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esensitization of AMPA receptors (AMPARs) can significantly influence synaptic transmission at glutamatergic synapses (1). AMPARs have an affinity to desensitize to concentrations
of glutamate in the micromolar range, and desensitization can become nearly complete at saturating concentrations (2, 3). In particular, at calyceal or glomerular synapses, spillover-induced
desensitization contributes to short-term depression of AMPARmediated transmission (4, 5). An extreme case of spillover-induced
desensitization is believed to mediate synaptic transmission in
unipolar brush cells (UBCs) of the cerebellum. UBCs are small
glutamatergic granular layer interneurons (typical soma diameter ∼ 10 μm), which in rodents are most abundant in the
vestibulo-cerebellum (6). They have a single, bushy dendrite
that connects with a mossy fiber terminal in a one-to-one
fashion, forming a giant glutamatergic synapse with large area
of apposition and many release sites. At most central synapses,
the lifetime of neurotransmitter in the cleft is short, limited by
rapid diffusional escape to the surrounding medium (7). However, the glomerular structure and extensive synaptic apposition
of UBC synapses have been hypothesized to promote prolonged
entrapment of glutamate in the synaptic cleft (8, 9).
Excitatory postsynaptic currents (EPSCs) recorded from rat
UBCs have a classical fast component, mediated by AMPARs,
followed by a protracted tail of persistent inward current that can
last up to seconds. The slow tail is believed to be due to the
prolonged presence of glutamate in the cleft and is mediated by
NMDA receptors (NMDARs) or AMPARs, or a combination of
both (8). In most UBCs, the biphasic appearance of EPSCs is
particularly striking as the slow current first rises to peak in
several hundreds of milliseconds, before decaying to baseline in
seconds. Such slow resurgent EPSCs are mediated by AMPARs
and are believed to arise from interplay between receptor desensitization and dose–response properties, due to long-lasting
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exposure to ambient glutamate (9). Earlier studies have generally considered the UBC EPSC as a stereotyped waveform
(8–11). It is the purpose of the current work to reexamine this
assertion and characterize the temporal characteristics of slow
UBC EPSCs. To this end we investigated temporal integration of
AMPAR-mediated EPSCs and developed a mechanistic description of EPSC generation on the basis of a kinetic AMPAR
model. A direct result of the integrative properties of the synapse
was the ability for individual UBCs to controllably extend slow
synaptic transmission delays. Such functionality is of particular
relevance in the context of cerebellar timing and adaptation.
The potential impact of delayed UBC activation on cortical
neural activity can be especially appreciated from its anatomical
projections. Axons from UBCs project within the granular layer,
where they branch extensively and form terminals that resemble
external mossy fiber terminals. As for external mossy fibers, the
terminals on UBC axons form the cores of glomeruli where they
contact tens of granule cells and, in some cases, other UBCs.
UBCs thus form an intricate network of excitatory feedforward
projections within the granular layer, and it has been estimated
that in the nodulus at least 50% of mossy fiber terminals arise
from UBCs (12). The peculiar specialization of the synapse, in
combination with the strategic position in the granular layer
network, is likely to allow UBCs to importantly influence cortical
information processing (13, 14).
Results
EPSC Characteristics. Whole-cell patch-clamp recordings were
obtained from UBCs in lobule X and the ventral part of lobule
IX in cerebellar slices of 5- to 7-wk-old mice. UBCs were
identified visually by the size of the soma, and in several cases,
a fluorescent dye was added to the pipette medium, unveiling
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The cerebellum ensures the smooth execution of movements, a task
that requires accurate neural signaling on multiple time scales.
Computational models of cerebellar timing mechanisms have suggested that temporal information in cerebellum-dependent behavioral tasks is in part computed locally in the cerebellar cortex. These
models rely on the local generation of delayed signals spanning
hundreds of milliseconds, yet the underlying neural mechanism
remains elusive. Here we show that a granular layer interneuron,
called the unipolar brush cell, is well suited to represent time
intervals in a robust way in the cerebellar cortex. Unipolar brush
cells exhibited delayed increases in excitatory synaptic input in
response to presynaptic stimulation in mouse cerebellar slices.
