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Synaptic depression produced by repetitive stimulation is likely to be particularly important in shaping responses of second-order retinal
neurons at the tonically active photoreceptor synapse. We analyzed the time course and mechanisms of synaptic depression at rod and
cone synapses using paired-pulse protocols involving two complementary measurements of exocytosis: (1) paired whole-cell recordings
of the postsynaptic current (PSC) in second-order retinal neurons and (2) capacitance measurements of vesicular membrane fusion in
rods and cones. PSCs in ON bipolar, OFF bipolar, and horizontal cells evoked by stimulation of either rods or cones recovered from
paired-pulse depression (PPD) at rates similar to the recovery of exocytotic capacitance changes in rods and cones. Correlation between
presynaptic and postsynaptic measures of recovery from PPD suggests that 80 –90% of the depression at these synapses is presynaptic in
origin. Consistent with a predominantly presynaptic mechanism, inhibiting desensitization of postsynaptic glutamate receptors had
little effect on PPD. The depression of exocytotic capacitance changes exceeded depression of the presynaptic calcium current, suggesting
that it is primarily caused by a depletion of synaptic vesicles. In support of this idea, limiting Ca 2� influx by using weaker depolarizing
stimuli promoted faster recovery from PPD. Although cones exhibit much faster exocytotic kinetics than rods, exocytotic capacitance
changes recovered from PPD at similar rates in both cell types. Thus, depression of release is not likely to contribute to differences in the
kinetics of transmission from rods and cones.
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Introduction
Rod and cone photoreceptors maintain relatively depolarized
resting potentials (�35 to �45 mV in darkness) allowing the
continuous release and recycling of glutamate-laden vesicles. Re-
petitive presynaptic stimulation produces a depression of
postsynaptic responses at many ribbon and conventional syn-
apses (Kusano and Landau, 1975; von Gersdorff and Matthews,
1997; Wu and Borst, 1999) (for review, see Zucker and Regehr,
2002). Similarly, pairs of depolarizing pulses depress postsynap-
tic responses at the synapses from cone photoreceptors onto OFF
bipolar cells (DeVries, 2000). The extent and kinetics of postsyn-
aptic depression produced by the continuous release of glutamate
from photoreceptors are likely to shape the responses of second-
order retinal neurons. We analyzed the time course and mecha-
nisms of synaptic depression at both rod and cone synapses using
paired-pulse protocols involving two complementary measure-
ments of exocytosis: (1) paired whole-cell recordings of the
postsynaptic current (PSC) in second-order retinal neurons and
(2) capacitance measurements of vesicular membrane fusion in
rods and cones.

Both presynaptic and postsynaptic factors can contribute to
postsynaptic depression. Presynaptic factors include regulation

of calcium currents (ICa) (DeVries, 2001; Rabl and Thoreson,
2002; Hosoi et al., 2005) and depletion of the pool of readily
releasable vesicles from the presynaptic terminal (Charlton et al.,
1982; von Gersdorff and Matthews, 1997; Schneggenburger et al.,
2002). Postsynaptically, paired-pulse depression (PPD) can be
produced by slow recovery of glutamate receptors from desensi-
tization (Otis et al., 1996b; DeVries, 2000; Rozov et al., 2001). Our
results suggest that receptor desensitization plays a minor role in
PPD at most rod and cone synapses and that a substantial fraction
of the PPD in synaptic transmission from photoreceptors is
caused by a presynaptic depression of release. The depression of
presynaptic release greatly exceeded depression of the presynap-
tic ICa, suggesting that it is primarily caused by a depletion of
synaptic vesicles. Although depolarization evokes a faster and
more transient release of vesicles from cones than rods (Rabl et
al., 2005), we found no difference in the rates of vesicle replen-
ishment by rods and cones. This suggests that depression of re-
lease is not likely to contribute to differences in the impulse re-
sponse characteristics of synaptic transmission from rods and
cones (Schnapf and Copenhagen, 1982).

Materials and Methods
Experiments were performed using aquatic tiger salamanders (Ambys-
toma tigrinum), 18 –25 cm in length. Animals were handled according to
protocols approved by the University of Nebraska Medical Center Insti-
tutional Animal Care and Use Committee. The salamander was decapi-
tated, and the brain and spinal cord were rapidly pithed. After enucle-
ation, the anterior segment of the eye, including the lens, was removed.
The eyecup was cut into quarters, and a section of eyecup was placed
vitreal side down on a piece of filter paper (2 � 5 mm; type AAWP; 0.8
�m pores; Millipore, Bedford, MA). The isolated retina was cut into
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slices (125 �m) with a razor blade tissue chopper (Stoelting, Wood Dale,
IL). Slices were positioned in the recording chamber to allow viewing of
the retinal layers when viewed with a water immersion objective [40�,
0.7 numerical aperture (NA) or 60�, 1.0 NA] on an upright fixed-stage
microscope (BHWI, Olympus, Tokyo, Japan; or E600 FN, Nikon, Tokyo,
Japan). Slices were superfused at �1 ml/min.

For recordings of capacitance changes, the superfusate contained the
following (in mM): 95 NaCl, 2.5 KCl, 1.8 CaCl2, 0.5 MgCl2, 5 CsCl, 10
tetraethylammonium chloride (TEACl), 10 HEPES, 5 glucose, and 0.2
niflumic acid, pH 7.8. Niflumic acid, TEACl, and CsCl were included to
minimize voltage and Ca 2�-activated conductances and their possible
intrusion into Cm measurements. For recordings of postsynaptic cur-
rents, slices were superfused with a solution containing the following (in
mM): 111 NaCl, 2.5 KCl, 1.8 CaCl2, 0.5 MgCl2, 10 HEPES, 5 glucose,
0.001 strychnine, and 0.1 picrotoxin, pH 7.8. Solution osmolarity was
tested with a vapor pressure osmometer (Wescor, Logan, UT) and ad-
justed, if necessary, to �242 mOsm. The presence of HEPES minimized
effects of vesicular protons in the synaptic cleft (DeVries, 2001; Hosoi et
al., 2005). Unless otherwise specified, chemicals were obtained from
Sigma (St. Louis, MO).

