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Many neurons fire spontaneously, and the rate of this firing is subject to neuromodulation. How this firing affects functional connectivity
within a neural network remains largely unexplored. Here we show that changes in spontaneous firing of cartwheel interneurons in the
mouse dorsal cochlear nucleus (DCN) alter the effective convergence ratio of interneurons onto their postsynaptic targets through
short-term synaptic plasticity. Spontaneous firing of cartwheel cells led to activity-dependent synaptic depression of individual cartwheel
synapses. Depression was rapid and profound at stimulation frequencies between 10 and 200 Hz, suggesting the presence of high release
probability (Pr) vesicles at these inhibitory synapses. Weak, transient synaptic facilitation could be induced after synapses were prede-
pressed, indicating that low-Pr vesicles are also recruited, and may thus support steady-state transmission. A two-pool vesicle depletion
model with 10-fold differences in Pr could account for the synaptic depression over a wide range of stimulus conditions. As a result of
depression during high spontaneous activity, more cartwheel interneurons were required for effective inhibition. Convergence of four
interneurons was sufficient to compensate for the effects of depression during physiologically expected rates of activity. By simulating
synaptic release during spontaneous firing, we found that recruitment of low-Pr vesicles at the synapse plays a critical role in maintaining
effective inhibition within a small population of interneurons. The interplay between spontaneous spiking, short-term synaptic plastic-
ity, and vesicle recruitment thus determines the effective size of a convergent neural network.
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Introduction
Many neurons fire action potentials even without afferent stimuli
(Do and Bean, 2003; Häusser et al., 2004; Hermann et al., 2007;
Person and Raman, 2012a). At synapses with relatively high ve-

sicular release probability (Pr), such ongoing activity would de-
plete the available pool of vesicles, leading to sustained synaptic
depression (Zucker and Regehr, 2002; Hermann et al., 2007;
Yang and Xu-Friedman, 2015). Consequently, spontaneously ac-
tive neurons may fail to relay the information from afferent stim-
uli. Indeed, studies have shown that synaptic depression induced
by spontaneous spiking in presynaptic cells significantly reduces
stimulus-driven responses in the postsynaptic cell (Hermann et
al., 2007; Groh et al., 2008). Importantly, spontaneous spiking
rate can be modified, for example, by neuromodulators, thus
regulating synaptic depression and the efficacy of afferent signals
(Kuo and Trussell, 2011; Owen et al., 2013).

However, neural circuits do not only relay afferent signals but
also integrate multiple sources of information carried by different
sets of afferent inputs. Accordingly, depressed synapses, which
individually may not drive a postsynaptic cell to spike, may still be
effective when different inputs are active simultaneously. Such
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Significance Statement

We examined the relationship between the structure of a small neural circuit and the properties of its individual synapses.
Successful synaptic inhibition of a target cell firing requires a critical inhibitory synaptic strength. Synapses often become de-
pressed during spontaneous presynaptic activity, and this increases the number of presynaptic neurons needed to mediate
inhibition. We show that depression is limited by the presence of a pool of vesicles that resist depletion. Thus, the size of this vesicle
pool determines the size of the circuit needed to mediate inhibition during different patterns of activity.
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coincident detection of afferent stimuli can be important for
sensory integration in the nervous system (Kuba et al., 2002;
Cook et al., 2003; Groh et al., 2008). Hence, at synapses with
activity-dependent depression, presynaptic spontaneous spiking
not only reduces the strength of individual afferents but also
determines the needs for integration from multiple afferents con-
verging onto the postsynaptic cell. Thus, we distinguish between
an anatomical convergence ratio onto a postsynaptic neuron and
an effective convergence ratio that accounts for dynamic changes
in synaptic strength at individual synapses.

The interplay between spontaneous spiking, synaptic depres-
sion, and integration of multiple afferent inputs to define the
effective convergence ratio is studied here in a circuit formed by
cartwheel inhibitory interneurons onto fusiform principal cells
in the mouse dorsal cochlear nucleus (DCN). The DCN is an
initial station in the ascending auditory pathway that integrates
multisensory modalities with auditory information (Oertel and
Young, 2004). Multisensory inputs are relayed by excitatory par-
allel fibers and influence sound-evoked responses in the fusiform
cells (Koehler et al., 2011) (see Fig. 1A). This modulation involves
not only direct excitation from parallel fibers but also feedfor-
ward inhibition from cartwheel interneurons (Roberts and Trus-
sell, 2010; Kuo and Trussell, 2011). Indeed, in vivo stimulation of
parallel fiber/multisensory pathway often cause a long-lasting in-
hibition of fusiform cell firing, highlighting the potency of cart-
wheel cell activity (Young et al., 1995; Davis et al., 1996; Shore,
2005; Kanold et al., 2011). However, cartwheel cells fire sponta-
neously in vivo (Davis and Young, 1997; Portfors and Roberts,
2007; Ma and Brenowitz, 2012), leading to sustained synaptic
depression and weaker feedforward inhibition driven by parallel
fibers (Kuo and Trussell, 2011). This phenomenon raises the
question of how chronically depressed cartwheel synapses can
provide effective inhibition under physiological conditions.

We hypothesize that the number of presynaptic neurons re-
quired for inhibition (i.e., the effective convergence ratio) is a
function of the state of depression of individual synapses. Thus,
the spontaneous firing rate of neurons and the microphysiology
of their synapses together may impact the ratio. To quantify
the depression level of synaptic transmission at different sponta-
neous firing frequencies, we made recordings between connected
cartwheel-fusiform cell pairs and analyzed the kinetics of synap-
tic depression under diverse stimulus paradigms. We described
the process of depression quantitatively using a model featuring
two pools of vesicles with distinct Pr. The depletion of these two
populations of vesicles at different proportions leads to rate-
dependent depression at cartwheel synapse. Despite prominent
synaptic depression, the effective cartwheel-fusiform conver-
gence ratio at high spontaneous spiking rates was surprisingly
small (�4). The synaptic depression model suggests that low-Pr
vesicles sustain the release during high-frequency spiking and
thus ensure effective inhibition performed in a small circuit.
Hence, the properties of synaptic vesicles that control the degree
of synaptic depression provide a foundation for defining effective
circuit convergence as spike rates of neurons are varied by neu-
romodulators. This work may be generalized to other brain re-
gions that use convergent circuits and depressing synapses.

Materials and Methods
Animals. Wild-type C57BL/6 mice (P16-P27) were used for paired record-
ing experiments. For photostimulation experiments, GlyT2-Cre;Ai32 trans-
genic mice were used, generated by crossing male ChR2(H134R)-EYFP
reporter line (Ai32) with a female GlyT2-Cre line. Use and handling of ani-

mals in this study were approved by Oregon Health and Science University
Institutional Animal Care and Use Committee.

Brain slice preparation. Animals were anesthetized by isoflurane and
then decapitated. After removing the skull, a coronal cut at the midbrain
was made to dissect out the brainstem. The front side of the brainstem
was then glued on a stage. The lateral side of the brainstem was turned to
face the vibratome (Leica VT1200S) blade and tilted downwards at an
angle of �10°. Coronal brainstem slices containing DCN (220 �m thick)
were collected in warm (34°C) artificial CSF (ACSF) solutions containing
the following (in mM): 130 NaCl, 2.1 KCl, 1.2 KH2PO4, 3 Na-HEPES, 11
glucose, 20 NaHCO3, 1 MgSO4, and 1.7 CaCl2, saturated with 5% CO2-
95% O2, �305 mOsm. After cutting, the slices were stored in ACSF at
34°C for �30 min for recovery and then kept at room temperature
(�22°C) until use.

