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Multivesicular release and saturation of glutamatergic
signalling at retinal ribbon synapses
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Pronounced multivesicular release (MVR) occurs at the ribbon synapses of sensory neurones that

signal via graded potential changes. As MVR increases the likelihood of postsynaptic receptor

saturation, it is of interest to consider how sensory synapses overcome this problem and use MVR

to encode signals of widely varying intensities. Here, I discuss three postsynaptic mechanisms

that permit three different retinal synapses to utilize MVR.
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Multivesicular release (MVR), or the concomitant (or
near-concomitant) exocytosis of multiple vesicles at
the same active zone (AZ), occurs at many synapses.
Consequently, it is of interest to consider whether
its occurrence has any consequence for postsynaptic
neurones. The answer depends primarily upon whether
postsynaptic receptors are activated differentially by the
contents of one vesicle and also whether postsynaptic
receptors are saturated by the contents of a single vesicle.

This question is of particular importance when
considering synaptic function in the retina. Photo-
receptors and bipolar cells, the primary glutamatergic
retinal neurones, exhibit high rates of exocytosis sustained
by virtue of a specialized presynaptic AZ containing
a structure called a ribbon. For example, capacitance
measurements from goldfish retinal bipolar cells have
demonstrated that axon terminals containing 45–65 AZs
can release thousands of vesicles in only tens of milli-
seconds (von Gersdorff & Matthews, 1999). Although its
precise function is uncertain, the ribbon is thought to
promote MVR by organizing vesicles close to the synaptic
cleft (Sterling & Matthews, 2005). Additionally, at retinal
ribbon synapses, a complex geometry makes glutamate
concentration (glu) vary throughout the cleft, and the
strength and timing of postsynaptic responses depends
upon the relative placement of release sites and post-
synaptic receptors (DeVries et al. 2006).

At central synapses where postsynaptic receptors are
not saturated, MVR may be a component of short-term
synaptic plasticity. This appears to be the case at
hippocampal Schaffer collateral–CA1 synapses, at which
elevating release probability (PR) promotes MVR (Oertner
et al. 2002). As postsynaptic glutamate receptors (GluRs)

on CA1 neurones are not saturated by the contents of a
single vesicle (Mainen et al. 1999), MVR can be encoded
postsynaptically.

Where saturation occurs, MVR ensures that the post-
synaptic neurone is insensitive to small changes in PR.
At cerebellar climbing fibre–Purkinje cell synapses, an AZ
releases two to four vesicles per action potential (Wadiche
& Jahr, 2001). Although reducing PR generates large
changes in cleft [Glu] (∼3 mm per vesicle; Wadiche & Jahr,
2001), the effect on postsynaptic currents is mitigated by
AMPAR saturation (Foster et al. 2002; Harrison & Jahr,
2003). Thus, saturation arising from MVR can enhance the
reliability of a synapse: in this case, by ensuring that action
potentials in climbing fibres of varying PR evoke complex
spikes in Purkinje cells (Foster et al. 2002; Harrison & Jahr,
2003).

Here, I discuss the relationship between MVR and
saturation of glutamatergic signalling at three synapses
occurring in series in the mammalian retinal circuit: those
made by rods, rod bipolar cells, and ON cone bipolar
cells (Fig. 1). As the rod light response is transferred
between each one, a different postsynaptic mechanism
either compensates for or takes advantage of saturation
to enhance the signalling capacity of the synapse.

Rod–rod bipolar synapses

The isomerization of a single rhodopsin molecule (Rh∗)
by a single photon generates a small (∼1 mV), hyper-
polarizing voltage change sufficient to reduce the rate of
ongoing exocytosis from a rod’s terminal. During scotopic
(i.e. night) vision, when few photons reach the retina, a
rod bipolar cell must differentiate single photon responses
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(i.e. small changes in the release rate) at one or a few
synapses from ongoing synaptic noise at the remainder
(Field et al. 2005). These conditions do not favour reliable
signal transfer, but a number of pre- and postsynaptic
mechanisms at the rod–rod bipolar synapse improve its
signal-to-noise ratio.

