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INTRODUCTION

Cerebellar granule cells (GrCs) convey information from mossy fibers (MFs) to Purkinje
cells (PCs) via their parallel fibers (PFs). MF to GrC signaling allows transmission of
frequencies up to 1 kHz and GrCs themselves can also fire bursts of action potentials with
instantaneous frequencies up to 1 kHz. So far, in the scientific literature no evidence has
been shown that these high-frequency bursts also exist in awake, behaving animals. More
so, it remains to be shown whether such high-frequency bursts can transmit temporally
coded information from MFs to PCs and/or whether these patterns of activity contribute
to the spatiotemporal filtering properties of the GrC layer. Here, we show that, upon
sensory stimulation in both un-anesthetized rabbits and mice, GrCs can show bursts that
consist of tens of spikes at instantaneous frequencies over 800 Hz. /n vitro recordings
from individual GrC-PC pairs following high-frequency stimulation revealed an overall low
initial release probability of ~0.17 Nevertheless, high-frequency burst activity induced a
short-lived facilitation to ensure signaling within the first few spikes, which was rapidly
followed by a reduction in transmitter release. The facilitation rate among individual GrC-PC
pairs was heterogeneously distributed and could be classified as either “reluctant” or
“responsive” according to their release characteristics. Despite the variety of efficacy at
individual connections, grouped activity in GrCs resulted in a linear relationship between PC
response and PF burst duration at frequencies up to 300 Hz allowing rate coding to persist
at the network level. Together, these findings support the hypothesis that the cerebellar
granular layer acts as a spatiotemporal filter between MF input and PC output (D’Angelo
and De Zeeuw, 2009).
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axon that bifurcates into a parallel fiber (PF). Like MF to GrC

Understanding synaptic efficacy is a critical step toward unraveling
the computational properties of a neuronal network. In the cere-
bellum, the cortical network is fed by two distinct inputs including
mossy fibers (MFs) and climbing fibers (CFs), both known to fire
action potentials at high frequencies paired with a high probabil-
ity of vesicular release (Saviane and Silver, 2006; De Zeeuw et al.,
2011). Even though both projections share these characteristics,
each has a very distinct way of transmitting information to their
postsynaptic targets; whereas CF-terminals display rapid vesicular
depletion and lose synaptic power with consecutive action poten-
tials (Schmolesky etal., 2005), MF-terminals are remarkably well
equipped to facilitate reliable signaling at a high-frequency up to
1 kHz (Sargent et al., 2005; Saviane and Silver, 2006; Hallermann
etal.,2010). Thus, while CFs and MFs both display high-frequency
activity, in terms of functional implications they represent both
ends of the high-frequency bursting spectrum, namely highly reli-
able non-graded signaling versus frequency dependent signaling,
respectively.

Mossy fibers convey their information to the Purkinje cells via
granule cells (GrCs), each of which provides a single ascending

signaling, GrCs themselves can also fire bursts of action poten-
tials (Eccles et al., 1966; Chadderton et al., 2004; Hensbroek et al.,
2005; Jorntell and Ekerot, 2006). At rest they are rather silent, but
following sensory activation GrCs display bursts of tens of action
potentials with instantaneous frequencies up to 1 kHz (Isope and
Barbour, 2002; Chadderton etal.,2004). As such GrCs may serve as
a high-pass spatiotemporal filter, in which frequency dependent
activity from MFs creates a time-window in which information
can be relayed from MFs to PCs (D’Angelo and De Zeeuw, 2009;
Mapelli et al., 2010; Solinas et al., 2010). This filter function prob-
ably results partly from Golgi cell inhibition (Brickley etal., 1996),
but in principle additional filtering might occur at the PF-PC
synapse. Indeed, the burst-like activity of GrCs may have two
potential implications: (1) when paired with a high synaptic effi-
cacy at the PF to PC input, it would allow GrCs to act as a relay,
preserving frequency-coded information from MFs; and/or (2)
when paired with a low synaptic efficacy, it could allow GrCs to
filter individual inputs and signal only when strongly activated,
albeit at the expense of temporal precision. When addressing the
synaptic efficacy at the PF to PC input, the release probability (RP)
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is one of the main factors that should be taken into account. Yet,
most variables that make up the RP, such as presynaptic calcium
influx and the number of vesicles readily available for release, are
influenced by preceding activity, and as a consequence, the RP
becomes a dynamic variable within a high-frequency burst. Thus,
the functional implications of PF bursts cannot be deduced from
the initial RP alone and ongoing processes such as facilitation,
depression and depletion should also be considered.

