic test pulses were applied to both a rod and a
cone. The EPSCs evoked by cone stimulation (τ=18.9 ms) decayed at a significantly (P=0.01)
more rapid rate than those evoked in the same horizontal cells by stimulation of rods (τ=30.2
ms). Horizontal cells were voltage-clamped at −50 mV
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