Depending on the frequency of stimulation, delays extended from
zero up to hundreds of milliseconds. Such controllable protraction of
delayed currents was the result of an unusual mode of synaptic
integration, which was well described by a model of steady-state
AMPA receptor activation. This functionality extends the capabilities
of the cerebellum for adaptive control of behavior by facilitating
appropriate output in a broad temporal window.
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CNQX abolished the fast response and the subsequent slow wave,
confirming their synaptic nature (gray traces). As exemplified by
these recordings, the amplitude of the fast EPSC was generally
unrelated to the amplitude of the slow EPSC. Fig. 1E plots the
amplitude (base amp.) vs. the delay of the slow current maximum
for 15 UBCs. The plotted values represent the maximal delays
we were able to evoke for a given cell.
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Fig. 1. Properties of the EPSC. (A) Epifluorescence image of a UBC filled
through the patch pipette with a fluorescent dye. (B) Example recordings of
responses to a single presynaptic stimulus from two different UBCs. (Insets)
enlargement of the fast EPSC. (Vertical scale bars, 50 pA.) Red markers indicate the time of stimulation; artifacts were removed for clarity. Traces are
averages of 10 sweeps. (C) Summary of EPSC properties from 22 UBCs, Left
to Right: peak amplitude, 20 − 80% rise time ðtrise Þ, decay time constant of the
fast EPSC ðτfast Þ, decay time constant of the slow tail ðτslow Þ, and total charge
transferred ðQtrans Þ. Filled dots, K+-based internal. Open dots, Cs+-based internal. All data were taken at Vhold = −80 mV, except for the filled gray dots,
which were taken at Vhold = −90 mV (n = 2) or Vhold = −100 mV (n = 3). Average and SEM are shown in red. (D) Response to burst stimulation
ð5 x @200 HzÞ of the same cells as in A, averages of five sweeps. (E) Amplitude vs. delay of the maximal slow EPSC from 15 UBCs.

the characteristic UBC morphology (Fig. 1A). To evoke EPSCs,
a glass stimulation pipette was placed in the white matter or
granular layer. For this study, only short-latency (1–2 ms), biphasic EPSCs were selected ðn = 22Þ. Fig. 1B shows examples of
responses from two UBCs. The initial fast EPSC peak typically
rose to peak within ∼ 0:5 ms and decayed with a time constant
of ∼ 2 ms. The fast EPSC peak was followed by a slow current
tail that decayed back to baseline with a time constant of
hundreds of milliseconds. Throughout this work, we refer to the
current level just before stimulation as the baseline or base
amplitude and to its slope as the baseline slope. The term peak
amplitude is used to refer to the maximal fast EPSC, relative
to the baseline amplitude. Parameters of evoked EPSCs are
summarized in Fig. 1C. We used either a potassium-based
ðn = 15Þ or a cesium-based ðn = 7Þ intracellular medium and
found no significant difference between the two conditions for
any of the EPSC parameters (P > 0.3 for all parameters, Mann–
Whitney U test).
In rat UBCs, the initial fast EPSC is often followed by a
transient increase of inward current, which rises to peak in
hundreds of milliseconds (8–10). We reproduced this finding in
mouse UBCs by applying a burst stimulation protocol, as shown
in Fig. 1D for the same cells as in Fig. 1B. In response to five
pulses at 200 Hz, a slow EPSC was observed that rose to a maximal
amplitude of ∼20 pA in ∼200 ms in these two cells. Bath coapplication of NMDAR antagonist D-APV and AMPAR antagonist
5404 | www.pnas.org/cgi/doi/10.1073/pnas.1314219111

EPSCs Are Generated from a Steady State. According to the glutamate-entrapment hypothesis, the origin of the slow EPSC tail
current lies in the (quasi) steady-state activation of postsynaptic
receptors, due to prolonged presence of glutamate in the synaptic cleft. To test this hypothesis, we designed a stimulation
protocol to expose the UBC synapse to stepwise increasing
glutamate concentrations in a reproducible way. We applied
regular stimulus trains at stepwise increasing stimulation frequencies in the range of 0–20 Hz. Each stimulation frequency
was maintained for at least 5 s, ensuring that peak and baseline
amplitudes settled to their final stationary values. EPSCs during
the last 4 s of a train were averaged, and corresponding values
of EPSC peak amplitude, baseline amplitude, and baseline slope
were determined. We refer to these values as steady-state values
from here on.