Details of capacitance measurements, paired whole-cell recordings,
and passive cell membrane properties are described in detailed by Rabl et
al. (2005) and summarized briefly below. Whole-cell recordings were
obtained using 8 –15 M� patch electrodes pulled from borosilicate glass
(outer diameter, 1.2 mm; inner diameter, 0.95 mm; with internal fila-
ment; World Precision Instruments, Sarasota, FL) on a PP-830 micropi-
pette puller (Narishige, East Meadow, NY). The pipette solution con-
tained the following (in mM): 94 Cs-gluconate, 9.4 TEACl, 1.9 MgCl2, 9.4
MgATP, 0.5 GTP, 5 EGTA, and 32.9 HEPES, pH 7.2.

For capacitance recording, pipettes were coated with Sylgard (Dow
Corning, Midland, MI) to reduce stray capacitance. Residual pipette
capacitance was compensated electronically. Capacitance measurements
were made using the “track-in” mode of the Optopatch patch-clamp
amplifier (Johnson et al., 2002). The holding potential was varied sinu-
soidally (600 Hz; 30 mV peak to peak) about a holding potential of �70
mV. Data were acquired and analyzed with a Digidata 1200 interface and
pClamp 8.1 software (Molecular Devices, Union City, CA). Lock-in sig-
nals were gated out during the test step and for 3 ms afterward.

For paired recordings, rods or cones were voltage clamped simulta-
neously with adjacent postsynaptic neurons using a Multiclamp patch-
clamp amplifier (Molecular Devices) or an Optopatch amplifier (Cairn
Instruments, Faversham, UK) paired with an Axopatch 200B (Molecular
Devices). Both recording pipettes were positioned with Huxley-Wall mi-
cromanipulators (Sutter Instruments, Novato, CA). Currents were ac-
quired using Digidata 1322 or 1200B interfaces and pClamp 8.1 software
(Molecular Devices). Rods and cones were clamped at �70 mV, bipolar
cells at �50 mV, and horizontal cells at �40 mV. PSC amplitude was
measured relative to the baseline current level before the first test pulse.
Horizontal, ON bipolar, and OFF bipolar cells were distinguished by
their response characteristics (Thoreson et al., 1997) and appearance
after staining with Lucifer yellow (2 mg/ml) or AlexaFluor 568 (0.2 mg/
ml; Invitrogen, San Diego, CA). Charging curves of rods, cones, bipolar,
and horizontal cells in the retinal slice preparation can typically be fit by
single exponential functions (Cadetti et al., 2005; Rabl et al., 2005). Single
exponential fits to horizontal cell charging curves suggest that the cells
were mostly uncoupled from their neighbors in retinal slices. The finding
that horizontal cell EPSCs reverse at �0 mV also suggests that adequate
space clamp can be maintained (Cadetti and Thoreson, 2006).

To evoke PPD, we applied two identical test pulses using interstimulus
intervals ranging from 100 ms to 30 s. In most experiments, strong de-
polarizing test steps from �70 to �10 mV (100 ms) were used to elicit
maximal responses. Some experiments were also done with steps to �30
mV. The 100 ms duration of the test step empties the readily releasable
pool of vesicles in rods and cones (Thoreson et al., 2004; Rabl et al., 2005).
We waited at least 30 s between trials. The presentation sequence was
varied between cells to avoid possible order effects. For trials with caged
glutamate, 4-methoxy-7-nitroindolinyl-caged L-glutamate (MNI-gluta-
mate; Tocris Bioscience, Ellisville, MO) was bath applied and photolyzed
by 1 ms flashes of UV light derived from a xenon arc flash lamp (Rapp

Optoelectronic, Hamburg, Germany) coupled through the epifluores-
cence port of the microscope (E600FN; Nikon). Flash intensity was cho-
sen to evoke a near-maximal amplitude response.

The criterion for statistical significance was chosen to be p � 0.05 and
evaluated with F tests or Student’s t tests using Prism 4.0 (GraphPad
Software, San Diego, CA). Variability is reported as � SEM.

Results
Paired-pulse depression at the photoreceptor synapse was pro-
duced by applying a pair of identical depolarizing pulses (�70 to
�10 mV, 100 ms) to a photoreceptor while simultaneously re-
cording the PSCs in bipolar or horizontal cells. Test pulses evoked
outward PSCs in ON bipolar cells as a result of the closure of
cation channels accompanying activation of the metabotropic
glutamate receptor mGluR6 (Nawy and Jahr, 1990) and inward
PSCs in OFF bipolar and horizontal cells as a result of the activa-
tion of non-NMDA ionotropic glutamate receptors (Yang et al.,
1998; Maple et al., 1999; Cadetti et al., 2005) (Fig. 1). Stimulating
rod photoreceptors with an interval of 100 ms between test pulses
produced a marked depression of PSCs in all three types of
second-order retinal neurons: ON bipolar, OFF bipolar, or hor-
izontal cells (Fig. 1). Longer interpulse intervals produced less
PPD and almost complete recovery was observed when the inter-
pulse interval was lengthened to 1 s (Fig. 1).