Presynaptically, the anatomy and physiology of the
rod terminal minimize fluctuations in cleft [Glu]. The
mammalian rod terminal possesses a deep invagination, at
the top of which sits a single, large AZ (ribbon); apposed
to the ribbon are processes from four separate neurones
(Fig. 2A) (Rao-Mirotznik et al. 1995). Given the volume
of the synaptic cleft and their distance (up to hundreds of
nanometres) from the presynaptic AZ, it is likely that the
postsynaptic metabotropic GluRs (mGluR6-containing)
on the rod bipolar dendrites cannot sense individual
release events but instead are exposed to a relatively low,
steady-state [Glu].
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Figure 1. Basic glutamatergic circuitry of the mammalian retina
Synapses that are considered in this mini-review occur sequentially in
the retinal circuitry and are numbered (1–3). Cones make synapses
with two classes of cone bipolar cell (CB): ON and OFF CBs. ON and
OFF CBs make excitatory synapses with ganglion cells (GCs), the
output cells of the retina. (1) Rods make synapses with an ON bipolar
cell, the rod bipolar (RB), and with a subset of OFF CBs. Transmission
between rods and RBs is mediated by metabotropic GluRs; ionotropic
GluRs mediate transmission between rods and OFF CBs. (2) RBs
contact AII amacrine cells, which are coupled by gap junctions to some
types of ON CBs. RB output is transferred into ON CBs, thereby
depolarizing their terminals. (3) ON CBs make synapses with ON GCs.
See Field et al. (2004) for a more complete discussion.

To prevent spontaneous pauses in exocytosis
(arising from thermal isomerization of rhodopsin
and spontaneous activation of phosphodiesterases in
the outer segment; Field et al. 2005) from generating
postsynaptic responses, the tonic release rate must be
high (at least 40–80 Hz) to make the average inter-event
interval shorter than the time course of the smallest
postsynaptic response (Rao et al. 1994; van Rossum
& Smith, 1998). Supporting this notion, capacitance
measurements of exocytosis from isolated salamander
rods have yielded tonic release rates of ∼55–80 Hz per AZ
(∼400 Hz distributed over 5–7 AZs) (Rieke & Schwartz,
1996). A recently proposed model accounting for cleft
geometry, diffusion, and glutamate transport suggests
that release rates of 30–500 Hz from mouse rods generate
a cleft [Glu] of 10–100 μM (within the operating range of
mGluR6; EC50 ≈ 10 μM) (Hasegawa et al. 2006).

Postsynaptically, mGluR6 is coupled to non-specific
cation channels by a second messenger cascade that
is not elucidated fully; mGluR6 activation closes these
channels, and decreased cleft [Glu] elicited by light
reduces mGluR6 activity and allows them to open (Nawy
& Jahr, 1990; Shiells & Falk, 1990). This signalling
cascade is maximally activated in darkness, and saturation
within it prevents small reductions in cleft [Glu] from
eliciting channel opening (whether mGluRs themselves
are saturated is uncertain) (Sampath & Rieke, 2004).
Consequently, saturation allows the rod bipolar cell to
apply a threshold to rod signals (van Rossum & Smith,
1998; Sampath & Rieke, 2004). This threshold forces the
rod bipolar cell to sacrifice sensitivity for reliability: only
the largest 25% of rod single photon responses lower
cleft [Glu] sufficiently to elicit a postsynaptic rod bipolar
response, but the rod bipolar cell never depolarizes in the
absence of a rod response (i.e. false positive responses are
eliminated) (Field & Rieke, 2002).

Since saturation biases postsynaptic responses toward
larger rod responses, rod bipolars combine the outputs of
multiple rods non-linearly (as postulated by Van Rossum &
Smith, 1998): Field & Rieke (2002) demonstrated that the
rod bipolar response to a light flash that generates two Rh∗

per rod is much larger than the sum of two single Rh∗ per
rod responses (Fig. 2B). Consequently, the synaptic gain
at the rod–rod bipolar synapse is higher for larger voltage
changes. Sampath & Rieke (2004) built upon this work
to demonstrate that the magnitude of the non-linearity
is determined by the activity of the second messenger
cascade rather than the number of receptors available to
bind synaptically released glutamate (Fig. 2C and D).