Examples of steady-state EPSCs are displayed in Fig. 2A for
five frequencies. Steady-state EPSC peaks declined monotonically
with stimulation frequency. However, it is apparent from these
examples that the baseline amplitude and slope of the steady-state
EPSC depended in a nonintuitive way on the stimulation frequency. The steady-state baseline amplitude first increased with
increasing stimulation frequency until a maximum was reached at
10 Hz. The baseline amplitude then decreased for higher frequencies, and the baseline slope correspondingly reversed sign.
The three parameters (peak, base and slope) are plotted as
a function of stimulation frequency in Fig. 2 B–D for eight UBCs,
recapitulating the described steady-state behavior. By stepping the
stimulation frequency in this way, we could effectively sample the
biphasic EPSC waveform, progressively stepping the baseline
current through different phases of the slow tail. This behavior is
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Fig. 2. Steady-state EPSCs. (A) Examples of steady-state EPSCs, derived from
regular stimulation protocols at increasing frequencies. The transparent red
lines indicate the baseline slope, which is the slope of the EPSC just before
stimulation. (B–D) Summary of steady-state EPSC peaks, baseline amplitudes,
and baseline slopes, respectively, as a function of stimulation frequency for
eight UBCs. As sample frequencies varied between cells, averages and SEM
(red) were obtained by interpolation.
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Graded Delays of Slow EPSCs. Vestibular mossy fibers in vivo typically display background discharge rates of 5–10 Hz in anesthetized mice in the flocculus (15) or as averaged during a vestibular
tilt stimulus in the uvula-nodulus (16). We therefore investigated
the development of EPSC amplitudes during trains of presynaptic
stimulation. Fig. 3A shows an example recording of the response to
a regular train of 15 stimuli at 20 Hz. Three things are immediately
apparent from the trace. First, the EPSC peaks displayed strong
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Fig. 3. Delayed EPSC generation. (A) UBC response to a regular 20-Hz
stimulus train. (Inset) Example traces of slow waves following regular stimulation at different frequencies. The 200-Hz curve was redrawn in gray beneath each trace for comparison. The vertical dotted line was drawn 20 ms
after the final stimulus in the train. (B) Adaptation of EPSC peaks during
20-Hz stimulus trains ðn = 11Þ; average and SEM are shown in red. (Inset) EPSC
peak ratio (relative to the first EPSC) of the second and fifth peaks in a train,
as a function of train stimulus frequency. (C) Example traces of responses to
irregular stimulation (single sweep, 90 s) at average frequencies 5 (Upper
Left, blue) and 10 Hz (Upper Right, red). Stimulation times, peaks of the fast
EPSCs, and baseline currents before stimulations are indicated by markers. In
the lower panels, EPSC peaks are plotted vs. the corresponding baseline
currents for 5 (Lower Left, blue dots) and 10 Hz (Lower Right, red dots).
Steady-state values derived from Fig. 2 are replotted here for this particular
cell (black curve). (D) Heatmap of stacked traces of slow synaptic current
during irregular stimulation of the cell in A. Traces with ISIs ≥ 350 ms were
selected and sorted according to the value of baseline current at time 350 ms.
(E) Latency of the maximal slow EPSC following regular stimulation, as a
function of frequency for 11 UBCs. Individual curves resulted from at least
five repetitions, and error bars indicate SD. The average curve is plotted in
red, with error bars indicating SEM.