Stimulating cones with pairs of depolarizing steps also pro-
duced a depression of PSCs in bipolar and horizontal cells (Fig.
2). Because of their ability to release glutamate more rapidly than
rods (Rabl et al., 2005; Cadetti et al., 2005), EPSCs in cone-driven
OFF bipolar and horizontal cells are faster and more transient
than those in rod-driven neurons. However, similar to rod-
driven synapses, evoking PSCs by stimulating cones with an in-

Figure 1. Repetitive stimuli depressed PSCs evoked by presynaptic stimulation of rods in all
three types of second-order retinal neurons. PSCs were evoked by depolarizing steps (�70 to
�10 mV, 100 ms) applied to rods while simultaneously recording from ON bipolar (A), OFF
bipolar (B), and horizontal (C) cells. An interpulse interval of 100 ms (left) substantially de-
pressed subsequent PSCs, whereas much less depression was evident with an interpulse inter-
val of 1 s (right).
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terstimulus interval of 100 ms produced strong depression of the
second response in all three cell types, and PSCs showed substan-
tial recovery with an interpulse interval of 1 s.

The rates of recovery of PSCs among different cell types stim-
ulated by rods or cones are compared in Figure 3. The amplitude
of the second PSC (measured from the baseline current level) was
divided by the amplitude of the first PSC and plotted against the

interval from the beginning of the first pulse to the beginning of
the second pulse (i.e., the interval between measurements) (Fig.
3A, inset). To quantify the rate of recovery, data were fit with
single exponential functions. The best fit function did not return
to baseline in cone-driven cells and rod-driven horizontal cells,
suggesting there may be an additional slower component that
accounts for up to 15% of the recovery. ON bipolar cell PSCs
evoked by rods (� � 301 ms) or cones (� � 304 ms) recovered
more rapidly than OFF bipolar cell PSCs (rod-driven, � � 501
ms; cone-driven, � � 517 ms), which in turn recovered more
rapidly than horizontal cell PSCs (rod-driven, � � 813 ms; cone-
driven, � � 884 ms). Differences in the time constants of recovery
between rod-driven horizontal, ON bipolar, and OFF bipolar
cells were significant (F test, p � 0.0001) as were differences
between cone-driven cells ( p � 0.0022). However, differences in
the time constants of recovery among different cell types were not
significant when recovery was calculated as a fraction of the de-
pressed current rather than a fraction of the total current (rod-
driven cells, p � 0.12; cone-driven cells, p � 0.35; data not
shown), suggesting that these differences are at least partly be-
cause of differences in the amount of PPD. The time constants for
recovery of PSCs in any one postsynaptic cell type did not differ
significantly whether stimulated by rods or cones (rod/horizontal
cell vs cone/horizontal cell, p � 0.17; rod/ON bipolar cell vs
cone/ON bipolar cell, p � 0.26; rod/OFF bipolar cell vs cone/OFF
bipolar cell, p � 0.93). These data are consistent with results
presented later showing similar rates of recovery from PPD for
exocytotic capacitance changes at rod and cone synapses. Al-
though rod- and cone-driven synapses exhibited generally simi-
lar rates of recovery, results from one experiment showed an
exception to this rule. In this experiment, we recorded from a
rod-horizontal cell pair and then switched the presynaptic re-
cording pipette to record from a cone while maintaining the
horizontal cell recording. EPSCs in this horizontal cell recovered
from PPD evoked by stimulation of the rod much more rapidly
than from PPD evoked by stimulation of the cone indicating
differences at individual rod and cone synapses contacting this
cell.

Differences in the amount of PPD among different postsyn-
aptic cell types are consistent with possible postsynaptic contri-
butions to PPD at rod and cone synapses. An important postsyn-
aptic contributor to PPD at a number of synapses is the
desensitization of postsynaptic glutamate receptors (DeVries,
2000; Rozov et al., 2001). Glutamate receptors in OFF bipolar and
horizontal cells of the salamander retina are mostly of the AMPA
subtype (Yang et al., 1998; Maple et al., 1999; Cadetti et al., 2005).
To examine the contribution of desensitization to PPD at photo-
receptor synapses, we focused on rod/horizontal cell pairs be-
cause it is easier to obtain long stable recordings from rods and
because horizontal cells showed the greatest amount of PPD. To
test whether desensitization persists long enough to contribute to
PPD with interstimulus intervals used in our study, we applied
two sequential pulses of glutamate by flash photolysis of a caged
glutamate compound, MNI-glutamate (1 mM), added to the
bathing medium. As illustrated in Figure 4A, photolysis of caged
glutamate with a 1 ms UV flash produced large transient inward
currents in horizontal cells as a result of the abrupt elevation of
glutamate levels. A second pulse of glutamate produced by a flash
applied 500 ms later evoked a slightly smaller current averaging
87 � 2% (n � 5) of the first. Although the exact time course of
glutamate removal from the cleft is not known, this result sug-
gests that as much as 13 of the 51% depression of rod-driven

Figure 2. Repetitive stimuli depressed PSCs evoked by presynaptic stimulation of cones in all
three types of second-order retinal neurons. PSCs were evoked by depolarizing steps (�70 to
�10 mV, 100 ms) applied to cones while simultaneously recording from ON bipolar (A), OFF
bipolar (B), and horizontal (C) cells. An interpulse interval of 100 ms (left) substantially de-
pressed subsequent PSCs, whereas less depression was evident with an interpulse interval of 1 s
(right).

Figure 3. Time course of PSC recovery from PPD. The amplitude of the PSC evoked by the
second pulse (Amp2 ) was divided by the amplitude of the first PSC (Amp1 ) and plotted against
the time from the beginning of the first pulse to the beginning of the second pulse (inset).
Recovery from PPD was fit with single exponential functions. A, Rod/ON bipolar PSCs (open
circles) recovered more quickly (�� 301 ms) than rod/OFF bipolar PSCs (filled circles; �� 501
ms), which in turn recovered more rapidly than horizontal cell PSCs (filled squares; ��813 ms).
B, Cone/ON bipolar PSCs (open circles; � � 304 ms) recovered more quickly than cone/OFF
bipolar PSCs (filled circles; � � 517 ms), which in turn recovered more rapidly than horizontal
cell PSCs (filled squares; � � 884 ms). Note that PSCs in the same postsynaptic cell type recov-
ered at similar rates whether driven presynaptically by rods (A) or cones (B). Rod/ON bipolar,
n � 5–7 data points at every time interval; rod/OFF bipolar, n � 6; rod/horizontal cell, n �
31–34; cone/ON bipolar, n � 4 – 6; cone/OFF bipolar, n � 3; cone/horizontal cell, n � 7–10.
Error bars represent SEM.
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horizontal cell responses observed with 500 ms interstimulus in-
tervals may be because of glutamate receptor desensitization.