The burst-like activity in GrCs has been demonstrated in var-
ious anesthetized or decerebrated mammals (Eccles etal., 1966;
Chadderton etal., 2004; Jorntell and Ekerot, 2006). However, it
remains to be shown whether high-frequency GrC bursts can also
be demonstrated in awake behaving animals (but see Hensbroek
etal., 2005, 2006), and if so, to what extent high-frequency infor-
mation can be conveyed onto PCs. This latter question is of impor-
tance because different results have been found for different strains
of rats in this respect. For example, estimates of RP at the PF-PC
synapse gathered in different rat strains using different experimen-
tal protocols range from 0.05 to 0.9 (Dittman et al., 2000; Isope and
Barbour, 2002; Valera etal., 2012). Thus, in order to elucidate the
potential role of high-frequency bursts in GrCs in spatiotemporal
filtering of the cerebellar cortical network, we set out a series of
experiments. We investigated the occurrence of bursting activity
of GrCs by performing extracellular recordings in awake, behav-
ing animals; we studied the impact of bursting activity in groups
of PFs on excitatory postsynaptic currents (EPSCs) in PCs using
whole cell recordings in vitro; and we examined the impact of a
burst within a single PF on a PC using paired GrC — PC recordings.

MATERIALS AND METHODS

IN VIVO GrC RECORDING IN RABBIT

To give an example of GrC bursting activity in larger mammals
as highlighted in the introduction, we present a recording of
high-frequency activity in Dutch-belted rabbits, which have been
investigated as partially discussed by Hensbroek etal. (2006). In
short, extracellular recordings of cerebellar GrCs located in the
flocculus were acquired from awake, behaving rabbits (3—6 months
of age) using fine-tipped glass micro-electrodes (~1 pm tip diam-
eter). Given the predominant silent behavior of GrCs at rest, cells
were located while the animal was stimulated by rotation around
the vertical axis. While characteristic spiking behavior was often
suggestive of the cells subtype, further identification was con-
firmed by comparison of spontaneous spiking behavior to the
algorithm as described (Ruigrok etal., 2011). Recordings were fil-
tered below 100 Hz and above 3 kHz and sampled at 20 kHz (CED
power 1401, Cambridge Electronic Design, UK).

IN VIVO GrC RECORDINGS IN MICE

Extracellular recordings of cerebellar GrCs located in crus I
were acquired from awake behaving C57Bl/6 wild-type mice
(12-20 weeks of age) using glass microelectrodes (~0.5 pm tip
diameter). Head-fixed mice were placed on top of a cylindri-
cal treadmill that enabled the animal to walk freely during the
experiment. Responsive GrCs were located while the animal was
stimulated by a mild air puff to the whiskers (duration 10 £ 2 ms)
every 10 s ipsilateral to the recording side. Identification was
confirmed by comparison of spontaneous spiking behavior to the

algorithm as described (Ruigrok etal., 2011). Recordings were fil-
tered below 300 Hz and above 3 kHz and sampled at 25 kHz (RZ5
Tucker-Davis Technologies, Alachua, FL, USA).