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adaptation during the initial stage of the train. Second, the slow
EPSC tails fused, forming a persistent baseline current. Finally,
after the last stimulus in the train, the baseline current transiently resurged, in a manner that was reminiscent of the slow
responses to burst stimulation in Fig. 1D. Examples of such tail
currents for different stimulation frequencies are shown in the
Inset. The latency of the maximal slow current was graded; it
increased when the frequency of the preceding stimulus train
was increased.
Fig. 3B shows the development of EPSC peaks during regular
20-Hz stimulation for 11 UBCs. Peaks depressed in all cells
tested, on average by 75 ± 6% after the first five stimuli. Depression then continued at a much slower pace, reaching on
average 79 ± 5% after 10 stimuli. The Inset shows EPSC peak
ratio (relative to the first EPSC) of the second and fifth peak in
a train, as a function of stimulation frequency. The former thus
corresponds to a classical paired-pulse experiment. Notably,
significant depression of the EPSC peak already occurred at
stimulation frequencies as low as 2 Hz.
Under natural conditions, mossy fiber activity is irregular due
to the occurrence of bursts and pauses resulting from modulation
by sensory inputs, for example. To investigate EPSC integration
under such conditions in the in vitro preparation, we stimulated
mossy fibers with trains of stimuli at irregular interstimulus
intervals (ISIs). Fig. 3C shows example traces recorded during
irregular stimulation at average frequencies of 5 (Left, blue) and
10 Hz (Right, red). Note that for these experiments, we used
single (long lasting) trials, so the traces are not averages of
multiple sweeps. As before, the EPSC peaks were detected, as
well as the baseline amplitudes just before stimulation. These
quantities are plotted against each other below the example
traces, for instantaneous frequencies up to 20 Hz. The black
overlayed curve was derived from the stimulation protocol described in Fig. 2 for this particular cell and thus represents
steady-state amplitudes of the baseline and corresponding fast
EPSC. The overlap of the black curve with the data points derived from the irregular stimulation protocol indicates that
EPSCs were generated from a steady state, even during irregular
stimulation patterns.
As was shown in Fig. 3A, regular stimulation trains were followed by slow resurgent EPSCs with controllable delays. Such
slow EPSCs were also generated during irregular stimulation, as
shown in the example of Fig. 3D. Here, periods with ISI ≥ 350 ms
were selected from the stimulation trials and sorted according to
the current amplitude at time 350 ms. These current traces were
then stacked and displayed as a heatplot. It is apparent from the
plot that slow EPSCs were activated with a wide range of delays,
providing further illustration of their graded timing. Fig. S1 provides further examples and simulations of irregular stimulation
protocols.
The properties of slow EPSC timing in response to regular
stimulation trains are summarized in Fig. 3E, which plots the
delay of the maximal slow EPSC as a function of the stimulation
frequency for 11 UBCs. Delay was positively related to the stimulation frequency and typically extended up to 200 ms. The average SD of delays from trial to trial was 25 ± 3 ms, corresponding
to a trial-to-trial variability of 0.13 (coefficient of variation) for
a 200-ms delay. Graded persistent activation thus allowed UBCs
to controllably extend transmission delays in relation to the
frequency of presynaptic activity, with low variability on a singletrial basis.
Slow EPSC Delays Result from Steady-State AMPAR Activation. To
elucidate the mechanism underlying slow EPSC generation, we
simulated EPSCs using a kinetic AMPAR model from Raman
and Trussell (2), which has been used previously to simulate
EPSCs at a calyceal somatic synapse in cochlear nucleus (17) and
at the mossy fiber to granule cell synapse (5). Fig. 4A shows the
PNAS | April 8, 2014 | vol. 111 | no. 14 | 5405
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inconsistent with expectations from ordinary (leaky) integration of
slow synaptic currents, strikingly demonstrating the special mode
of excitatory transmission at the UBC synapse.