Consistent with the presence of AMPA receptors in horizontal
cells (Yang et al., 1998; Cadetti et al., 2005), selectively blocking
AMPA receptor desensitization with cyclothiazide (0.1 mM)
(Partin et al., 1993) broadened rod-driven EPSCs in horizontal
cells (Fig. 4B, inset). In this example, cyclothiazide did not in-
crease the amplitude of the EPSC, although it did so in many
other cases (Cadetti et al., 2005). However, cyclothiazide did not
significantly accelerate recovery from PPD among rod-driven
horizontal cells (Fig. 4B). (An example of PPD recorded in the
presence of cyclothiazide is also shown in Fig. 6.) With inter-
stimulus intervals of 0.5 and 1 s, cyclothiazide reduced PPD by
�10%. No differences in PPD were evident with shorter inter-
vals, although it is possible that small changes may have been
obscured by the broad EPSC waveform produced by
cyclothiazide.

In addition to blocking glutamate receptor desensitization,
cyclothiazide has been reported to have presynaptic effects on
release in CNS neurons (Diamond and Jahr, 1995; Bellingham
and Walmsley, 1999). Glutamate receptor desensitization can
also be reduced by voltage clamping the postsynaptic cell at a
depolarized membrane potential (Raman and Trussell, 1995;
Otis et al., 1996a). Consistent with a membrane potential above 0
mV and reduced desensitization, holding a horizontal cell at �60
mV produced an outward EPSC with a broader waveform than
that evoked when the cell was voltage clamped at �60 mV (Fig.
4C, inset). In agreement with conclusions from cyclothiazide ex-
periments that desensitization contributes very little to PPD in
horizontal cells, PPD recovered at similar rates whether horizon-
tal cells were held at �60 or �60 mV (Fig. 4C).

A major cause of PPD at many synapses is presynaptic depres-
sion of release (Zucker and Regehr, 2002). If multiple vesicles are
released at the synapse and release is depressed during the second
response, then glutamate levels attained in the synaptic cleft dur-
ing the second EPSC should be lower than those attained during
the first EPSC (Wadiche and Jahr, 2001). To examine glutamate
levels during the EPSC, we used a low-affinity, competitive glu-
tamate receptor antagonist, kynurenic acid. In response to a tran-
sient elevation of glutamate, kynurenic acid molecules will be
displaced by higher-affinity glutamate molecules. The efficacy of
kynurenic acid in blocking an EPSC is therefore determined
by the kinetics and concentration of glutamate in the cleft
(Clements, 1996). Assuming similar kinetics, a low concentration
of glutamate will be blocked more strongly by kynurenic acid
than a high concentration. Kynurenic acid (0.5 mM) reduced the
amplitude of the initial EPSC in rod-driven horizontal cells to
41 � 3% of control (Fig. 5A, inset) and significantly increased
PPD when compared with control trials conducted in the same
cell pairs (Fig. 5A). The more efficacious block of the second
EPSC by kynurenic acid is consistent with a lower concentration
of glutamate being attained in the synaptic cleft (Hashimoto and
Kano, 1998; Wadiche and Jahr, 2001; Shen et al., 2002), but these
results can also be interpreted as a relief of postsynaptic receptor
saturation during the first EPSC (Foster et al., 2002; Harrison and
Jahr, 2003). These two possible interpretations are considered in
the Discussion in greater detail.

Presynaptic depression can be the result of vesicle depletion
(Zucker and Regehr, 2002). If PPD at the photoreceptor synapse
involves the depletion of synaptic vesicles, then postsynaptic cells
should exhibit a more rapid recovery from PPD when fewer ves-
icles are released. Applying depolarizing steps to �40 mV in rods,
the amplitude of EPSCs evoked in postsynaptic horizontal cells

Figure 4. Glutamate receptor desensitization contributes minimally to PPD. A, Inward cur-
rent evoked in a horizontal cell by flash photolysis of MNI-glutamate (1 mM) showed very little
desensitization after an interval of 500 ms. The arrows indicate timing of the flashes. B, In a
separate experiment, blocking AMPA receptor desensitization with cyclothiazide (0.1 mM; n �
11–14 at each data point) produced little or no change in the recovery from PPD in horizontal
cells stimulated by depolarizing steps (to �10 mV) applied to presynaptic rods. Control mea-
surements, filled squares, solid line, �� 818 ms; cyclothiazide, open squares, dashed line, ��
731 ms (F test comparison of � values in CTZ and control, p � 0.336). The inset shows an overlay
of EPSCs evoked in a horizontal cell by a depolarizing step (�70 to �10 mV, 200 ms) applied
before (thick trace) and after addition of cyclothiazide (thin dotted trace). Calibration: 50 ms, 25
pA. C, In a third experiment, reducing AMPA receptor desensitization by holding horizontal cells
at�60 mV (open squares; dashed line; ��1210 ms) did not alter recovery from PPD produced
when the same cells were held at �60 mV (filled squares; solid line; � � 1094 ms; F test
comparison of � values, p � 0.207). PPD was evoked by pairs of depolarizing steps (�70 to
�10 mV) applied to simultaneously recorded presynaptic rods (n � 6). The inset shows EPSCs
evoked by pairs of stimuli (�70 to �10 mV, 100 ms) separated by 500 ms interval with the
horizontal cell held at �60 mV (thick trace) and �60 mV (thin dotted trace). Calibration: 25
ms, 25 pA. Error bars represent SEM.
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averaged 53 � 3% (n � 9) of that evoked by steps to �10 mV in
the same cell pairs, indicating that fewer vesicles were released by
the weaker depolarizing stimulus (Fig. 5B, inset). Consistent with
a depletion model, recovery from PPD was significantly faster
when rods were stimulated by steps to �40 mV (n � 9) than
when evoked by steps to �10 mV (Fig. 5B).