Additional evidence that the locus of this non-linearity
is the mGluR6-linked second messenger pathway comes
from the work of Field & Rieke (2002), which
demonstrated that mammalian OFF bipolar cells – in
which glutamatergic neurotransmission is mediated by
AMPA/kainate receptors (Attwell et al. 1987b; DeVries,
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Figure 2. Saturation of postsynaptic glutamate
receptor-mediated signalling underlies non-linear signal
transfer at the rod–rod bipolar cell synapse
A, the rod synapse: four postsynaptic processes are located within an
invagination having a volume of ∼0.2 μm3 (Rao-Mirotznik et al. 1995).
AMPARs on horizontal cell (HC) dendrites are apposed to release sites.
Rod bipolar (RB) dendrites are located up to hundreds of nanometres
from the presynaptic membrane. Their mGluR6-containing receptors
sense a lower [Glu] than the AMPARs. B, light responses from rods and
rod bipolars: B1, currents elicited in rods by light flashes (10 ms) of
increasing intensity (beginning at 0.75 Rh∗, doubling with each
successive flash). B2, at left, currents elicited by 0.75 Rh∗ (black) and
1.5 Rh∗ (red); scaled responses at right: the response increases linearly
with the number of Rh∗. B3, currents elicited in rod bipolars by flashes
of increasing intensity (beginning at 0.5 Rh∗, doubling with each
successive flash). B4, left: currents elicited by 0.5 Rh∗ (black) and 1 Rh∗
(red); scaled traces at right: doubling the flash strength produces a
supra-linear increase in the rod bipolar current. C, schematic

2000) – sum rod inputs linearly (over the same range
of light intensities in which rod bipolar responses are
non-linear). Interestingly, amphibian OFF bipolar cells
exhibit a non-linearity that is larger for smaller rod voltage
changes (Attwell et al. 1987a; Belgum & Copenhagen,
1988). Electrical coupling between amphibian rods may
be responsible for at least part of the difference between
mammalian and amphibian rod–OFF bipolar signal
transfer (Attwell et al. 1987a), though other significant
differences between mammalian and amphibian retinae
(e.g. the amphibian retina lacks a dedicated rod bipolar
cell) probably contribute to it.

Rod bipolar–AII amacrine cell synapses

Rod bipolar cells transfer the thresholded rod output
to interneurones, including the AII amacrine (Fig. 3A).
Under scotopic conditions, the AII faces the same
signal-processing problem as the rod bipolar: how to
separate sparse synaptic signals from synaptic noise. Field
& Rieke (2002) suggested that it would be advantageous
for the threshold generated at the rod–rod bipolar synapse
to be preserved at the rod bipolar–AII synapse. MVR at the
rod bipolar–AII synapse may serve this thresholding role
by ensuring that rod bipolar signals are larger than quantal
synaptic noise.

The rod bipolar terminal is capable of highly
synchronized MVR (2–4 vesicles ms−1 AZ−1, like the
climbing fibre synapse) (Singer et al. 2004). Importantly,
the postsynaptic AMPARs (NMDARs are absent from this
synapse) are well-suited to encode MVR: they have low
affinity for glutamate, exhibit rapid deactivation kinetics,
and desensitize slowly relative to deactivation (Morkve
et al. 2002; Veruki et al. 2003). Consequently, despite
high release rates, receptor desensitization does not play
a significant role in shaping transmission at this synapse
(Singer et al. 2004; Singer & Diamond, 2006).