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Fig. 4. AMPAR model simulations. (A) Schematic representation of the
AMPAR model from Raman and Trussell (2). Traces are simulation results of
total (summed) receptor open probability Po in response to a 4-mM pulse of
glutamate for five values of the ambient glutamate concentration G. (B)
Peak Po ðPpeak Þ in response to a brief 4-mM glutamate pulse (black trace) as
a function of G. The steady-state Po ðPbase Þ as a function of G is plotted in red.
(C) Glutamate release and decay model. The background glutamate concentration G was modeled as an instantaneously released quantity, which
decayed biexponentially to zero (black). The gray curves represent the fast
glutamate peak (truncated) underlying the fast EPSC. Further details are
described in the main text. (D) Ppeak as a function of Pbase (black curve). The
steady-state AMPAR model was fitted to experimental steady-state data
(gray) with fit parameter α. (E) Results of fitting the biexponential glutamate
decay model to EPSC base amplitudes obtained from regular stimulation
experiments (Upper). Each fit was characterized by a pair of release amplitudes ðQglut Þ and decay time constants ðτglut Þ; results are shown in the bottom panel for 11 UBCs. (F) Model fit to steady-state data of Fig. 2. Fit results
are shown in red in E. (G) (Upper) Pbase as a function of time following 10
regular stimuli at varying stimulation frequency. The black curve denotes the
time of maximal Pbase . (Lower) Delay of the maximal Pbase as a function of
stimulation frequency for 10 stimuli.

open probability Po (sum of three open states) of the model in
response to a brief pulse of glutamate (4 mM, decay time
τ = 0:15 ms), for increasing levels of the background glutamate
concentration G. When G was stepwise increased from 0 to
100 μM, the distribution of occupied model states increasingly
shifted toward desensitized states, resulting in a decreasing Po
amplitude ðPpeak Þ. The relation between Ppeak and G is plotted
in Fig. 4B, showing that Ppeak was a monotonically decreasing
function of G. The dose–response curve, which is the steadystate open probability as a function of background glutamate
5406 | www.pnas.org/cgi/doi/10.1073/pnas.1314219111

concentration G, was bell-shaped (Pbase , red curve); it first rose
to a maximum at around G = 80 μM and then fell in response to
increasing steady-state glutamate exposure. Thus, under steadystate conditions, both EPSC peak and base currents were instantaneously related to G.
The glutamate concentration underlying the steady-state
AMPAR response was termed Gbase and was described by the
sum of two exponentially decaying components G1 and G2 with
instantaneous release quantities Q1 and Q2 and decay time
constants τ1 and τ2 (Fig. 4C, Left). This part of the model corresponded to areas of the synapse that might contain AMPARs
that are not directly opposed to release sites (Center) (9). The
fast AMPAR peak response was generated from a background
glutamate concentration Gpeak that was a fraction α of Gbase . This
part of the model corresponded to areas of the synapse with
AMPARs directly opposing release sites (Right). An estimate of
α could be obtained without using explicit assumptions on the
time course of G, by directly associating Ppeak with Pbase , as shown
in Fig. 4D. By circumventing G in this way, the resulting curve
(black) could be directly compared with the steady-state data
from Fig. 2. A least squares fit to the steady-state baseline values
resulted in α = 0:22.