IN VITRO PATCH CLAMP RECORDINGS FROM PCs FOLLOWING
GROUPED PF STIMULATION IN MICE

Sagittal slices (200-250 pwm thickness) of the cerebellar vermis
of adult male C57Bl/6 wild-type mice (8-30 weeks) were pre-
pared in ice-cold artificial cerebrospinal fluid (aCSF) and stored at
room temperature in carbogen-bubbled (95% O, and 5% CO,)
aCSF containing (in mM): 124 NaCl, 5 KCl, 1.25 Na,HPOy, 2
MgSOy4, 2 CaClp, 26 NaHCO3, and 10 D-glucose. Whole-cell
patch clamp recordings were acquired 1-6 h after slice preparation
from PCs using a HEKA EPC-10 amplifier (HEKA Electron-
ics, Germany) at near physiological temperature (34 + 1°C).
Recording electrodes (2.5-4.0 M) were filled with a solution
containing (in mM): 9 KCI, 10 KOH, 3.48 MgCl,, 4 NaCl, 120
K-gluconate, 10 HEPES, 4 Na,ATP, 0.4 Na3GTP, and 28.5 sucrose
(pH-adjusted to 7.25 £ 0.05). For experiments conducted in cur-
rent clamp, the membrane-impermeable voltage gated sodium
channel blocker QX314 was added to prevent generation of
action potentials. Throughout recordings, slices were perfused
with carbogen-bubbled aCSF to which picrotoxin (100 wM) was
supplemented in order to isolate excitatory inputs. All drugs
were acquired from Sigma-Aldrich, except y-D-glutamylglycine
(yDGG:; Tocris). Recorded currents were filtered (low-pass Bessel,
3 kHz) and sampled at 20 kHz using Pulse-software (HEKA Elec-
tronics, Germany). PFs were activated by currentinjection (100 s,
0.5-2.0 mA; ISO-flex current generator, A.M.P.I., Israel) using a
bipolar glass microelectrode positioned in the molecular layer.
Input and series resistance were monitored in each experiment
and cells were rejected if a change of >10% occurred. In general,
the stimulus protocol consisted of a sequence of high-frequency
bursts of 2, 3, 4, 5, 10, 15, and 20 pulses. This sequence was tested
with burst-frequencies varying between 100, 300, 500, and 700 Hz
(witha 10, 3.33, 2, and 1.47 ms interstimulus interval, respectively)
and repeated three times. Consecutive bursts were given at 0.05 Hz
to minimize residual effects. For some experiments responses were
also tested with bursts at 200 Hz (5 ms stimulus interval). To min-
imize the possibility of recruiting additional PFs with consecutive
pulses in a burst and to promote reproducibility between record-
ings we applied several strategies: (1) a low-resistance bipolar
stimulus electrode was used to reduce stimulus width and min-
imize current build-up within a burst keeping the stimulus region
restricted; (2) the stimulus electrode was positioned close to the
pial surface of the molecular layer where PF density is lowest; and
(3) stimulus strength was adjusted to elicit a response of ~100 pA
to a single stimulus. It is important to note that a limitation to
signaling (see results) could only be demonstrated when careful
attention was given to minimizing recruitment. However, residual
recruitment cannot be ruled out completely and, in fact, is likely
to have occurred to some degree.

IN VITRO DOUBLE PATCH CLAMP RECORDINGS FROM GrC-PC

PAIRS IN MICE

A double patch clamp configuration was favored over the
“loose-cell-attached”-configuration (Isope and Barbour, 2002;
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Valera etal., 2012) to exclude the possibility of exciting more than
a single GrC. Slices and electrodes were prepared under similar
conditions as mentioned above. GrC patch pipettes had a resis-
tance of 8—15 MQ and contained: 126 K-Gluconate, 1 MgSOy, 4
NaCl, 5 HEPES, 0.05 CaCl,, 0.1 BAPTA, 15 D-Glucose, 3 MgATP,
0.1, and Na3GTP (pH 7.25-7.35). Experiments were performed at
34 £ 1°C. After the double patch clamp configuration was estab-
lished, spike trains were elicited by somatic current injections for
50 ms in the GrC. The amplitude was adjusted such that spiking
occurred at ~200 Hz. During the experiment connectivity was
confirmed by eye when an EPSC was detected in the PC after
averaging a minimum of 10 trains.

ANALYSES

In vivo recordings

Extracellular recordings from the rabbit were acquired using Spike
2 (Cambridge Electronic Design). Extracellular recordings from
the mouse were acquired using open exe software by Tucker-
Davis Technologies (Alachua, FL, USA). Data was analyzed using
custom written routines in MATLAB (Mathworks). Spikes were
separated upon waveform templates and values were exported to
Excel (Microsoft) for further analysis.

PF group stimulation and in vitro recordings

Measurements of peak amplitude and charge were averaged over
three recordings to minimize variance and then normalized to
the response elicited by two pulses at 300 Hz. This particular
response was chosen as a reference, because, generally, it would
elicit the most consistent response and, therefore, allowed for bet-
ter comparison between cells. For those experiments in which
individual EPSC amplitudes were measured, the first derivative of
the stimulus artifact was used to define intervals. Amplitudes were
calculated as the difference between the local minimum and the
current directly preceding the stimulus artifact. When stimuli took
place within the rising phase of the preceding EPSC (which was
especially prominent at the higher frequencies) and the response
to the first pulse in the burst was more than 10% smaller than
the response measured for a single stimulus, the recordings were
excluded from analysis. During prolonged activation (burst length
>100 ms) a plateau current could be observed. The level of this
current was determined by averaging all values that preceded each
individual stimulus artifact over a 50 ms time window.