To examine the interactions between quanta during
MVR at rod bipolar synapses, Singer et al. (2004)
evoked small multiquantal EPSCs using stimuli that
desynchronized release. These EPSCs arose from
the virtually simultaneous release of, on average,
two vesicles from a single AZ (Fig. 3B). Similar
coordinated, multivesicular EPSCs have been observed
at the salamander rod–OFF bipolar cell synapse
(Suryanarayanan & Slaughter, 2006) and at a non-retinal

illustration of the experiments utilizing mGluR6 agonists and
antagonists: LY341495 (antagonist) divides postsynaptic mGluR6 into
unoccupied (available to bind glutamate and signal) and inactivated
(bound to LY) populations. APB (agonist) also divides the receptors into
two populations: unoccupied and activated constitutively (bound to
APB). D, LY makes rod bipolar responses more linear, and APB
amplifies the non-linearity. F. Rieke provided the traces in B; C and D
are modelled on data presented by Sampath & Rieke (2004).
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ribbon synapse: the cochlear hair cell synapse (Glowatzki
& Fuchs, 2002). A quantal analysis of the EPSCs
recorded in AIIs demonstrated that they arise from the
linear summation of quanta, implying that the post-
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Figure 3. MVR at the rod bipolar–AII synapse
A, the rod bipolar synapse: AII and A17 amacrine cells express
Ca2+-permeable AMPARs; NMDARs are not present. The A17 makes a
reciprocal GABAergic synapse with the bipolar terminal. B, coordinated
MVR during desynchronized release: B1, small presynaptic voltage
steps elicit Ca2+ currents (top) and EPSCs. A depressing stimulus
(Ca2+ tail current, red) precedes the step in alternate trials and makes
the EPSCs smaller and less frequent. B2, depression reduces EPSC
amplitudes almost to those of quantal mEPSCs (normalized cumulative
probability distributions pooled from 7 experiments; inset: average
EPSCs). C, MVR obeys binomial statistics, indicating that quanta are
summed linearly: normalized amplitude distributions for quantal
mEPSCs (grey bars), small EPSCs (black bars), and depressed EPSCs
(red bars) pooled from 7 experiments. Lines are predicted distributions
generated by combining mEPSCs at random in a Monte Carlo
simulation. B and C are modelled on data from Singer et al. (2004).

synaptic AMPARs are far from saturation (Fig. 3C).
Additional evidence for linear summation and absence
of saturation at the rod bipolar–AII synapse comes
from experiments demonstrating that EPSC amplitude
varies linearly with the number of vesicles released: in
paired-pulse experiments, when the magnitude of the
first (depressing) stimulus was varied widely, the quantal
content of the second (depressed) EPSC was reduced by
almost exactly the number of quanta released to generate
the first EPSC (Singer & Diamond, 2006). Thus, AIIs can
encode MVR effectively, thereby expanding the rod bipolar
synapse’s operating range.

Cone bipolar–ganglion cell synapses

Ultimately, photoreceptor-derived signals are transferred
to ganglion cells (GCs), the output cells of the retina, by
cone bipolar cells (Fig. 4A). MVR saturates postsynaptic
AMPARs at ON cone bipolar cell synapses, but nonetheless
can be encoded by the postsynaptic neurones because they
express peri-synaptic NMDARs that sense a relatively low
[Glu] resulting from glutamate spillover out of the cleft
(Matsui et al. 2001; Chen & Diamond, 2002; Sagdullaev
et al. 2006).

Evoked EPSCs recorded in ON GCs (and in some ON
amacrine cells) exhibit pronounced NMDAR-mediated
components, but quantal mEPSCs recorded in these
neurones are mediated exclusively by AMPARs (even
under experimental conditions favouring NMDAR
activation) (Chen & Diamond, 2002). Thus, AMPARs
and NMDARs cannot be co-localized postsynaptically.
Rather, NMDARs are peri-synaptic, and they are exposed
to glutamate only after it has diffused some distance from
the release site. This has been demonstrated in electro-
physiological (Chen & Diamond, 2002) and anatomical
(Zhang & Diamond, 2006) studies. A peri-synaptic
location allows NMDARs to respond to released glutamate
when synaptic AMPARs are saturated by MVR. Supporting
the notion that AMPARs are saturated, increasing PR or
blocking glutamate uptake potentiates NMDAR- but not
AMPAR-mediated synaptic currents (Fig. 4B–D) (Chen &
Diamond, 2002).