The glutamate model thus had four parameters: two release
quantities ðQ1=2 Þ and two decay time constants ðτ1=2 Þ. To translate glutamate concentrations into channel open probability
during stimulus trains, we implemented a steady-state approximation by using the curves in Fig. 4B as a lookup table. In this
way, the peak and baseline amplitudes were instantaneously related to the underlying glutamate concentration. This procedure allowed for estimating the effective background glutamate concentration in the synaptic cleft, by fitting simulated
baseline Pbase to experimental EPSC baseline amplitudes. One
additional parameter Abase was introduced to translate open
probability into current (pA). An example fit result is shown in
the upper panel of Fig. 4E, for stimulus trains at three frequencies. Note that the black curves all resulted from the same
model parameters and thus do not represent individual fits;
the model was fitted simultaneously to base amplitude data at
different frequencies, which were treated as a single dataset. An
upper limit of 200 μM was imposed on the fit procedure to
prevent runaway parameter values in four cases. Fit results from
11 UBCs are summarized in the lower panel of Fig. 4E, where
Q1=2 and τ1=2 corresponding to each cell are represented as a set
of connected coordinates. One cell was better described by
a single-exponential decay (single black dot). The average values
obtained from this procedure for glutamate decay time constants were τ1 = 96 ± 25 and τ2 = 587 ± 75 ms (single-exponential
value excluded). The slow time constant matched well with the
(independently determined) slow time constant from the EPSC
tail current in Fig. 1C. In Fig. 4F, these time constants were used
to obtain an estimate of the glutamate release quantities by fitting to steady-state data from Fig. 2. The procedure resulted in an
excellent fit to the steady-state baseline data. The fit parameters
are shown in red in Fig. 4E and matched well with the fit results
from the transient baseline adaptation experiments.
The model also naturally reproduced the variable slow EPSC
delays. The upper panel of Fig. 4G shows the results from a
simulation in which the model was first stimulated by 10 glutamate pulses and subsequently left to decay (from time t = 0 in the
plot) according to the steady-state fit parameters. Due to increasing accumulation of glutamate, a delayed AMPAR activation gradually developed with increasing stimulation frequency.
The black overlayed curve represents the maximal Pbase and
corresponds to the curve in the lower panel. Delay was a monotonic function of the stimulation frequency, providing a direct
mechanistic interpretation of the data in Fig. 3E. An additional
result from the model was that delay also positively depended on
Van Dorp and De Zeeuw

Input-Output Transformations. To communicate timed signals to
the downstream cerebellar network, synaptic input currents need
to be reliably translated into neuronal output by UBCs. In a
separate set of experiments, we investigated how slow currents
were able to shape neuronal output in UBCs, by recording action
potentials during direct somatic injection of time-varying currents in the current-clamp configuration (Fig. 5). UBCs are capable of generating action potentials at a regular pace in vitro
(18) and in vivo (16, 19). We therefore set UBCs to fire action
potentials at a regular pace of ∼ 30 imp · s−1 by constant current
injection, and subsequently, modulated firing rates using sinusoidal waveforms with a range of frequencies. UBCs linearly
encoded input waveforms with 5- to 10-pA amplitudes, with
virtually flat gain ð∼ 2 imp · s−1 =pAÞ and phase ð∼ 108 leadÞ over
the full range of input frequencies (Fig. 5B). A slow signal with
10-pA amplitude, for example, would result in a maximal increase of 20 imp · s−1 in UBC firing rate. On a trial-to-trial basis,
the peak of such a signal would then be represented by UBCs
with ∼ 50 ms resolution or better. These results indicated that
UBCs could accurately and reliably transform timing of slow
current input into action potential output.

Discussion
The role of spatial transformations in the input layer of the
cerebellum is a topic of debate, inspired by the anatomy of divergent mossy fiber-granule cell projections. In contrast, less
attention has been paid to the origin of temporal transformations
in the granular layer, and mechanisms have been mostly restricted to the millisecond time scale (20). Here we show that
UBCs in the granular layer of the mouse produced slow resurgent EPSCs that could be activated with variable delays up
to hundreds of milliseconds, in direct relation to the frequency
of presynaptic stimuli. Furthermore, we provide a mechanistic
interpretation of EPSC integration, by combining customized
stimulation patterns with a kinetic model of AMPAR activation.
These results show that UBCs can provide a basis for temporal
coding in the cerebellar cortex.
EPSC Integration. Considering the large number of glutamate release sites and the extensive area of the postsynaptic density, the
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Fig. 5. Modulation of action potential generation. (A) Examples of modulation of action potential firing in response to direct somatic injection of
sinusoidal currents at 1 and 2 Hz. (Top) Injected current. (Middle) Recorded
voltage. (Bottom) Average instantaneous firing rate from 20 (1 Hz) and 40
(2 Hz) sweeps. (B) Gain and phase of the input-output transformation as
a function of sinusoidal frequency for a total of 21 UBCs. The trace corresponding
to the example cell in A is shown in black; average and SEM are shown
in red.