Another possible mechanism for presynaptic depression in-
volves the activation of presynaptic mGluRs. Type III mGluRs
have been shown to reduce output from rods by mechanisms that
do not involve inhibition of the presynaptic ICa (Hirasawa et al.,
2002). We compared PPD at the synapse from rods to horizontal
cells in the presence or absence of the type III mGluR agonist

L-2-amino-4-phosphonobutyric acid (L-AP-4; 50 �M) and found
that L-AP-4 did not significantly alter PPD (n � 3; data not
shown). L-AP-4 can also inhibit ICa in cones; the possible contri-
bution of changes in ICa to PPD is addressed later in this paper.

Evidence from experiments described above suggested that
PPD at the photoreceptor synapse is mostly caused by presynap-
tic depression of release. We directly examined presynaptic de-
pression of release by measuring membrane capacitance in-
creases accompanying exocytotic fusion of presynaptic vesicles.
To avoid artifacts associated with large conductance changes,
capacitance measurements were suspended during the step and
resumed 3 ms after the step. As detailed by Rabl et al. (2005), tests
with a model cell circuit and experiments showing that
depolarization-evoked capacitance changes were not correlated
with changes in membrane current or access resistance indicate
that measured capacitance increases reflected true exocytotic in-
creases in membrane capacitance. Figure 6 shows an experiment
in which we directly compared PPD presynaptically and postsyn-
aptically by recording the presynaptic capacitance changes in a
rod while simultaneously recording EPSCs in a horizontal cell.
Recordings were made in the presence of cyclothiazide (0.1 mM).
Both the depolarization-evoked capacitance increase (Fig. 6A)
and EPSC (Fig. 6B) were markedly depressed when test pulses
(100 ms, �70 to �10 mV) were separated by 100 ms. After in-
creasing the interpulse interval to 1 s, both the presynaptic exo-
cytotic response and PSC showed nearly complete recovery. The
parallel between recovery of the presynaptic capacitance response
and the PSC suggests that much of the PPD of rod-driven synap-
tic responses in this horizontal cell is attributable to a PPD of
release.

To quantify the PPD of release, we measured the exocytotic
capacitance change evoked by pairs of stimuli in both rods and
cones. Figure 7 illustrates capacitance responses from a rod (Fig.
7A) and cone (Fig. 7B). Similar to the PSC, the capacitance in-
crease evoked by the second pulse after an interstimulus interval
of 100 ms was much smaller than the original response, but there
was nearly complete recovery when the interstimulus interval was
lengthened to 1 s. The amplitude of the capacitance increase
evoked by the second pulse was divided by the amplitude of the
initial response and plotted against the interval between mea-
surements. The time course for recovery was fit with a single
exponential function. The capacitance response recovered at
nearly identical rates in rods and cones (rods, � � 248 ms; cones,
� � 265 ms; rod/cone difference, p � 0.60; F test). We also ob-
tained a similar rate of recovery from PPD in cones (� � 256 ms;
n � 6) by measuring capacitance changes using a dual sine wave
protocol (jClamp; Scisoft, New Haven, CT) instead of the Opto-
patch phase lock amplifier. PPD produced by interstimulus in-
tervals of 3–30 s remained 3–5% below baseline (Fig. 7), suggest-
ing that an additional small component to the rate of recovery
might be revealed by additional study with long interstimulus
intervals.

By comparing Figures 3 and 7, one can see that PPD of exocy-
tosis recovers with a time course that is similar but not identical to
the PPD of PSCs. Some disparity between the two measures is
expected. Whereas capacitance changes measure the number of
vesicles released, PSC amplitude is not a direct measure of gluta-
mate release but is determined by the kinetics of glutamate in the
cleft and concentration/response relationships at the receptor. To
assess the contribution of presynaptic depression of release to the
depression of postsynaptic responses, we compared the recovery
from PPD of capacitance and EPSC measurements by linear re-
gression analysis. To do so, we plotted the amount of PPD mea-