Electrophysiology. During recording, slices were transferred to a re-
cording chamber constantly perfused with warm ACSF (�34°C) con-
trolled by a peristaltic tubing pump (Ismatec CP78016-30). Cells were
visualized with a 40 � magnification objective on the stage of an upright
microscope (Olympus BX51W) equipped with an infrared Dodt contrast
mask and fluorescence optics. Typically, round cells with diameter �15
�m in the DCN molecular layer were usually cartwheel cells and were
confirmed by complex spiking in response to a current step. Elliptoid
cells with transverse diameter �20 �m in the DCN fusiform cell layer
were usually fusiform cells and were confirmed by their large membrane
capacitance (�35 pF) and their regular spiking pattern. Recording
electrodes (4 –7 M�) were pulled from borosilicate glass (WPI 1B150F-4)
by a vertical puller (Narishige P-10). Series resistances were usually
�12 M�, compensated by 80%, and monitored throughout the course of
the recording. Data were discarded if the series resistance changed by
�25%. In paired recording experiments, we used a pipette solution
containing the following (in mM): 113 K-gluconate, 1.75 MgCl2, 2.75
MgSO4, 9 HEPES, 0.1 EGTA, 14 Tris2-phosphocreatine, 0.3 Tris-GTP,
and 4 Na2-ATP, with pH adjusted to �7.3 with KOH and osmolarity
adjusted to �295 mOsm with sucrose. The calculated chloride reversal
potential (ECl) using this solution was ��97 mV. To establish paired
recordings from synaptically connected cartwheel-cartwheel or
cartwheel-fusiform cells, whole-cell voltage-clamp recordings from both
cells were performed; each cell received a burst of voltage pulses (from
�60 to 20 mV, 0.2 ms/pulse, 3 pulses at 200 Hz) to test whether that cell
could evoke IPSCs in the other cell. The latency for the unitary IPSC after
the presynaptic escaping spike was usually �0.5 ms (Roberts et al., 2008).
Cartwheel-to-fusiform cell IPSCs have submillisecond rise times (Rob-
erts and Trussell, 2010), suggesting somatic and proximal dendritic sites
of contact, consistent with morphological analyses (Rubio and Juiz,
2004). In each paired recording, the membrane potential of the presyn-
aptic cell was held at �60 mV, whereas the postsynaptic cell was held
between �50 mV and �60 mV. For current-clamp recordings during
channelrhodopsin stimulation, the pipette solution contained 2.75
MgCl2 and 1.75 MgSO4 instead of 1.75 MgCl2 and 2.75 MgSO4 to mimic
the ECl of fusiform cell measured by perforated-patch recording (�84
mV) (Kim and Trussell, 2009). The membrane potential of fusiform cells
was kept ��60 mV by bias current injection (from �100 to �250 pA).
Corrections to holding potential were only made to estimate synaptic
conductance, based on a 13 mV junction potential (see Fig. 6). In some
experiments, the chloride reversal was shifted to �44 mV (Vhold � �70
mV) using a pipette fill containing (in mM) as follows: K-gluconate 105,
KCl 15.5, MgCl2 4.8, HEPES, 10, EGTA 0.1, Tris2-phosphocreatine 14,
Tris-GTP 0.5, Na2-ATP 4, to achieve inward IPSCs.

Data acquisition. Electrophysiological data were acquired with a Mul-
ticlamp 700B amplifier and pClamp 10.3 software.

Photostimulation. To activate ChR2 in the brain slices, we used a 470
nm LED (Sutter Instruments TLEDPLUS-Y) coupled through the epi-
illumination port of the microscope. Pulses of blue light (0.5 ms/pulse)
were delivered through pClamp control, and cells were illuminated at the
focal plane under the 40 � 0.8 NA objective. The illumination area at the
focal plane had a diameter �1 mm. The maximum power of the incident
light provided by the LED under the objective was �3.4 mW (Newport
1815-C power meter with 818-ST sensor), corresponding to an irradi-
ance of �4.3 mW/mm 2. The irradiance used during photostimulation
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experiments was usually much weaker and ranged from 3.8 �W/mm 2 to
1.8 mW/mm 2 (see Fig. 7).

Data analysis. Electrophysiology data were analyzed in IGOR Pro 6.34
using Neuromatic package (http://www.neuromatic.thinkrandom.
com/) and custom-written procedures. Peak IPSC amplitudes from each
cell were measured from traces averaged from at least 15 trials. Statistical
comparisons were done in IGOR or R (http://www.R-project.org/). Av-
erages are represented as mean 	 SEM. Group comparison was done by
t test if the data were distributed normally (data normality was tested
using Shapiro–Wilk test in R); otherwise, a Mann–Whitney U test was
used. Optimal number of ChR2-evoked synaptic inputs to each cell was
determined using K-means cluster analysis and elbow method (Fer-
ragamo et al., 1998; Cao and Oertel, 2010; Chabrol et al., 2015) with
custom-written scripts in R.

Modeling synaptic depression. A computational model for synaptic de-
pression was devised in IGOR using custom-written procedures. Single-
and two-pool vesicle depletion models for synaptic depression were
adopted from a release site model as described in previous studies (Weis
et al., 1999; Brenowitz and Trussell, 2001; Trommershäuser et al., 2003).
For the single-pool model, the synapse had nini available release sites at
rest and each site released a vesicle with probability p in response to
stimulation. Hence, upon stimulation, there were on average N vesicles
released, where

N � nini � p

After stimulation, the number of emptied sites recovered (so that they
can be releasable again) following a rate constant (1/�). The number
of available release sites ni just before the ith stimulus is given by the
following:

ni � ni�1 � 
1 � p� � �nini � ni�1 � 
1 � p� � �1 � e�
�t

��, i � 1

�t � interval between ith and 
i � 1�th stimulation

Assuming that p does not change during stimulation, the ith stimulus
causes Ni vesicles to be released:

Ni � ni � p

For the two-pool model, the number of total release sites at rest nini was
divided among each pool according to fractions r1 and r2 (r1 � r2 � 1)
so that pool 1 contained (nini � r1) release sites and pool 2 contained
(nini � r2) release sites. Upon stimulation, each pool depletes and replen-
ishes vesicles independently according to its own p and �. The total num-
ber of vesicles released at the ith stimulation during train stimulation (Ni)
is the sum of release from each pool. The evoked responses can therefore
be presented as the total number of released vesicles multiplied by quan-
tal size. We assumed that the quantal size is the same for each pool and
does not change during stimulation because glycine receptors do not
desensitize quickly (Harty and Manis, 1998). Therefore, the normalized
IPSC predicted by the model is exactly the normalized number of vesicles
released during train stimulation. The normalized release was then
compared with experimental data using a curve fitting procedure
GenCurvefit (Andrew Nelson and Australian Nuclear Science and Technol-
ogy Organisation) to obtain best-fit parameters for the two-pool model.

Immunostaining for ChR2-(H134R)-EYFP. One GlyT2-Cre; Ai32
mouse was transcardially perfused with 4% PFA, and the brainstem part
containing DCN was dissected out for postfixation. After postfixation,
the tissue was sectioned at 30 �m thickness, washed in PBS for several
times, blocked in BSA, and incubated in a rabbit polyclonal anti-GFP
AlexaFluor-488 conjugate (1:200; A21311, Invitrogen) overnight. The
sections were then examined under a confocal microscope (Olympus
Fluoview1000).

Reagents and chemicals. All reagents, except for SR-95531 (Tocris Bio-
science), were purchased from Sigma.