Double patch granule cell - Purkinje cell recordings

After connectivity was confirmed, high-frequency noise was elim-
inated offline from individual recordings using a running average
(I mswidth). The recording was further processed by averaging the
measured current over 800 s creating virtual bins. Whenever the
derivative of these values was negative over two or more consecu-
tive bins, events were considered for analysis and both amplitude
and derivative of the rising phase were measured. Baseline values
of these parameters were determined over a 50 ms period preced-
ing the current injection. Detected events were considered evoked
responses when both amplitude and derivative exceeded 1 x SD
over baseline levels and the detected amplitude rose 2 x SD above
background noise levels. This method proved very effective to
detect wider EPSCs while simultaneously rejecting high-frequency

background noise. As an indicator of sensitivity, detected EPSC
amplitudes were 5.2 + 0.2 x SD larger than baseline events.
Detection thresholds were —5.76 &£ 0.32 pA and —5.9 &£ 1.4 pA
for ‘reluctant’ and ‘responsive’ pairs, respectively (see text); these
values did not differ significantly (p > 0.05). For a given cell,
failure rate (FR) was calculated for each individual stimulus num-
ber as the number of recordings in which no evoked response
could be detected divided by the total number of recordings. RP
was calculated as 1-FR. Note that RP indicates the chance that an
action potential results in a detectable postsynaptic response (irre-
spective of its size) and does not reflect the probability of release
for an individual vesicle (in the literature commonly described as
“p”). Significance was tested using (un-)paired Student’s t-test or
ANOVA where applicable. All values are expressed as average +
SEM unless otherwise noted.

RESULTS
BURSTING ACTIVITY IN VIVO
Several observations have shown that GrCs can fire bursts of action
potentials at surprisingly high frequencies of several 100 Hz with
instantaneous frequencies up to 1 kHz (Chadderton etal., 2004;
Hensbroek et al., 2005; Jorntell and Ekerot, 2006; for earlier obser-
vations in anesthetized cats see Eccles et al., 1966). Hensbroek et al.
(2005) have been able to demonstrate that in the awake, behaving
rabbit, GrCs remain predominantly silent at rest, but can generate
bursts of action potentials of tens of spikes with average frequen-
cies as high as 700 Hz during vestibular stimulation. Because, to the
best of our knowledge, no recording of GrC activity in a behav-
ing, un-anesthetized animal has been published in the scientific
literature so far, we have included an example trace taken from the
rabbit to illustrate these physiologically relevant bursting patterns
(Figures 1A—C). This particular GrC did not show any activity
when the animal was at rest, whereas vestibular stimulation via
sigmoidal rotation around the vertical axis caused it to fire bursts
of action potentials both during movement in the contralateral
direction and while the animal was stationary in the contralateral
position. A total of 31 bursts were fired over six cycles. Bursts
had an average firing frequency of 529.8 & 45.7 Hz, contained
11.6 £ 6.6 spikes and were 23.66 =+ 15.86 ms in length (all values
AVG = SD). Surprisingly, for this cell, timing of burst onset was
variable [1.85 £ 1.08 ms from start of movement (AVG =+ SD),
n = 6] and multiple bursts could occur within a single movement
(5.17 & 3.49 bursts per cycle; AVG = SD). Due to this inconsistent
behavior, bursting did not directly relate to either velocity, acceler-
ation, position of the table or position of the eye, but rather seemed
to signal movement in the contralateral direction indistinctively.
To confirm that similar activity patterns exist in awake, behav-
ing mice, we performed extracellular recordings in crus I, while
sensory stimulation was provided by applying a brief air puff to
the whiskers (Figures 1D-F). In homology with the rabbit, the
GrC shown here displayed very little activity at rest, whereas mild
whisker stimulation with an air puff caused it to fire bursts of
action potentials (Figures 1D,E). A single air puff to the whiskers
could elicit multiple bursts, resulting in a total of 26 bursts
identified over 15 trials. Bursts had an average firing frequency
of 358.3 + 82.9 Hz, but could reach instantaneous frequencies
up to 815.9 Hz. They contained 10.8 £ 13.5 spikes and were
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FIGURE 1 | Examples of burst firing in cerebellar granule cells. (A-C)
Example of high-frequency GrC burst in the awake behaving rabbit. (A) (top)
Extracellular recording of granule cell in the flocculus of a Dutch-belted rabbit
during vestibular stimulation around the vertical axis. Note absence of activity
prior to movement onset, whereas several distinct, high-frequency bursts
occur during rotation (table position is displayed at bottom). (B) Burst
demarked in A shown at larger scale. |dentified spikes are indicated by dots.
(C) Instantaneous frequency plot of burst shown in B. This particular burst
consisted of 24 consecutive spikes with instantaneous frequencies as high as
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694 Hz and had an average firing frequency of 589 Hz. (D-F) Example of
high-frequency GrC burst in the awake behaving mouse. (D) (top)
Extracellular recording of granule cell in crus | of an awake mouse following
whisker stimulation. Note absence of activity prior to movement onset,
whereas a distinct, high-frequency burst occurs during stimulation. (E) Burst
demarked in D shown at larger scale. Identified spikes are indicated by dots.
(F) Instantaneous frequency plot of burst shown in E. This particular burst
consisted of 21 consecutive spikes with instantaneous frequencies as high as
678 Hz and had an average firing frequency of 501 Hz.