Figure 5. PPD involves presynaptic depression of release. A, The low-affinity glutamate
receptor antagonist kynurenic acid (0.5 mM) slowed recovery from PPD of EPSCs recorded from
horizontal cells and stimulated by depolarizing steps (�70 to �10 mV, 100 ms) applied to
presynaptic rods. Kynurenic acid, open squares, dashed line, � � 1240 ms; control measure-
ments in the same cell pairs, filled squares, solid line, �� 602 ms (F test comparison of � values
in kynurenic acid and control, p � 0.0002). The inset shows horizontal cell EPSCs in control
conditions (large thick trace) and after application of kynurenic acid (smaller thin dotted trace).
Calibration: 50 pA, 50 ms. B, When fewer vesicles were depleted from rod terminals by using
mild depolarizing steps to �40 mV to evoke PPD in horizontal cells (n � 9; open squares;
dashed line; � � 483 ms), recovery was faster than when PPD was produced using steps to
�10 mV (filled squares; solid line; �� 818 ms; F test comparison of � values, p � 0.0002). The
inset illustrates pairs of horizontal cell EPSCs evoked by depolarizing steps applied to a rod
separated by 200 ms interval. The larger thick trace shows EPSCs evoked by steps to �10 mV,
and the smaller thin dotted trace shows EPSCs evoked by steps to �40 mV. Calibration: 50 pA,
50 ms. Error bars represent SEM. Amp1, Amplitude of the first response; Amp2, amplitude of the
second response.
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sured with capacitance changes against the
amount of PPD measured with PSCs for
each interstimulus interval from 0.1 to 3 s
(supplementary Fig., available at www.
jneurosci.org as supplemental material).
By linear regression on these paired mea-
surements, we obtained correlation coef-
ficients (r 2) ranging from 0.8 to 0.9: r 2 �
0.81 for the correlation between PPD of
capacitance changes in rods and PPD of
EPSCs in rod-horizontal cell pairs, 0.91
for rod-ON bipolar cell pairs, 0.77 for
rod–OFF bipolar cell pairs; r 2 � 0.85 for
the correlation between PPD of capaci-
tance changes in cones and PPD of EPSCs
in cone– horizontal cell pairs, 0.82 for
cone–ON bipolar cell pairs, and 0.90 for
cone–OFF bipolar cell pairs. Thus,
80 –90% of variance in the PPD of synap-
tic responses can be accounted for by vari-
ance in the PPD of exocytotic capacitance
responses.

It has been shown that chloride influx
can inhibit endocytosis in bipolar cell ter-
minals (Hull and von Gersdorff, 2004).
However, the rate of recovery from PPD of
the EPSC was unchanged in both rod-
(n � 8) and cone-driven (n � 2) horizon-
tal cells by the addition of niflumic acid (0.2 mM; data not
shown), indicating that blocking calcium-activated chloride
channels with niflumic acid during capacitance recordings did
not contribute to differences between these two measures in rates
of recovery.

We tested PPD with depolarizing steps to �30 mV, close to
the dark resting potential for photoreceptors. (Steps to �40 mV
did not produce consistently measurable capacitance responses.)
As with steps to �10 mV, exocytosis was depressed by nearly 50%
when steps were separated by an interpulse interval of 100 ms
(rods, 44.0 � 5.8%, n � 7; cones, 53.4 � 9.2%, n � 9). The rates
of recovery with steps to �30 mV were not significantly different
between rods and cones (rods, � � 220 ms, n � 7–10 for each data
point; cones, � � 263 ms, n � 7–9 for each data point; rod/cone
difference, p � 0.55, F test). Recovery rates were also not signifi-
cantly faster than those observed with steps to �10 mV; this may
be explained by the fact that ICa measured at �30 mV is still
relatively large. Using a ramp voltage protocol (0.5 mV/ms), the
amplitudes of ICa measured at �30 mV in rods and cones were
62% (n � 19) and 47% (n � 15) (Fig. 8), respectively, of ICa

measured at �10 mV.
Photoreceptor ICa exhibits a relatively slow Ca 2�-dependent

inactivation (Corey et al., 1984; Rabl and Thoreson, 2002), and
cone ICa can be inhibited by presynaptic type III mGluRs (Hosoi
et al., 2005). To assess the contribution of ICa inhibition to PPD,
we measured ICa using the paired-pulse protocol. In both rods
and cones, an interpulse interval of 100 ms depressed the capac-
itance response much more than it depressed ICa (Fig. 8). If there
is cooperativity between calcium and release, a small amount of
depression in ICa can produce a large depression in postsynaptic
responses, as found at the calyx of Held (Xu and Wu, 2005).
However, unlike the calyx of Held, rod photoreceptors exhibit a
linear relationship between ICa and exocytotic capacitance
changes (Thoreson et al., 2004). Similar to rods, the amplitude of
ICa recorded from cone photoreceptors using a ramp voltage pro-

tocol (0.5 mV/ms) showed a nearly linear relationship to the
charge transfer accompanying horizontal cell EPSCs (reflecting
the amount of glutamate released) evoked by depolarizing steps
(100 ms) to different holding potentials (Fig. 8D). ICa evoked at
�20 mV is 11% smaller than that evoked at �10 mV, similar to
the 10% reduction in ICa produced by PPD, and this 11% reduc-
tion in ICa produces only a 12% reduction in EPSC charge trans-
fer. Also consistent with a nearly linear relationship between ICa

and release, the slope of the linear regression relating ICa and
EPSC charge transfer plotted on log/log coordinates was 0.86
(r 2 � 0.98). Restricting this regression analysis to subsaturating
responses evoked by membrane potentials from �50 to �30 mV
yielded a log/log slope of 0.85 (r 2 � 0.96), indicating that linearity
between ICa and EPSC charge transfer is not an artifact of re-
sponse saturation that might be produced by strong depolarizing
stimuli. These findings suggest that, under the conditions of our
experiments, PPD of exocytosis in photoreceptors is primarily
caused by vesicle depletion, not inhibition of ICa, consistent with
results at other ribbon and conventional synapses (Charlton et
al., 1982; von Gersdorff and Matthews, 1997; Schneggenburger et
al., 2002).

Discussion
The present study shows that rods and cones exhibit marked
synaptic depression when stimulated with a pair of identical de-
polarizing pulses. Postsynaptic responses were depressed by
�50% using an interstimulus interval of 100 ms and test pulses of
100 ms, long enough to deplete the readily releasable pool of
vesicles in rods and cones (Thoreson et al., 2004; Rabl et al.,
2005). Both presynaptic and postsynaptic mechanisms can con-
tribute to short-term depression of postsynaptic responses (for
review, see Zucker and Regehr, 2002). Postsynaptically, satura-
tion of the intracellular signaling mechanism engaged by the glu-
tamate receptor mGluR6 in ON bipolar cells could potentially
contribute to PPD in this cell type (Sampath and Rieke, 2004).