Results
Rapid short-term depression at cartwheel cell synapse
Synaptic depression at cartwheel cell glycinergic terminals
has been previously reported (Roberts et al., 2008; Mancilla and

Manis, 2009; Kuo and Trussell, 2011); however, a detailed de-
scription of its kinetics is still lacking. We therefore measured
short-term plasticity in paired recordings from synaptically cou-
pled cartwheel cells (n � 10, amplitude of IPSC1: from 124.1 to
532.1 pA, median 261.6 pA, mean 	 SD: 301.6 	 151.8 pA) or
coupled cartwheel and fusiform cells (n � 5, amplitude of IPSC1:
from 264.0 to 2883.0 pA, median: 480.2 pA, mean 	 SD: 958.8 	
1099.7 pA) (Fig. 1A,B). There was one particularly strong
cartwheel-fusiform connection in our dataset (2883.0 pA),
whereas the others ranged from 124.1 to 850.0 pA. Apart from
this outlier, the range is consistent with previous studies (Roberts
and Trussell, 2010). The range of strengths may reflect the
variable distances between cells and the effects of tissue slicing.
Statistical analysis showed no differences in the kinetics of synap-
tic depression between the types of connections (cartwheel-
cartwheel vs cartwheel-fusiform); therefore, these data were
pooled together (Fig. 1B; t test). Cartwheel cells fire bursts of
high-frequency complex spikes (3–5 spikes at �200 Hz) and reg-
ular simple spikes (�0.1–20 Hz) spontaneously or in response to
current injection (Kim and Trussell, 2007; Bender et al., 2012).
To measure synaptic responses to a fixed number of presynaptic
action potentials in the absence of background firing, we voltage-
clamped presynaptic cartwheel cells at �60 mV and induced es-
caping simple spikes by delivering a train of 0.2 ms, 80 mV voltage
steps (Fig. 1B) (Roberts et al., 2008). We found that the synapse
exhibited a fast and pronounced synaptic depression in response
to 10 Hz train stimulation, reaching steady state (�20% of the
initial response) rapidly after �5– 6 stimuli (Fig. 1D; decay
constant: 1.70 	 0.04 stimuli when fit to a single exponential
function).

We next tested whether high-frequency stimulation of the
synapse could also lead to such strong synaptic depression be-
cause high-frequency activity can in principle lead to calcium
accumulation at terminals and trigger facilitation (Zucker and
Regehr, 2002). However, cartwheel synaptic responses to a 20
pulse, 200 Hz train still showed strong synaptic depression (Fig.
1C). The profile of this decay could be fit with a double exponen-
tial function with 1.39 	 0.18 stimuli and 4.58 	 1.05 stimuli for
fast and slow decay time constants (fast component 59 	 11% of
fit), respectively. Together with the 10 Hz responses, these results
suggested that cartwheel synapses always exhibit synaptic depres-
sion when activated from a quiescent state.

It has been suggested that release probability is low in vivo due
to low [Ca 2�]e in the CSF, resulting a reduction in the degree of
short-term synaptic depression compared with in vitro condi-
tions (Borst, 2010). However, at cartwheel synapses, we still ob-
served a �70% decrease in peak IPSC amplitude during a 20
pulse 10 Hz stimulation when we reduced [Ca 2�]e to 1.2 mM

(IPSC16 –20/IPSC1: 0.28 	 0.07; data not shown). This suggests
that, in vivo, continuous low-frequency activity would still de-
press cartwheel synapse by a large degree.

Single-pool vesicle depletion model is unable to explain
synaptic depression
We next explored the mechanism of such fast and pronounced
short-term depression. We excluded postsynaptic receptor de-
sensitization because cartwheel cell synapses are mostly glyciner-
gic (Apostolides and Trussell, 2013) and glycine receptors
desensitize slowly (Harty and Manis, 1998). Moreover, desensi-
tization as a causative factor in depression is inconsistent with the
observation that the depression decay rate, in terms of stimulus
number, for 10 Hz was similar to the fast decay rate at 200 Hz (1.7
vs 1.37, respectively). Depression is also unlikely to be caused by
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receptor saturation because depression occurs even at low fre-
quency (10 Hz) and glycine should unbind the receptor com-
pletely during the 100 ms interstimulus interval. We also repeated
the experiments using high [Cl�] internal (ECl: �44 mV) and
found that there was no significant difference in steady-state re-
sponse (mean 	 SD of IPSC16 to IPSC20: low [Cl�]i: 0.20 	 0.03,
n � 15; high [Cl�]i: 0.19 	 0.04, n � 6; p � 0.67, unpaired t test),

excluding the possibility that [Cl�]i accu-
mulation during repetitive stimulation
would lead to a decrease in chloride driv-
ing force and cause synaptic depression
(Thompson and Gähwiler, 1989). There-
fore, depression is most likely to have a
presynaptic mechanism. Indeed, as pre-
dicted from a vesicle depletion model, the
paired-pulse ratio of the second versus the
first IPSC peak amplitude during 10 Hz
stimulation tends to be smaller when the
first IPSC was larger (Fig. 1E; 581 points,
pooled data from 15 cells, �20 trials per
cell, linear regression fit, R 2 � 0.14, p �
0.001) (Debanne et al., 1996; Regehr,
2012).

To explore the hypothesis of vesicle de-
pletion quantitatively, we began with its
simplest form, which assumes that every
release site in the pool has the same vesicle
Pr and replenishment rate, with replen-
ishment rate proportional to the number
of emptied release sites (Brenowitz and
Trussell, 2001; Thanawala and Regehr,
2013). To estimate the Pr, we first calcu-
lated the size of the readily releasable pool.
Two methods were used: (1) by back-
extrapolating from the last 5 points of cu-
mulative normalized IPSC amplitude
during 200 Hz stimulation to the y-axis
(Schneggenburger et al., 1999); and (2) by
extrapolating the first 4 points of the nor-
malized IPSC amplitude versus cumula-
tive normalized IPSC amplitude plot to
the x-axis (Elmqvist and Quastel, 1965; Lu
and Trussell, 2000). Although each
method emphasizes different features of
the data, they gave similar estimates of the
relative size of readily releasable pool
compared with the first release in the 200
Hz train (2.86 from Method 1 and 2.89
from Method 2; Fig. 1F). Hence, we ob-
tained a rather high-Pr of �0.35 by calcu-
lating the released fraction in the first
response (1/2.86 � 0.349, Method 1;
1/2.89 � 0.346, Method 2). Combined
with the previously measured recovery
time constant (5.5 s) from synaptic de-
pression (Kuo and Trussell, 2011), a
single-pool depletion model for the cart-
wheel synapse was built. However, al-
though the model predicted well the rate
of decay of the first four responses to the
10 or 200 Hz train stimulation, it greatly
overestimated the degree of depression at
steady state, similar to the observations of

Weis et al. (1999) (Fig. 1G). Because the pool size and Pr estima-
tion methods mentioned above are only valid when the vesicle
population is homogeneous (e.g., vesicles have the same Pr and
recovery time constant) (Neher, 2015), this result suggests that
there might be different distributions in the vesicle properties at
cartwheel synapse. The overestimation of the degree of depres-
sion suggested that the depletion rate of vesicle pool was slower

Figure 1. Short-term depression at cartwheel cell synapses. A, Left, Simplified DCN circuit and paired recording diagram. Right,
Example traces from a connected pair. Presynaptic cartwheel cell (C) was voltage-clamped at �60 mV and escaping spikes evoked
by 0.2 ms voltage pulses of (80 mV). Corresponding IPSCs were recorded in the postsynaptic cell, in this case a fusiform cell (F). B,
Kinetics of short-term synaptic depression in cartwheel-cartwheel connections (CC, red) and cartwheel-fusiform cell connection
(FC, black) are not significantly different ( p � 0.05, t test). Data collected from these two connections were therefore pooled (n �
10, CC; n � 5, FC). C, Example traces showing that synaptic depression occurs at low and high frequencies. Top, IPSCs evoked by 20
pulses of 200 Hz stimulation. Bottom, IPSCs evoked by 20 pulses at 10 Hz. Black traces represent the averages of at least 15
individual sweeps (gray). D, Summary of short-term depression at low and high frequencies. Black represents synaptic depression
kinetics at 10 Hz. N � 15 connections. A single exponential function can be fit with a decay constant of 1.70 	 0.04 stimuli. Red
represents synaptic depression at 200 Hz. N�6 connections. A double exponential function can be fit with 1.37	0.18 stimuli and
4.57 	 1.05 stimuli for fast and slow decay constants, respectively. Fast component is 59 	 11% of fit. E, Negative correlation
between the paired-pulse ratio (IPSC2/IPSC1) and peak amplitudes of IPSC1. N � 15 connections. Each gray dot represents the
paired-pulse ratio with its corresponding IPSC1 amplitude in a single trial during 10 Hz stimulation. At least 20 trials were repeated
for each connection. The peak IPSC1 amplitudes in each connection were normalized to the biggest IPSC1 amplitude in the same
connection. Black line indicates a linear regression fit to all the dots. p � 0.001, R 2 � 0.14, 581 points. F, Two approaches to
estimating the size of the readily releasable pool and initial vesicular Pr. Left, Plot cumulative-normalized IPSCs against the
stimulation number (open circles). The relative size of the pool is the y-intercept (2.86) of a linear regression line (red) back-
extrapolated from the last 5 points. Right, Plot-normalized IPSC amplitude against the cumulative-normalized IPSC amplitude. The
relative size of the pool is the x-intercept (2.89) of the linear regression line (red) extrapolated from the first 4 points. Both
approaches give similar estimates for the Pr (left, 1/2.86 � 0.349; right, 1/2.89 � 0.346). G, Single-pool depletion model (Pr �
0.35, recovery time constant: 5.5 s) cannot account for cartwheel synaptic depression. Black represents experimental data. Red
represents model predictions. The model matches the first 4 data points during depression but greatly overestimates the degree of
depression in both 10 Hz and 200 Hz evoked responses.
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during steady-state depression, and this
could be explained by recruitment of
low-Pr vesicles (Sakaba and Neher, 2001a;
Trommershäuser et al., 2003).