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UBC EPSC peak is surprisingly small, comparable in amplitude
to granule cell EPSCs (21). Moreover, during regular trains of
presynaptic stimulation, EPSC peaks displayed significant depression within the first five stimuli that already became almost complete at a stimulation frequency of 20 Hz. This result
stands in stark contrast to mossy fiber-granule cell EPSCs, for
which short-term depression is virtually absent at comparable
rates (15, 21). Furthermore, the relatively large capacitance of
the UBC membrane reduces the capacity for fast EPSC components to depolarize UBCs, as currents are effectively low-pass
filtered while charging the cell. UBC synaptic physiology thus
appears particularly suited to slow signal transmission.
Due to relatively high background activity, combined with slow
glutamate removal from the cleft, the physiological state of the
UBC synapse in vivo is likely characterized by long periods of
continuous exposure to glutamate. During long-lasting stimulation patterns in our in vitro preparation, UBCs generated slow
resurgent EPSCs with variable delays that were well described as
resulting from steady-state AMPAR activation. Comparing different UBCs, the extent of the delay varied widely between cells,
which by itself could have important functional implications (14).
For individual UBCs, modulation of the slow EPSC delay took
place with little variation in EPSC amplitude, allowing for a fully
independent representation of temporal intervals. Slow EPSCs
were generated reliably on a trial-to-trial basis, and UBCs could
accurately represent timing of slow signals in their action potential output. UBC signal transmission will be further shaped by
coupling of (extra)synaptic inputs to intrinsic cellular mechanisms underlying action potential generation.
Slow depolarizations with graded delays were also recently
observed in UBCs in response to mossy fiber bundle stimulation,
due to a nonsynaptic activation (11). Such a mechanism could
diffusively activate the granular layer with delays up to seconds.
This type of UBC activation is distinctly different from the type
described in our current work in three ways: First, it required
electrical stimulation of the entire mossy fiber bundle at high
intensity (typically 10–20 pulses at 100 Hz). Second, UBC
depolarization was mediated through a diffusive nonsynaptic
mechanism and was therefore most likely not cell specific. Third,
the extent of the delay decreased when the frequency and number or
intensity of stimuli were increased. These findings stand in contrast
to our results on all accounts and therefore represent a fundamentally different physiological mechanism in the cerebellar circuit.
Model and Simulations. Despite the morphological complexity of
the UBC synapse, we were able to capture both transient and
steady-state behavior of the slow EPSC baseline using a scalar
model for glutamate release and decay. An explanation is that
rapid equilibration of glutamate across the synaptic cleft results
in a spatially homogeneous glutamate concentration profile,
which supports an equilibrium distribution of open channels in
a large ensemble of AMPARs. Slow baseline currents can then
be simulated as (quasi) steady-state activation of a kinetic AMPAR
model, driven by a single effective glutamate concentration.
Several features of fast EPSC peak adaptation were also described by the model, such as significant depression at stimulation frequencies as low as 2 Hz and rapid adaptation to nearly
full depression at 20 Hz. These observations point to a common
underlying mechanism driving EPSC baseline and peak adaptation, as the two parameters covaried during transient stimulation
(Fig. S2). Nonetheless, the rate of peak adaptation was not in
full accordance with steady-state behavior, as would have been
expected from the model (Fig. S3). Furthermore, an additional
very slow peak adaptation component was apparent during long
stimulus trains, which was not described by the model (Figs. S4
and S5). These discrepancies could, for example, be explained by
presynaptic adaptation processes, which were not simulated here.
PNAS | April 8, 2014 | vol. 111 | no. 14 | 5407
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the number of presynaptic stimuli, but this was not systematically
investigated here.

Role in Cerebellar Learning and Timing. The cerebellar cortex is
crucial for the timed execution of movements (22). At the cellular level, this task requires accurate neural activity on multiple
time scales, to facilitate adaptive output for motor control (14).