Tonic inhibition mediated by activation of GABACRs
in the bipolar cell terminal regulates PR (and MVR)
and, by extension, AMPAR occupancy and peri-synaptic
NMDAR activation (Matsui et al. 2001; Sagdullaev et al.
2006). Matsui et al. (2001) found that a GABACR
antagonist induced an NMDAR-mediated component in
the light-evoked EPSC recorded in ON amacrine cells
without affecting the AMPAR-mediated one.

Sagdullaev et al. (2006) demonstrated directly that
GABACR activation reduces MVR: in the presence of
low-affinity AMPAR antagonist (which relieves AMPAR
saturation because antagonist efficacy varies inversely
with cleft [Glu]), lowering PR affected spontaneous
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EPSC (sEPSC) amplitude only when GABACRs were
blocked. Thus, in the absence of GABACR-mediated
inhibition, changing PR changed cleft [Glu]. This indicates
that sEPSCs were multiquantal in the absence of
GABACR-mediated inhibition and suggests that MVR can
saturate postsynaptic AMPARs at this synapse.

In keeping with the results of Matsui et al. (2001) and
Chen & Diamond (2002), Sagdullaev et al. (2006) also
demonstrated that NMDARs on ON GCs are exposed to
lower [Glu] than AMPARs. Interestingly, however, these
authors found that NMDARs on OFF GCs are activated
by the release of a single glutamatergic vesicle, giving
rise to the hypothesis that postsynaptic NMDARs at
OFF bipolar cell synapses are co-localized with AMPARs.
This hypothesis, however, is not supported by electron
micrographic studies of NMDAR distribution (Zhang
& Diamond, 2006), and consequently, the mechanism
underlying the differences between NMDAR activation by
single quanta at ON and OFF bipolar cell synapses remain
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Figure 4. MVR at the ON cone bipolar–ganglion cell
synapse
A, the ON cone bipolar synapse. Postsynaptic amacrine and GCs
express synaptic AMPARs and peri-synaptic NMDARs. The
amacrine makes a reciprocal GABAergic synapse with the
terminal. B, blocking glutamate uptake with
DL-threo-β-benzyloxyaspartate (TBOA, left) or increasing PR

(elevating external [Ca2+], right), potentiates evoked NMDAR-
but not AMPAR-mediated EPSCs C. D, spontaneous
AMPAR-mediated EPSCs are unaffected by TBOA and elevated
[Ca2+]. In the absence of Mg2+ (permitting NMDARs activation
at negative potentials), TBOA induces an NMDAR-mediated
component of the sEPSC. 0 Mg2+ alone does not reveal an
NMDAR-mediated component. J. Diamond provided the
illustrated traces.

uncertain. The fact that GABACRs are found primarily
in ON bipolar cell terminals, though, raises interesting
questions about the role of tonic inhibition in setting the
dynamic range of signalling (perhaps by controlling MVR)
in ON and OFF pathways.

Synaptic mechanisms underlying MVR in the retina

MVR at conventional inhibitory synapses made by
cerebellar interneurons exhibits the same degree of
asynchrony as does univesicular release, indicating that
the activity of individual release sites does not need to be
coordinated to permit MVR (Auger et al. 1998). Rather,
MVR at some conventional synapses may be simply a
consequence of elevated PR (Tong & Jahr, 1994; Wadiche
& Jahr, 2001) although high PR does not result necessarily
in MVR (Silver et al. 2003). The extent of coordination
of MVR at retinal ribbon synapses, though, indicates that
MVR does not arise simply by chance.
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What synaptic mechanism, then, underlies MVR at
retinal ribbon synapses? It is probable that MVR occurs
when multiple, closely spaced release sites sense the
same elevation in presynaptic [Ca2+]. Spatiotemporally
restricted [Ca2+] microdomains could arise from the
opening of one or a few Ca2+ channels. At cochlear hair
cell ribbon synapses, where MVR resembles that observed
at bipolar synapses (Glowatzki & Fuchs, 2002), exocytosis
of a single vesicle is regulated by the opening of one or a
few Ca2+ channels located within nanometres of a release
site (Brandt et al. 2005). Experimental outcomes of two
studies of retinal ribbon synapses, however, argue against
this mechanism of MVR: both in AIIs and in OFF bipolar
cells postsynaptic to salamander rods, EPSCs reflecting
coordinated MVR were recorded during asynchronous
release, driven by residual intraterminal [Ca2+], hundreds
of milliseconds following the closure of presynaptic Ca2+