Two-pool vesicle depletion model
accounts for synaptic depression
If low-Pr vesicles are recruited during syn-
aptic stimulation, one would expect to see
short-term synaptic facilitation after de-
pression is complete because low-Pr vesi-
cles are often subject to facilitation
(Müller et al., 2010). Indeed, when high-
frequency stimulation was applied after
the synapse was predepressed by low-
frequency stimulation, we observed a
modest (�20% compared with the first
response to high-frequency stimulation)
synaptic facilitation in the second and
third responses (Fig. 2A,B [asterisk in B]).
Further high-frequency stimuli continued
to depress the synapse. Interestingly, the
decay rate of the responses to this high-
frequency stimulation is similar to the
slow component of the decay seen upon
high-frequency stimulation evoked from
a nondepressed state (5.87 	 0.583 stim-
uli vs 4.57 	 1.05 stimuli), and no fast
phase was present. This result suggests
that the initial 10 Hz train fully depleted a
population of high-Pr vesicles and that
sustained transmission was mediated by a
population of low-Pr vesicles, which are
subject to facilitation and followed by fur-
ther depression when the stimulation rate
is sharply increased.

To model this two-vesicle-pool hy-
pothesis, we assumed that the properties
of each pool (i.e., Pr and recovery time
constant) are independent of one other
and both pools are activated simultane-
ously upon stimulation. We set the recov-
ery time constant of one pool to 5.5 s to
accord with the measured recovery time
constant from depression (Kuo and Trus-
sell, 2011), but let all other parameters be
optimized during the fitting procedure. The model was then fit to
the averaged population data shown in Figure 2D, which contains
responses to a 10 Hz¡ 200 Hz¡ 200 Hz train stimuli, with a 15 s
gap between the first and second 200 Hz trains. Two pools of
vesicles with a 10-fold difference in release probabilities gave the
best fit (high-Pr: 0.44; low-Pr: 0.04), and accounted for initial and
steady-state depression well throughout the complex pattern of
stimulus trains. It should be noted that the two 200 Hz trains used
here are expected to probe distinct presynaptic conditions, as the
first occurs during steady-state depression and should deplete
only the low-Pr pool, whereas the second occurs at quiescent state
and should deplete two pools differentially. We found the best-fit
parameters from this sequence describes the data better (with
smaller sum of square error of the residuals) than fitting the
model to two frequencies only (i.e., a 10 Hz ¡ 200 Hz sequence
with or without 15 s gap in between), although the latter also give
similar estimates (a small high-Pr pool with Pr �0.46 and recov-

ery time constant 5.5 s, and a large low-Pr pool with Pr �0.10 and
recovery time constant around several hundred milliseconds;
data not shown). Thus, our fitting result suggests that the synapse
utilizes vesicles with two distinct release probabilities.

The two-pool model also predicts that, as the number of stim-
uli increases, vesicles from the low-Pr pool contributed more to
the total release (Fig. 2D). How do the properties of each pool
account for such a trend during repetitive stimulation? From the
best-fit parameters (Fig. 2C), the size of the low-Pr pool was twice
that of the high-Pr pool, but its Pr was only 10% of the high-Pr
pool (0.04 vs 0.44). The release at the beginning of the train was
therefore dominated by the high-Pr pool (Fig. 2D, bottom panel).
However, the high-Pr pool was depleted rapidly due to its slow
recovery time constant (5.5 s), and the ensuing release was mostly
contributed by the low-Pr pool (Fig. 2D, bottom panel). The fast
recovery rate of the low-Pr pool (recovery time constant �130 ms)
sustains the release during steady-state depression at 10 Hz and only

Figure 2. Two-pool depletion model accounts for synaptic depression at cartwheel synapses. A, Example traces showing that
short-term facilitation was revealed by high-frequency (200 Hz) stimulation after the synapse is predepressed by low-frequency
(10 Hz) stimulation. Top, Zoom-in of the traces evoked by 200 Hz stimulation shown below. Black represents average trace from 20
individual traces (gray). B, Summary of synaptic facilitation kinetics from 15 connections. Top, Zoom-in of the 200 Hz evoked
responses shown below. The decay of the 200 Hz responses can be fit by a single exponential with a decay constant of 4.57 	 1.05
stimuli, which is similar to the slow decay time constant (5.87 	 0.58 stimuli) of the 200 Hz responses evoked from a resting state.
This indicates that the depletion of a low-Pr pool can only be revealed by high-frequency stimulation. N � 15 connections.
* indicates onset of facilitation. C, Top, Diagram of a two-pool depletion model. Each pool has independent vesicular Pr (Pr) and
recovery time constant (�rec). Bottom, Parameters from the best fit. The low-Pr pool (Pool 2) has a faster recovery time constant
and a larger initial size. D, Top, Comparison between the experimental data (Exp, open circle) and predictions from single-pool
(Single-pool, red cross) versus two-pool (Two-pool, red solid circles) depletion model. Bottom, the relative releases from each pool
predicted by the two-pool depletion model during repetitive stimulation. Red represents high-Pr pool. Black represents low-Pr
pool. The high-Pr pool contributes most of the release during fast depression, and the low-Pr pool contributes most of the release
during steady state or slow depression.
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gets depleted upon stimulating at 200 Hz. Because lack of activity-
dependent increase in Pr in the parameters, this depletion model
cannot predict the small facilitation during high-frequency stimula-
tion after the synapse is depressed. However, this phase was a minor
part of the synaptic response, and the model still described well the
majority of short-term depression at the cartwheel synapse.

Ca 2�-dependent recovery does not sustain transmission
during depression
The other possible mechanism that slows pool depletion rate
during repetitive stimulation and could potentially explain our
results is activity-dependent enhancement of vesicle replenish-
ment rate (Dittman and Regehr, 1998; Wang and Kaczmarek,
1998; Weis et al., 1999). While models incorporating such
activity-dependent recovery mechanisms were also effective
(modeling not shown), we sought experimental evidence to con-
firm whether they were justified at this synapse. Accelerated ves-
icle recovery is often Ca 2�-dependent (Dittman and Regehr,
1998; Wang and Kaczmarek, 1998; Sakaba and Neher, 2001b).
Indeed, at cartwheel synapses, there is accelerated recovery from
synaptic depression after long 200 Hz trains (Fig. 3A). Such
speeding of recovery was not observed when the Ca 2� chelator
EGTA (1 mM) was included in the presynaptic recording pipette,
showing that recovery was Ca 2�-dependent (Fig. 3A,B; recovery
fraction in control: 0.36 	 0.05, n � 5; in 1 mM EGTA: 0.13 	

0.01, n � 6; p � 0.003, unpaired t test).
However, only long (20-pulse) but not
short (3-pulse) high-frequency stimula-
tion could induce such acceleration of re-
covery (Fig. 3A,B; recovery fraction after
3-pulse 200 Hz stimulation: 0.18 	 0.02,
n � 5; p � 0.01 when compared with 20-
pulse stimulation in control, paired t test).
Importantly, neither the rate nor the ex-
tent of depression changed in the presence
of 1 mM EGTA at either 10 Hz or 200 Hz
(Fig. 3C; p � 0.05, unpaired t test for every
stimulus number). Similar results were
obtained with cartwheel cells loaded with
10 mM EGTA, while 5 mM BAPTA sharply
decreased release (data not shown). We
therefore conclude that, although there is
Ca 2�-dependent acceleration of pool re-
plenishment at the cartwheel synapse, it
requires massive Ca 2� influx and may not
play a role in sustaining the release during
steady-state depression. However, it may
nevertheless be that some untested pat-
terns of activity could still reveal a contri-
bution of Ca 2�-dependent recovery in
sustaining transmission, requiring further
investigation.