24.1 + 26.5 ms in length (all values AVG £ SD). In addition,
timing of burst onset was variable (28.08 £ 24.46 ms) from the
start of whisker stimulation.

IMPACT OF BURSTING ACTIVITY IN GROUPS OF PFs /N VITRO IN MICE

Having confirmed that also in the mouse physiologically rele-
vant activity patterns in GrCs consist of high-frequency bursts,
we performed experiments to characterize postsynaptic responses
evoked by stimulation of a bundle of PFs. We performed whole
cell somatic patch-clamp recordings from PCs to measure EPSCs
evoked by extracellular stimulation of groups of PFs. Bursts of 2,
3, 4, 5, 10, 15, and 20 pulses were given at frequencies of 100,
200, 300, 500, and 700 Hz (Figure 2; data obtained at 200 and
700 Hz are only shown in part of the panels). The peak amplitude

of the EPSCs showed a significant increase with each additional
stimulus (p < 0.05 for all frequencies; #n = 11) until a maximum
level was reached (Figure 2A); from 10 pulses on additional pulses
did not contribute to a significant increase in peak amplitudes
(p > 0.05 for all frequencies; n = 11; Figure 2B). Comparing
bursts of equal numbers of stimuli over different frequencies, a
significant increase in the relative peak amplitude of the EPSCs
was seen (i.e., normalized to the response elicited by two pulses
at 300 Hz) for each condition between 100 and 300 Hz (p < 0.05
for all numbers of stimulus pulses; n = 11; Figure 2B). No fur-
ther effect on EPSC amplitudes could be observed for frequencies
higher than 300 Hz (p > 0.05 for all numbers of stimulus pulses;
n = 11) and in fact, the EPSCs following bursts of 2, 3, and 4
stimuli at 700 Hz were significantly smaller than those at 300 and
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FIGURE 2 | PCs can increase the peak amplitude of their EPSCs
following high-frequency stimulation of groups of PFs up to 300 Hz.

(A) (top) Traces of PC EPSCs following stimulus bursts of 2, 3, 4, or 5 stimuli
at 100, 300, 500, or 700 Hz. Response to two stimuli is shown in red for
reference. Note the effect of temporal summation on peak amplitude at higher
frequencies. (bottom) Recordings of 2 and 20 stimuli at 300 Hz. Note how in
the last half of the long burst no robust responses can be distinguished.

(B) 3D representation (left) and top-down view (right) relative peak amplitudes
of EPSCs with respect to different stimulus conditions. No increase in EPSC
amplitude was observed for bursts of more than 10 stimuli at any of the
stimulus frequencies (p > 0.05). (C) Relative EPSC increases per stimulus

Yy

[ 325-350
0 300325
W 275-300
250275
W 225250 @
® 200225 2
B 175200 &
W 150175 s
0 125150 g
= 100-125 £
W 75100 2
u 5075
m 2550
m 025
100 300 500 700
Frequency (Hz)
E

o

I~
9
S

g

Iplateau (%)

8 8 8

N
S

500Hz

-
B
S

g

8

& 8

Iplateau at burst end (%)