channels (Singer et al. 2004; Suryanarayanan & Slaughter,
2006).

The [Ca2+] elevation driving MVR instead may
arise from Ca2+-induced Ca2+ release (CICR). At one
conventional synapse (the cerebellar basket–Purkinje cell
synapse), spontaneous MVR is driven by localized [Ca2+]
transients mediated by RyR activation (Llano et al.
2000). The recent work of Suryanarayanan & Slaughter
(2006) demonstrated clearly that RyR-mediated CICR
contributes substantially to exocytosis and probably is
responsible for coordinating MVR from salamander rod
terminals (Suryanarayanan & Slaughter, 2006). Although
the mechanism of MVR at other retinal (and non-retinal)
ribbon synapses is not understood fully, CICR may play
an important role in transmission at these synapses.
Supporting this notion, RyRs have been shown to
modulate exocytosis from frog vestibular hair cells (Lelli
et al. 2003).

MVR and AMPAR saturation in the retina

Where MVR occurs, changes in presynaptic activity
alter the cleft [Glu]. At rod synapses, as at climbing
fibre synapses in the cerebellum, MVR saturates post-
synaptic GluR-mediated signalling, generating a safety
factor that makes synaptic transmission more reliable and
less sensitive to small changes in glutamate release. In
contrast, both AII amacrine cells and ON GCs encode
MVR effectively, thereby expanding their dynamic ranges,
but they accomplish this in two different ways.

AII amacrine cells express low-affinity AMPARs that are
not saturated even by high cleft [Glu] and can sum linearly
the contents of at least four quanta. Postsynaptic AMPARs
in ON GCs, however, are saturated by the contents of
a single vesicle, but these cells express peri-synaptically
high-affinity NMDARs that are activated by glutamate
spillover. As they sense a relatively low peri-synaptic

[Glu], these NMDARs can encode MVR without becoming
saturated.

Why should the postsynaptic neurones at rod bipolar
and ON cone bipolar synapses use different strategies to
encode MVR? I suggest that the difference reflects the roles
that the two cells play in the retinal circuitry. Although they
do possess voltage-gated Na+ channels that can generate
small sodium spikelets, AIIs are not spiking neurones
in any classical sense. The postsynaptic depolarization
generated in AIIs by rod bipolar input is passed through
electrical synapses to ON cone bipolar cell terminals. As
both postsynaptic AMPARs and these gap junctions are
located in close proximity to each other in the distal
dendrites of the AIIs, it is likely that a significant amount
of the rod bipolar signal propagates passively into the ON
cone bipolar terminal. Linear summation of quanta at the
rod bipolar–AII synapse may permit the depolarization
of the ON cone bipolar terminal to vary directly with the
extent of MVR.

In contrast to the AII, GCs encode bipolar cell
output as action potentials. Owing to the highly
non-linear interactions between synaptic conductances
and spike-generating conductances, a large, fast
AMPAR-mediated conductance is not a good modulator
of spike frequency. Rather, the primary role of AMPARs
at GC synapses may be to generate a postsynaptic
depolarization sufficient to remove the Mg2+ block of
peri-synaptic NMDARs, as has been suggested (Diamond
& Copenhagen, 1993). Activation of these NMDARs by
glutamate spillover will generate a slow depolarizing
conductance that varies fairly linearly with the cone
bipolar cell activity and could allow the GC to encode
presynaptic membrane potential in spike frequency.
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