Low-Pr pool dominates release during
spontaneous activity
We next tested whether the two-pool de-
pletion model would predict responses to
spontaneous spiking, which contains
much more irregular patterns of inter-
stimulus intervals. Spontaneous spiking
frequency of cartwheel cells ranges from 0
to 30 Hz in vivo (Parham and Kim, 1995;
Ma and Brenowitz, 2012). To mimic cart-

wheel cell spontaneous spiking pattern, we constructed a stimu-
lation paradigm consisting of Poisson spike train with mean
frequencies centered at 5, 10, and 20 Hz. We then applied these
spike trains to the presynaptic cell in paired cartwheel-fusiform
cell recordings. Of the 5 pairs tested, we found that the two-pool
model was able to predict synaptic responses well, with fractional
error of 6.5 	 3.7% (Fig. 4A–D). Moreover, the model showed
that there is a frequency-dependent depression of the steady-state
response during spontaneous firing, which corresponded well
with the experimental data observed in the current and a previous
study (Kuo and Trussell, 2011) (Fig. 4E).

How do the contributions of each pool vary as the sponta-
neous spike frequency changes? To explore this question, we
estimated the relative proportions of vesicles released from
high- and low-Pr pools during steady-state depression at dif-
ferent spiking frequencies. As shown in Figure 4F, when spon-
taneous spiking frequency goes above 2.5 Hz, the low-Pr pool
is expected to dominate the release compared with the high-Pr
pool. This shift is due to the slow recovery rate of the high-Pr
pool and the large size of the low-Pr pool, which can be ob-
served in the time course of change of the pool size during 20
Hz stimulation in Figure 4D. In conclusion, high-Pr and
low-Pr vesicles contribute differentially to release under low
versus high-frequency spontaneous spike conditions.

Figure 3. Ca 2�-dependent recovery does not contribute to steady-state transmission. A, Example traces illustrating Ca 2�-
dependent recovery at cartwheel synapses. Top, Train of 3 pulse stimuli at 200 Hz (black arrow) did not enhance recovery (red
arrowhead) from synaptic depression. Middle, Train of 20 pulse stimuli at 200 Hz (black arrow) did enhance recovery (red arrow-
head) from synaptic depression. Bottom, When 1 mM EGTA was included in the presynaptic recording pipette, the 20 pulse stimuli
at 200 Hz (black arrow) could no longer enhance the recovery (red arrowhead) from depression. Traces are averaged from at least
15 trials. Top, Middle, From the same cell. Recovery was tested 100 ms after the end of train stimulation. B, Summary of the
recovery from depression under the three conditions shown in A. Recovery was measured as the fraction of the peak amplitude of
the IPSC1. Recovery from 200 Hz�3 stimuli: 0.18	0.02, n�5; recovery from 200 Hz�20 stimuli: 0.36	0.05, n�5; recovery
from 200 Hz � 20 stimuli in 1 mM EGTA: 0.13 	 0.01, n � 6. Recovery from 200 Hz � 20 is significantly larger than that from 200
Hz � 3 (*p � 0.01, paired t test) or that in 1 mM EGTA (*p � 0.003, unpaired t test). C, Kinetics of synaptic depression in response
to a 10 Hz¡ 200 Hz stimulation when 1 mM EGTA was included in the presynaptic pipette (red, n � 5) is not significantly different
from control (black, n � 15). p � 0.05 (for every stimulus number, unpaired t test).
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Small convergence ratio in the
cartwheel-fusiform circuit
Our results suggest that inhibition from
single cartwheel cells is reduced to �20%
of its original strength once the cells’ aver-
age spontaneous firing rate increases from
0 to �5 Hz. Therefore, as the spontaneous
firing rate of cartwheel cells increases, the
size of the cartwheel cell population
needed to provide effective inhibition
onto a fusiform cell must increase. Con-
nected cartwheel-fusiform cell pairs share
common spontaneous IPSCs, indicating
that there are at least two cartwheel cells
converging onto the same fusiform cell
(Roberts and Trussell, 2010). Is the size of
convergent circuit large enough to pro-
vide effective inhibition during high-
frequency spontaneous firing, despite
synaptic depression? We explored this
possibility by using optogenetics to selec-
tively activate cartwheel cells. Cartwheel
cells express glycine transporter 2 (GlyT2)
(Apostolides and Trussell, 2013), allowing
us to use a GlyT2-Cre;Ai32 mouse line to
drive channelrhodopsin expression in
cartwheel cells (see Materials and
Methods).

We first tested whether the expression
of ChR2(H134R)-EYFP driven by GlyT2-
Cre is sufficient to activate cartwheel cells.
Immunostaining for EYFP showed that
ChR2 was most densely expressed on
DCN molecular layer spiny neurons,
which exhibit the morphological charac-
teristics of cartwheel cells (Wouterlood
and Mugnaini, 1984) (Fig. 5A). In agree-
ment with this observation, cell-attached
recordings of cartwheel cells showed that
brief pulses of blue light (0.5 ms duration)
could evoke spiking (Fig. 5B). On some
occasions, they would fire more than
one spike, consistent with their ten-
dency to generate spike bursts (Bender
et al., 2012) (Fig. 5B). Moreover, firing
probability increased with light inten-
sity, indicating that more cartwheel cells could be recruited
with stronger light pulses (Fig. 5C).

We next examined the specificity of ChR2(H134R)-EYFP ex-
pression in the DCN because two other types of fusiform-cell-
targeting interneurons, vertical cells and stellate cells, may also
express ChR2 driven by GlyT2-Cre. Because stellate cell synapses
are predominantly GABAergic (Apostolides and Trussell, 2014)
while cartwheel synapses are mainly glycinergic, for ChR2 exper-
iments we included GABAA receptor blocker SR-95531 (5 �M) in
the bath to prevent contributions from stellate cells. There was
dim fluorescence in the DCN deep layer, suggestive of ChR2
expression in glycinergic vertical cells (Fig. 4A). Indeed, cell-
attached recordings revealed that vertical cells could be activated
by sustained blue light stimulation (duration: 100 ms, intensity:
�1 mW; data not shown). However, only 3 of 13 vertical cells
tested fired spikes in response to brief (0.5 ms) light pulse stim-
ulation, and they required higher light intensity compared with

cartwheel cells (Fig. 5B,C; vertical cells: �1.4 mW). Because the
unitary conductance of a vertical-fusiform synapse is 10% that of
a cartwheel-fusiform synapse (Kuo et al., 2012), we reasoned that
optically evoked IPSCs (oIPSCs) in fusiform cells are mostly from
cartwheel cells.