The mechanism described in this work allows individual UBCs to
tailor transmission delays to match varying degrees of synaptic
input. Considering the abundance of UBCs in the vestibulocerebellum, this functionality could be especially relevant to
relatively slow compensatory movements of the eyes and head.
For example, activation of vestibular mossy fibers (known to
signal head velocity) (15) by a strong head movement could result in a broadening of available delays in the UBC population,
as different UBCs are differently attuned to the input. The sensitivity of this mechanism might be tuned by presynaptic plasticity,
for example, by modulating glutamate release probability.
Transmission delays beyond the typical neuronal membrane
time constants are of central importance to many models of
cerebellum-dependent behavior. Nonetheless, it remains unclear
in most cases how such delays could come about. For example,
transmission delays are crucial to the process of signal integration in feedback circuits, which might underlie vestibular
oculo-motor integration (23). In models of eyeblink conditioning
and vestibulo-ocular reflex (VOR) adaptation, the cerebellar
granular layer is often specifically postulated as the source of
neural transmission delays and tonic signals (24, 25), and an eligibility trace with a peak at 200–250 ms has been postulated as
a general feature of cerebellum-dependent forms of learning
(26). UBCs are thus well positioned to provide a robust cellular
substrate for representing time intervals in the cerebellar cortex.

4 MgCl2, 25 D-glucose, 75 sucrose, and 1 kynurenic acid [bubbled with 95%
(vol/vol) O2, 5% (vol/vol) CO2]. After cutting, slices were allowed to recover
for 1 h in artificial cerebrospinal fluid (ACSF) at 34 °C containing: 127 NaCl,
2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1.5 CaCl2, 1 MgSO4, and 20 D-glucose
[bubbled with 95% (vol/vol) O2, 5% (vol/vol) CO2]. For electrophysiology,
slices were continuously perfused with bubbled ACSF (2 mL/min) at room
temperature ð22 − 24 8CÞ. ACSF was supplemented with 100 μM picrotoxin
and 1 μM strychnine to block inhibitory synaptic transmission. Current-clamp
recordings were performed in the presence of 1 mM kynurenic acid or
a mixture of 100 μM D-APV and 20 μM CNQX to block excitatory synaptic
transmission. For current-clamp recordings (21 cells) and a subset of the
voltage-clamp recordings (15 cells), filamented borosilicate pipettes were
filled with an intracellular solution containing the following (in mM): 140 Kgluconate, 0.2 EGTA, 10 Hepes, 4 Na2ATP, 0.4 Na3GTP, and 2 MgCl2 (290
mOsm, pH 7.3 set with KOH). For other voltage-clamp recordings (seven
cells), the intracellular solution was as follows (in mM): 140 CsMeSO3, 1
EGTA, 10 Hepes, 4 Na2ATP, 0.4 Na3GTP, 2 MgCl 2, 0.2 CaCl2, 1 QX-314, and 1
TEA-Cl (290 mOsm, pH 7.3 set with CsOH). As a reference electrode, an Ag/
AgCl wire was connected to the bath through an agarose salt bridge. The
identity of UBCs could be confirmed by their whole-cell capacitance
ðCm = 17 ± 1 pFÞ and passive membrane resistance ðRm = 652 ± 42 MΩÞ. Access
resistance ðRa = 25 ± 1 MΩÞ was compensated ∼ 60%. For stimulation
experiments, double- or single-barrel borosilicate glass pipettes were
filled with Hepes-buffered ACSF and placed to evoke a reliable synaptic
response from the white matter or granular layer. Data analysis was
performed with MATLAB (Mathworks), and model simulations were
performed using NEURON and Python.
A detailed description of the materials and methods is provided in SI
Materials and Methods.

Parasagittal sections (250 μm) were cut from the cerebellar vermis of C57BL/6
mice (5–7 wk old) in ice-cold bicarbonate-buffered solution containing the
following (in mM): 90 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 0.5 CaCl2,
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