Figure 6. PPD of rod-driven PSCs in a horizontal cell parallels PPD of exocytosis. Simultaneous recordings of exocytotic capac-
itance changes in a rod (A) and EPSCs in a horizontal cell (B) evoked by pairs of depolarizing steps (�70 to �10 mV, 100 ms) with
100 ms and 1 s interstimulus intervals are shown. Cyclothiazide (0.1 mM) was applied to the extracellular solution. Capacitance
measurements were suspended during the test step and resumed 3 ms afterward.
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Another postsynaptic mechanism that might contribute to PPD
is receptor desensitization (Zucker and Regehr, 2002). By using a
caged glutamate compound, we showed that horizontal cell
AMPA receptors remained only slightly desensitized 500 ms after
an initial pulse of glutamate consistent with relatively rapid re-
covery of horizontal cell AMPA receptors from desensitization
(Eliasof and Jahr, 1997). Reducing desensitization by application
of cyclothiazide or use of positive holding potentials had little
effect on the recovery from PPD. Thus, in horizontal cells, which
showed the strongest PPD of the three postsynaptic cell types,
receptor desensitization plays only a minor role in PPD of
postsynaptic responses (�10% or less with an interstimulus in-
terval of 0.5 s). We did not examine a sufficient number of OFF

bipolar cells to determine whether there are extensive cell to cell
differences in the properties of desensitization among
salamander OFF bipolar cells, as found by DeVries (2000) in
ground squirrel retina.

We found greater PPD in the presence of the low-affinity
glutamate receptor antagonist kynurenic acid. Greater PPD in the
presence of a low-affinity, competitive glutamate antagonist can
be interpreted in two ways: (1) greater PPD can be produced by a
more efficacious block of the second EPSC by kynurenic acid. If
so, this would suggest that a lower concentration of glutamate is
attained in the synaptic cleft during the second EPSC (Hashimoto
and Kano, 1998; Wadiche and Jahr, 2001; Shen et al., 2002). Such
a situation can occur if there is multivesicular release (Wadiche
and Jahr, 2001), as found at the bipolar cell ribbon synapse
(Singer et al., 2004). (2) If postsynaptic receptors are saturated by
glutamate levels in the cleft during the initial EPSC, then relieving
saturation with kynurenic acid will lead to greater PPD and reveal
a more accurate portrayal of the underlying changes in release
(Foster et al., 2002; Harrison and Jahr, 2003). Two pieces of evi-
dence suggest that glutamate receptors at photoreceptor synapses
are not saturated during EPSCs evoked by steps to �10 mV: (1)
there is a linear correlation between exocytotic capacitance
changes and EPSC charge transfer in both rods and cones for
depolarizing test steps ranging in duration from a few millisec-
ond to seconds (Thoreson et al., 2004; Rabl et al., 2005). This
result suggests that postsynaptic receptors are not saturated but

Figure 7. PPD of exocytosis recovered with the same time course in rods and cones. Pairs of
capacitance responses were evoked in a rod (A) or cone (B) by depolarizing pulses (100 ms,�70
to �10 mV) applied at 100 ms (left) or 1000 ms (right) interpulse intervals. There was no
appreciable change in access resistance (Ra) after the step. Capacitance measurements were
suspended during the test step and resumed 3 ms afterward. Vh, Holding potential. C, Time
course for recovery of exocytotic capacitance responses from PPD. The capacitance increase
evoked by the second pulse (Amp2) was divided by the amplitude of the first response (Amp1)
and plotted against the time from the end of the first pulse to the end of the second pulse (i.e.,
the interval between capacitance measurements). Data were fit with a single exponential func-
tion (rods, � � 248 ms, open square and solid line; cones, � � 265 ms, filled triangles and
dashed line; F test comparison of � values, p � 0.60). Sample sizes: rods: 100 ms, n � 39; 200
ms, n � 33; 500 ms, n � 31; 1 s, n � 31; 3 s, n � 23; 10 s, n � 25; 30 s, n � 25; cones: 100 ms,
n � 12; 200 ms, n � 12; 500 ms, n � 13; 1 s, n � 12; 3 s, n � 11; 10 s, n � 17; 30 s, n � 9.
Error bars represent SEM.

Figure 8. PPD of exocytosis greatly exceeds PPD of ICa. A, Leak-subtracted ICa in a rod evoked
by a depolarizing test step (�70 to �10 mV) before (left) and after (right) an interstimulus
interval of 100 ms. The baseline noise before and after the test step is caused by the sinusoidal
holding potential used for capacitance measurement. B, ICa in a cone before and after 100 ms
interstimulus interval. C, Bar graph comparing the PPD of ICa and the exocytotic capacitance
response produced by an interstimulus interval of 100 ms. The amplitude of the second re-
sponse (Amp2) was divided by the amplitude of the first response (Amp1). Capacitance and ICa

were each measured in nine rods and eight cones. Control ICa averaged 70.2 � 10.1 pA in rods
and 56.2�7.1 pA in cones. D, Overlay of cone ICa and the charge transfer of horizontal cell EPSCs
evoked by depolarizing steps (100 ms) applied to simultaneously recorded cones (n�15). Cone
ICa was measured using a ramp voltage protocol (�90 to �60 mV, 0.5 mV/ms) and averaged,
after normalizing, from 15 cone photoreceptors. The match between ICa and EPSC charge trans-
fer is consistent with a linear relationship between calcium influx and release. Error bars repre-
sent SEM.
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are capable of sensing the release of additional glutamate evoked
by longer test pulses. (2) The waveforms of EPSCs evoked by
presynaptic stimulation of photoreceptors can be reproduced by
convolving individual miniature EPSCs (mEPSCs) with the pre-
synaptic release function (Cadetti et al., 2005). This suggests that
every mEPSC contributes equally to the overall EPSC. Postsyn-
aptic receptors at the bipolar cell ribbon synapse also do not
appear be saturated by synaptically released glutamate (Singer
and Diamond, 2003). From these results suggesting that gluta-
mate receptors are not saturated, it seems more likely that the
greater PPD observed in kynurenic acid is because of a stronger
block of the second EPSC arising from a lower concentration of
glutamate in the synaptic cleft (Hashimoto and Kano, 1998;
Wadiche and Jahr, 2001). We also directly examined depression
of presynaptic release using capacitance measurements. Correla-
tions between the recovery from PPD of presynaptic capacitance
changes and the recovery of postsynaptic responses suggest 80 –
90% of the PPD of PSCs is caused by a presynaptic depression of
release.