We used two approaches to estimate the convergence ratio
(i.e., the number of cartwheel cells contacting a fusiform cell).
The first was to divide the maximum light-evoked conductance
over average unitary conductance of the cartwheel synapse mea-
sured with paired recordings (Person and Raman, 2012b). Be-
cause of light scattering, cells in the deeper layers of the slice are
presumably exposed to weaker light stimulation compared with
cells on the surface. We thus decided to use strong light stimula-
tion (3.5 mW) to recruit potentially all cartwheel cell inputs to the
recorded fusiform cells despite the risk that it might activate some
vertical cell inputs. We noticed that the responses in fusiform
cells to 10 Hz light pulse stimulation only exhibited moderate

Figure 4. Two-pool depletion model predicts frequency-dependent synaptic depression at cartwheel cell synapse. A–C, Ran-
dom (Poisson) evoked responses (red) centered at 5, 10, and 20 Hz are predicted by the two-pool depletion model (open circles).
Each trace is from a different connection. C, Middle, Time course of the change in pool size during Poisson stimulation at 20 Hz. The
low-Pr pool (black) has a faster recovery rate compared with the high-Pr pool (red); therefore, the depression is caused by the
depletion of the high-Pr pool. D, Relative number of vesicles released from each pool during each stimuli. Low-Pr pool sustains the
release after the synapse is depressed. E, Two-pool depletion model predicts the frequency-dependent depression evoked by
spontaneous spiking. Solid circles represent data from Kuo and Trussell (2011). Gray dots represent predictions of the steady-state
response of Poisson stimulation-evoked responses at various frequencies by the two-pool model. F, Two-pool depletion model
shows that the low-Pr pool contributes most of the release during steady-state depression when the average firing frequency is
�3 Hz.
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synaptic depression (10th IPSC/ first IPSC � 0.5 	 0.1, Fig. 5A;
compared with 0.2 in paired recordings, Fig. 1D), so it is likely
that some cartwheel synapses were already depressed by sponta-
neous spiking. The maximal evoked synaptic conductance mea-
sured under this condition would therefore be underestimated.
To silence the spontaneous activity and relieve synaptic depres-
sion, we applied 10 �M noradrenaline to the bath (Kuo and Trus-
sell, 2011). Consistent with previous findings, the peak of the first
oIPSC increased to �2.5 times of its initial size and the train
stimulation evoked more robust synaptic depression after nor-
adrenaline application (Fig. 6A–C). Indeed, the depression trig-
gered by light pulses in noradrenaline was similar in magnitude
to that seen with paired recordings (Fig. 6B), indicating that ex-
ocytosis triggered by channelrhodopsin and electrical stimula-
tion are similar. Moreover, IPSCs triggered by channelrhodopsin
were completely blocked by TTX (0.5 �M, data not shown). Such
similarity in depression kinetics also suggests that the contribu-
tions from other GlyT2-expressing neurons to oIPSCs (e.g., ver-
tical cells) are minor. The maximum evoked conductance
measured in the presence of noradrenaline ranged from 57.4 to
327.1 nS in the 11 fusiform cells tested (average: 138.5 	 28.3 nS;
Fig. 6D). Dividing those over the population average of the uni-
tary conductance from connected cartwheel-fusiform pairs
(40.0 	 17.3 nS, n � 6), we obtained a ratio from 1.4 to 8.2, giving
an average of 3.5 	 0.7 cartwheel cells converging onto a fusiform
cell (Fig. 6G). To address the concern that the neurons’ projec-
tions are cut during brain slicing, we performed these measure-
ments in slices of two different thicknesses (260 �m vs 360 �m)
and did not see a significant difference (260 �m: 2.9 	 0.3, n � 5;
360 �m: 3.9 	 1.3, n � 6; p � 0.66, Mann–Whitney test). There-
fore, the data were pooled together (Fig. 6G).

Given the wide range of unitary conductance of cartwheel-
fusiform cell connections, the number of inputs estimated above

might be biased because this approach as-
sumes that each individual unitary con-
ductance should be close to the
population average. We therefore took
another approach by examining how
many increments are revealed in the peak
optically evoked IPSC amplitudes as we
gradually increased the light stimulation
intensity, which presumably would re-
cruit increasing numbers of cartwheel
cells (Fig. 6E,F). Each step resolved by
this method should represent one cart-
wheel cell’s input. To reduce quantal fluc-
tuation upon repeated trials, 4 mM Ca 2�

was included in the bath. During the
course of recording, it is possible that cart-
wheel synapses were depressed during
some but not all trials due to the irregular
pattern of spontaneous firing. This would
complicate the interpretation of each
“step” as individual cartwheel inputs. We
therefore applied a train of 10 light stimuli
before each test light pulse to predepress
inputs. The number of increments of
evoked currents were then determined by
K-means cluster analysis (see Materials
and Methods; Fig. 6E,F) (Ferragamo et
al., 1998; Cao and Oertel, 2010). The
number obtained by this method is con-
sistent with that obtained from the maxi-

mum conductance over unitary conductance described above:
there were on average 3.3 	 0.2 inputs to the 12 fusiform cells
recorded (Fig. 6G; p � 0.60, compared with maximum-over-
unitary conductance method, t test; p � 0.34, Mann–Whitney
test). Together, our results indicate that the convergence ratio of
cartwheel cells is small, consisting of �3– 4 cartwheel cells target-
ing a single fusiform cell.

Size of effective convergence increases with spontaneous
spiking rate
The rather small size of the convergent circuit formed by cart-
wheel cells raises the question of whether a given cartwheel cell
can provide effective inhibition during high spontaneous spiking
rate (i.e., when the synapses are depressed). To answer this, we
induced wide-field ChR2 stimulation to elevate firing frequency
of the entire cartwheel cell population.

We first tested whether the number of cartwheel cells required
to inhibit a postsynaptic fusiform cell (i.e., the effective conver-
gence ratio) increases with spontaneous firing frequency. Action
potentials were evoked in a fusiform cell by injecting an EPSC-
like waveform while simultaneously varying blue light pulse in-
tensity to recruit inhibition from different numbers of cartwheel
cells. The amplitude of the EPSC-like current (400 –500 pA) was
sufficient to trigger spikes in all trials and was consistent with
previous estimates for securely suprathreshold parallel-fiber-
evoked EPSCs (Roberts and Trussell, 2010). The inhibition in-
duced in this way would increase with light intensity as cartwheel
cells are recruited and fully prevent fusiform cell from firing
when the light reaches a critical level (Fig. 7A). After repeating
this protocol for 10 –15 trials, a “light-inhibition” curve for the
fusiform spike probability against different light intensities was
constructed, and an “IC50” value for the amount of light that
inhibits 50% of the spike generation was obtained from a sigmoi-

Figure 5. Optogenetic activation of cartwheel cells. A, Immunolabeling of ChR2-EYFP in a coronal section of DCN from a
GlyT2-Cre;Ai32 animal. Strong expression of ChR2-EYFP is seen in the DCN molecular layer (ML), where cartwheel cells are located.
The deep layer (DL) shows less dense expression of ChR2-EYFP. Scale bar, 100 �m. Inset, Single focal plane image of the white
selection. There is strong labeling of ChR2-EYFP in spiny dendrites characteristic of cartwheel cells. *Possible cartwheel cell soma.
Scale bar, 10 �m. B, Cartwheel cell spikes with blue light flash. Example traces of a cell-attached recording from a cartwheel cell in
response to blue light of different intensities. Blue bar represents the onset of the light stimulation (duration: 0.5 ms). Each red
vertical stroke represents an action potential. The spike probability and response latency decrease with increasing light intensity.
C, Population averages of spike probability (the chance of generating a spike within 10 ms after the light stimulation) from
cartwheel cells (CC, black, n � 9) and vertical cells (VC, red, n � 13). Only 3 of 13 vertical cells respond to light stimulation stronger
than 1.5 mW; and even with 2.5 mW blue light stimulation, the spike probability is low (0.15 	 0.07).
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dal fit to the data (Fig. 7B). The same pro-
tocol was then applied to the cell again,
except this time a train of 5 light pulses
was delivered 250 ms before current injec-
tion to increase cartwheel cell population
spiking rate and cause depression. The
amount of light just sufficient to inhibit
fusiform cell spiking under control condi-
tion no longer inhibited spiking, indicat-
ing that the light train depressed cartwheel
synapses. However, with stronger light in-
tensity, the recruited inhibition could
once again effectively prevent spiking in
the fusiform cell (Fig. 7A). This was re-
flected in a rightward shift in the curve
and an increase in IC50 in the spike
probability-light intensity plot (Fig. 7B).
This rightward shift was observed in all 7
fusiform cells tested (Fig. 7C) (control
IC50: 0.55 	 0.05 mW vs depression IC50:
1.15 	 0.11 mW; p � 0.001, paired t test).
Therefore, despite the powerful synaptic
depression induced by spontaneous spik-
ing, recruitment of multiple inputs en-
abled effective inhibition to the
postsynaptic principal cell.

Low-Pr pool is critical for effective
inhibition in a small convergent circuit
The fact that such a small convergent cir-
cuit can provide effective inhibition de-
spite strong synaptic depression was
rather surprising. Because our synaptic
depression model suggests that low-Pr
vesicles dominate the release during high-
frequency spontaneous spiking (Fig. 4), it
seems that they are critical to setting the
limiting number of cartwheel cells re-
quired for inhibition. We therefore used
the model to quantify the effect of differ-
ent pools of vesicles on functional conver-
gence during various spontaneous spiking
frequencies (Fig. 8A,B). We assume an
“inhibition threshold” such that any IPSC
larger than the threshold would inhibit
fusiform cell spiking. We posited 50% de-
pression as the maximum depression tol-
erable for effective inhibition by a single cartwheel cell, given that
a single undepressed cartwheel cell is capable of inhibiting fusi-
form cell firing (Roberts and Trussell, 2010). The number of
effective inputs can thus be estimated by dividing the threshold
over the inhibition strength at different depression levels (Fig.
8A,B). The effective number of cartwheel inputs estimated using
this method approximately matched the experimentally esti-
mated convergence (�3 cartwheel cells), supporting the idea that
cartwheel-fusiform circuit can provide effective inhibition in a
small convergent diagram. In addition, the number of effective
inputs was much larger if the synapse only used the high-Pr pool
(30 cells vs 3 cells) (Fig. 8B). This was due to a much more pro-
found frequency-dependent depression when the synapses
lacked low-Pr vesicles (Fig. 8A). Hence, the functional size of a
convergent neural circuit is defined by the properties of its syn-
aptic vesicles.

Discussion
Although short-term synaptic depression and modulation of
neuronal spontaneous firing have been described in numerous
brain regions, it remains unclear how their interaction impacts
functional neural circuit connectivity. We characterized a dy-
namic relationship between spontaneous firing rate, synaptic de-
pression, and the effective convergence of an interneuron circuit.
Because of activity-dependent synaptic depression, synaptic
strength from cartwheel interneurons is weakened by increased
spontaneous firing. Thus, the number of cartwheel cells needed
to effectively inhibit fusiform cells increases with its spontaneous
firing rate. Interestingly, analysis of the synaptic depression ki-
netics suggests that the type of vesicles used by the synapse is
critical for the effective size of the circuit. Because low-Pr vesicles
with fast recovery rate prevent cartwheel synapse from complete
depression at high spontaneous firing rate, effective inhibition

Figure 6. Low convergence ratio in the cartwheel-fusiform circuit. A, Optically evoked IPSCs (oIPSC) in fusiform cells during 3.5
mW blue light stimulation (blue vertical bars). The amplitude of oIPSC and its degree of depression is enhanced by 10 �M

noradrenaline (NA) (Kuo and Trussell, 2011), as NA relieves sustained cartwheel cell synaptic depression by blocking spontaneous
spiking. Black represents average traces from 10 individual traces (gray). B, Summary of peak oIPSC during repetitive light
stimulation. Peaks are normalized to the first oIPSC in control. NA not only increased peak oIPSC amplitudes but also revealed a
stronger degree of synaptic depression. Also shown is data from paired recordings in Figure 1B (red, scaled to the first response in
NA), showing that depression of oIPSC or electrically evoked IPSCs is similar. C, Time course of change in peak amplitude change in
the first oIPSC of a train during application of NA. D, Comparison between the unitary conductance of cartwheel-fusiform synapse
from paired recordings (uIPSG, 40.0 	 17.3 nS, n � 6) and the maximum optically evoked synaptic conductance in the presence
of NA (max oIPSG, 138.5 	 23.3 nS, n � 11). E, Example traces of oIPSC in a fusiform cell evoked by increasing light intensities.
Triangle represents start time of flash. F, Plot of the peak oIPSC amplitudes of the traces shown in E against LED stimulation
intensity (gray circles). Black bars represent the steps resolved by K-means cluster analysis. Three jumps are evident, indicating that
3 cartwheel cells converged onto this fusiform cell. G, Summary of the number of cartwheel cell inputs converging onto a fusiform
cell estimated by the two methods (A–D vs E, F ). Number estimated by the maximum conductance method (NA) is 3.7 	 0.9 (n �
11), and the number estimated by the steps method (step) is 3.3 	 0.2 (n � 12). No significant difference is observed between the
two methods ( p � 0.34, Mann–Whitney test).
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can be performed in a relatively small circuit. Only three to four
cartwheel cells are estimated to converge onto a single fusiform
cell, and these are sufficient to provide effective inhibition when
synapses are depressed by spontaneous firing. The interplay be-
tween spontaneous firing rate, synaptic depression, and vesicle
recruitment therefore determines the size of the convergent cir-
cuit that can effectively influence postsynaptic spiking.

Vesicle pool dynamics and synaptic depression
In this study, we suggest that vesicle depletion mediates synaptic
depression at the cartwheel cell synapse. In addition to vesicle
depletion, several other mechanisms have been proposed to con-
tribute to short-term synaptic depression, including reduced
Ca 2� influx at the presynaptic nerve terminal (Xu and Wu, 2005;
Catterall and Few, 2008), postsynaptic receptor desensitization
(Trussell et al., 1993; Brenowitz and Trussell, 2001), or satura-
tion. The former seems unlikely because peak amplitudes of
action-potential-induced Ca 2� transients at cartwheel cell bou-
tons summate linearly in response to a train of high-frequency
action potentials (Roberts et al., 2008; Bender and Trussell,
2009). Regarding receptor desensitization, because synaptic re-
sponses evoked by cartwheel cells are mainly glycinergic (Golding
and Oertel, 1997; Roberts et al., 2008; Apostolides and Trussell,
2013) and glycine receptors show slow desensitization kinetics
(�30% decline in response to 1 s, 1 mM glycine application)
(Harty and Manis, 1998), receptor desensitization should con-
tribute little to such fast synaptic depression. Furthermore, we

found a negative correlation between
paired-pulse ratio and the peak amplitude
of the first IPSC, indicating a presynaptic
mechanism that mediates short-term
plasticity (Debanne et al., 1996; Regehr,
2012) (Fig. 1E). Thus, we conclude that
vesicle depletion is likely to be the major
mechanism contributing to the
depression.

We propose that the synaptic depres-
sion at cartwheel synapse arises by deple-
tion of two pools of vesicles: a high-Pr,
slow recovery pool that contributes
mainly to the IPSCs in the initial phase of
the depression; and a low-Pr, fast recovery
pool that sustains release during steady-
state activity. Here, our definition of
“pool” refers to the “readily releasable
pool,” vesicles immediately available
upon neural stimulation (Rizzoli and
Betz, 2005). Although we were not able to
directly clamp or measure capacitance
from inhibitory boutons, and thus di-
rectly measure vesicle pool dynamics,
such measurements have been made at
large nerve terminals, particularly the ca-
lyx of Held. Interestingly, although the ca-
lyx and the cartwheel bouton differ greatly
in size and transmitter content, our two-
pool depletion model for cartwheel syn-
apse shares many similarities with that
proposed for the calyx of Held. First, ves-
icle depletion also leads to synaptic de-
pression at the calyx of Held, and
deconvolution analysis of vesicle deple-
tion kinetics in response to prolonged