Presynaptic mechanisms that contribute to PPD of postsyn-
aptic responses include depression of ICa and depletion of the
pool of releasable vesicles. In rod photoreceptors, depolarization-
evoked inhibition of ICa can be produced by Ca 2�-dependent
inactivation (Corey et al., 1984; Rabl and Thoreson, 2002) as well
as the depletion of synaptic cleft Ca 2� levels (Rabl and Thoreson,
2002). In cones, there is also negative feedback inhibition of ICa by
vesicular protons and metabotropic glutamate receptors
(DeVries, 2001; Hosoi et al., 2005). The block of cone ICa by
vesicular protons recovered from PPD with the same time course
as postsynaptic responses in mammalian OFF bipolar cells, sug-
gesting that this mechanism is rate limiting in short-term depres-
sion at this synapse (DeVries, 2001). Under our recording condi-
tions with HEPES as a pH buffer, the short-term depression of ICa

produced with a paired-pulse protocol was minimal (Fig. 8). The
nearly linear relationship between calcium influx and release at
rod and cone synapses (Fig. 8) (Thoreson et al., 2004) implies that
the reduction of �10% in ICa accounts for one-fifth of the 45–
55% depression of release observed with an interstimulus interval
of 100 ms. The remaining depression of release is likely caused by
a depletion of presynaptic vesicles, as found at other ribbon and
conventional synapses (Charlton et al., 1982; von Gersdorff and
Matthews, 1997; Schneggenburger et al., 2002; von Gersdorff
and Borst, 2002). Depolarizing steps to �40 mV applied to rods
produce less Ca 2� influx, and consequently less release, than
steps to �10 mV. Consistent with the suggestion that synaptic
depletion is a major contributor to PPD at photoreceptor syn-
apses, horizontal cells recovered from PPD more rapidly when
fewer vesicles were depleted by using steps to �40 mV than by
using steps to �10 mV (Fig. 5).

Because of gap junction coupling between rods (Attwell et al.,
1984), depolarizing current injected into one rod can stimulate
exocytosis from neighboring rods contributing to later portions
of the rod-driven PSC (Cadetti et al., 2005). Cones exhibit little
coupling (Attwell et al., 1984), and thus coupling would be pre-
dicted to have more significant effects in rod-driven cells than
cone-driven cells. Unlike paired recordings, exocytotic capaci-
tance changes are not influenced by release from coupled rods. If
coupling had a significant impact on the rate at which PSCs re-
cover from PPD, then there should be significant rod/cone dif-
ferences measured with paired recordings but not with capaci-
tance recordings. However, rods and cones recovered at similar
rates whether PPD was measured by capacitance or paired re-

cordings, suggesting that coupling had little impact on the rate of
PSC recovery from PPD.

Rates of recovery from PPD vary widely from synapse to syn-
apse. At some synapses, replenishment of presynaptic vesicles is
so rapid that PPD is not detectable, whereas full recovery at other
synapses can take minutes (Zucker and Regehr, 2002). There are
multiple kinetic components to recovery from PPD at ribbon
synapses of cochlear hair cells and retinal bipolar cells, and com-
plete recovery can take seconds (von Gersdorff and Matthews,
1997; Burrone and Lagnado 2000; Moser and Beutner, 2000;
Eisen et al., 2004). The recovery of responses achieved by photo-
receptors in the present study exhibited a relatively rapid time
course that could be approximated by a single exponential (� �
250 ms). Some of the differences in recovery rates between pho-
toreceptors and other ribbon synapses appear to be because of
differences in experimental conditions. One factor is calcium
buffering: the presence of 5 mM EGTA in the patch-pipette solu-
tion, as used in the present study, has been shown to inhibit a slow
component of recovery from PPD of exocytotic capacitance
changes in bipolar cell terminals (Gomis et al., 1999). A second
important factor is the test pulse amplitude and duration because
this determines the amount of vesicular release and thus presyn-
aptic depletion. Using a test pulse (100 ms, �70 to �20 mV)
similar to that in the present study, interstimulus intervals of 100
and 200 ms produced PPD of 46 and 29%, respectively, in the
capacitance response of hair cells (Edmonds et al., 2004), quite
similar to the depression of 45 and 33–35% observed in the rods
and cones with the same interstimulus intervals.

The kinetics of vesicular release and replenishment helps to
shape the synaptic transfer function and contribute to a decrease
in synaptic transmission from photoreceptors to second-order
cells at high temporal frequencies. Recovery from PPD of the
exocytotic capacitance response, which primarily reflects vesicle
replenishment, exhibits a time constant of �250 ms and may
therefore contribute to the decrease in synaptic output from am-
phibian photoreceptors at frequencies above 4 Hz (Armstrong-
Gold and Rieke, 2003). Although vesicle replenishment rates may
help to shape the frequency response of synaptic transmission,
the absence of rod/cone differences in vesicle replenishment rates
indicate that other factors (e.g., differences in rates of exocytosis)
are responsible for differences in the frequency response between
rod and cone synapses (Pasino and Marchiafava, 1976; Schnapf
and Copenhagen, 1982).
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