voltage steps in the calyx revealed that the readily releasable pool
consists of a fast- and slow-releasing component, which corre-
sponds to a high-Pr and low-Pr pool in response to short-pulse
stimulation (Sakaba and Neher, 2001a). Second, the recovery rate
of the fast-releasing pool at the calyx of Held synapse is much
slower than that of the slow-releasing pool (Sakaba and Neher,
2001b). Third, although the calyx exhibits Ca 2�-dependent ac-
celeration of recovery (Wang and Kaczmarek, 1998), introducing
Ca 2�-chelator did not change the steady-state level of depression
(Weis et al., 1999) and a two-pool vesicle model with distinct
release probabilities predicts frequency-dependent depression
better than a single-pool model with Ca 2�-dependent recovery
(Trommershäuser et al., 2003). Finally, synaptic facilitation at the
calyx can be revealed by high-frequency stimulation after the
synapse is predepressed, suggesting low-Pr vesicles mediating the
release at depressed state (Müller et al., 2010). In addition to the
calyx, studies at other synapses also propose that the vesicular Pr
decreases as the number of stimuli increases, thereby sustaining
the release during steady-state depression (Betz, 1970; Saviane
and Silver, 2006; McElvain et al., 2015). Thus, our two-pool de-
pletion model for transmission at the cartwheel cell glycinergic
synapse may be generalizable to other synapses. A recent study
proposes that depression and steady-state release involve distinct
release sites for the two phases of the response, based on statistical
arguments (Wen et al., 2016). We cannot, however, distinguish
between models in which the two pools represent distinct popu-

Figure 7. Effective size of cartwheel-fusiform circuit increases with spontaneous spiking in cartwheel cells. A, Example
traces of action potentials in a fusiform cell evoked by current injection of an EPSC waveform plus optically evoked IPSPs
(oIPSP) by different intensities of blue light under control (left) and enhanced-synaptic depression (right) conditions. Top,
Under enhanced-depression conditions, four repetitive light-stimulation pulses (blue vertical bars) were applied before
action potential generation to increase spiking and synaptic depression in the entire cartwheel cell population. * Minimal
light intensity to inhibit spike. B, Plot of fusiform cell spike probability against the light intensities that evoke oIPSP after
repeating the protocol in A 10 –20 times. A sigmoidal fit to the points yields a light-inhibition curve and an IC50 of the light
intensity that inhibits 50% of spike generation for each condition. C, Summary of IC50 changes in 7 fusiform cells recorded.
In every cell, the IC50 shifts toward more positive under the enhance depression state, indicating the number of cartwheel
cells required to effectively inhibit fusiform cell firing increases as their spontaneous spiking rate increases. IC50 for control:
0.55 	 0.05 mW; depression: 1.15 	 0.11 mW. p � 0.001 (paired t test).
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lations acting in parallel or a single population in different states
of priming (Neher, 2015).

Small effective size of a convergent circuit
In this study, we estimated that 3– 4 cartwheel cells converge onto
a single fusiform cell, using two different physiological ap-
proaches. This value should in principle be an underestimate
because some inputs might be lost during our slicing procedure.
However, our results corroborate a recent anatomical study using
serial EM reconstruction in hamster DCN, which suggested a low

convergence ratio (3– 4) based on numbers of somatic boutons
on fusiform cells joined by a common axon (Salloum et al., 2014).
Moreover, our estimate is similar to an anatomically determined
convergence ratio (4.07) in rat DCN based on cell counts in EM
(Wouterlood and Mugnaini, 1984). Despite such a small degree
of convergence, synchronous activation of these inputs was suf-
ficient to inhibit fusiform cell spiking even when synapses were
maximally depressed by high frequency of spontaneous firing.
Combined with the previous finding that a single cartwheel cell at
rest (i.e., without spontaneous spiking) can effectively inhibit
fusiform cell spiking (Roberts and Trussell, 2010), inhibition of
fusiform cells is maintained across the full range of spontaneous
spike rates using 1– 4 inhibitory cells. Such small effective size of
convergent circuits has been observed in other brain regions.
Cerebellar Purkinje cells, which share genetic, morphological,
biochemical, and biophysical similarities with cartwheel cells
(Berrebi and Mugnaini, 1991; Oertel and Young, 2004), also
converge onto target cerebellar nuclear cells (Person and Raman,
2012a). Interestingly, although the estimated Purkinje-to-
nuclear convergence ratio is an order of magnitude larger than
that of the cartwheel-fusiform cell circuit (�30 – 40 vs 3– 4), syn-
chronous activation of only two Purkinje cells is able to entrain
spike timing in the target nuclear cell (Person and Raman,
2012b). In the ventral cochlear nucleus, as few as 2 suprathresh-
old auditory nerve fibers can reduce spike jitter by 40% in the
target bushy cells (Xu-Friedman and Regehr, 2005). Similar to
cartwheel cell synapses, the examples mentioned above also dis-
play spontaneous activity- and frequency-dependent synaptic
depression (Telgkamp and Raman, 2002; Xu-Friedman and Re-
gehr, 2005), and so the effective convergence in those circuits
might also vary with their background spontaneous firing rates.
Nevertheless, these findings suggest that a small effective size of
convergent circuits is probably common in the brain.

Implications for sensory processing in DCN
This study provides a possible mechanism for cartwheel in-
terneurons to regulate multisensory integration in DCN via func-
tional connectivity reconfiguration. When the spontaneous
firing rate in cartwheel cells is slow, activation of single cartwheel
cells is sufficient to inhibit fusiform cell spiking. Conversely,
when cartwheel cell spontaneous firing rate is high, only synchro-
nous activation of multiple cartwheel cells will effectively inhibit
a fusiform cell. Because cartwheel cells converging onto the same
fusiform cell likely do not share the same sets of parallel fiber
inputs (Roberts and Trussell, 2010), recruitment of different
numbers of cartwheel cells may require activation of distinct sets
of parallel fibers and potentially distinct sets of sensory signals.
Spontaneous spiking in cartwheel cells can be regulated by a va-
riety of neuromodulators (Bender et al., 2010; Kuo and Trussell,
2011), presumably released during different behavioral states of
the animal (Lee and Dan, 2012). One scenario is that specific sets
of parallel fibers can effectively inhibit fusiform cell spiking only
under certain behavioral states; in this way, the neuromodulators
can enhance the salience of a specific sensory signal carried by
parallel fibers. For example, sparse parallel fiber activation might
effectively inhibit fusiform cells only when noradrenaline is re-
leased in vigilant states, during which cartwheel cells are relieved
from depression (Berridge and Waterhouse, 2003; Kuo and Trus-
sell, 2011). An alternative view is that the shift of inhibition from
multiple to single convergent cartwheel cells through neuro-
modulation increases the impact of the multisensory pathway
versus the auditory (cartwheel cell independent) pathway in
shaping fusiform cell firing. In either scenario, neuromodulator-

Figure 8. Vesicular release probabilities define effective convergence. A, Normalized peak
IPSC amplitude decreases as the spontaneous spiking frequency increases in single cartwheel
cells. Red dots are generated by the two-pool depletion model. Black dots are generated by the
same model but lacking the low-Pr pool. Gray dotted line indicates the assumed effective
inhibition strength needed to inhibit a fusiform cell from spiking (50% of maximum IPSC). B,
Number of effective inputs predicted by the model when two pools are used (red dots) or only
when the model lacks the low-Pr pool (black dots). The effective number is derived by dividing
the effective inhibition strength (0.5) by each dot in A. When the synapse lacks the low-Pr pool,
it requires a much larger number of inputs to effectively inhibit fusiform cell spiking compared
with when both pools are present. For example, when cartwheel cells spontaneously fire at 10
Hz, it only requires 2–3 cells to provide effective inhibition when the two pools are present at
the synapse. The effective convergence ratio increases to �30 cartwheel cells when the syn-
apse lacks the low-Pr pool.
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dependent shifts in the significance of a given interneuron’s ac-
tivity show that the convergence ratio in neural circuits can, from
a functional standpoint, be a “tunable” parameter, and that the
balance of different vesicle pools at individual nerve terminals
provides the link between patterns of spikes activity and the ef-
fective level of synaptic convergence.
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