N
S

n=8
500Hz

100Hz 200Hz 300Hz

Frequency

(top) and cumulative EPSC (bottom) over time. (D) Example traces

of EPSCs following prolonged stimulation for 300 ms at 100, 200, 300,
and 500 Hz. A plateau was established after ~100 ms for all frequencies.
Average current levels were measured early (left orange column)

and late (right orange column) during the plateau over a 50 ms time
period. Levels measured during first period are indicated by dashed
lines for reference. (E) (top) Bar graph of early plateau current levels; no
significant increase was observed between 300 and 500 Hz

(p < 0.05; n = 8). (bottom) Relative attenuation of plateau current
levels at end of burst; no reduction was observed only at 100 Hz

(p > 0.05).

500 Hz (p < 0.05 for all comparisons; n = 11) possibly reflecting
insufficient presynaptic calcium entry, which may occur at higher
frequencies (Brenowitz and Regehr, 2007).

Temporal summation of consecutive EPSCs grossly affected the
compound EPSC amplitude, in particular at higher frequencies.
For example, at 100 Hz the second stimulus always occurred late
in the decay phase of the preceding response, whereas at 500 Hz
the second stimulus usually occurred around its peak (Figure 2A).
To eliminate the effect of temporal summation and better reveal
underlying processes of short-term plasticity, we looked at the

response elicited by each individual stimulus within a burst.
However, because stimuli could take place within the rise phase
of the preceding EPSC (and thus underestimate the amplitude of
the first response) many recordings had to be rejected from anal-
ysis (see methods). Of all the recordings that were included in the
analyses none of the first EPSCs showed a significant attenuation
(p > 0.05 for all frequencies; n = 6; Figures 2A—C).

Remarkably, while facilitation was observed during onset of the
burst at all frequencies, such augmented responses could only be
maintained at 100 Hz (Figure 2C, top graph); at higher frequencies
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arapid decline was observed. Later in the burst (up to 20 stimuli),
currents eventually reached a stable amplitude, but these levels
reduced progressively at higher frequencies and at 700 Hz virtually
no current could be detected. These levels all differed significantly
from one another (p < 0.05 at 20 pulses for all comparisons;
n = 6). When expressed as cumulative responses over burst dura-
tion (Figure 2C, bottom graph), the slope fitted to the first 10 ms
grew significantly up to 300 Hz (p < 0.05 between frequencies of
100, 200, and 300 Hz; n = 6), while no additional rise was seen
above 300 Hz (p > 0.05; n=6).

Also when PFs were stimulated for a prolonged period of
300 ms, compound responses showed a distinct rising and decay-
ing phase until a plateau was reached after approximately 100 ms
(Figure 2D). Because a plateau establishes when both driving and
restricting forces are at equilibrium, its level indicates the rela-
tive contribution of each force (Saviane and Silver, 2006). The
amplitude of the steady-state level, which was measured as the
average current recorded prior to each stimulus over a 50 ms period
(period indicated by left red column in Figure 2D), was lowest
for 100 Hz and significantly increased for bursts at 200-300 Hz
(p < 0.05; n = 8; Figure 2E, top graph). No further increase was
observed between 300 and 500 Hz (p > 0.05; n = 8), indicating
that the driving force showed no further increase above 300 Hz. As
stimulation continued beyond 150 ms, the plateau could be main-
tained up to 300 ms for bursts at 100 Hz, whereas at the higher
frequency levels it showed a significant reduction toward the end
of the burst (p < 0.05; n = 8; Figure 2E). Remarkably, whereas at
200 Hz the steady-state had not reached its maximum yet, we saw
a reduction of the plateau toward the end of the stimulus, point-
ing toward a presynaptic origin of this insufficiency. While these
results show that release is optimized around 300 Hz, it is impor-
tant to note that frequency-dependent limitation of release and
presynaptic insufficiency probably occur at frequencies lower than
reported here, because the results above apply to PF-activity as a
bundle; in this experimental configuration inactivity of a particu-
lar fiber can be compensated for by activity from others, and unless
all fibers are continuously active, equilibrium can be established
at a higher level than would be possible for fibers independently.
Indeed, this tenet is supported by our double-patch recordings (see
below) indicating that individual PFs cannot maintain sustained
release.

While the analysis of peak amplitudes can describe the phys-
iologically relevant effect of temporal summation within a com-
pound response to high-frequency activity, this approach cannot
fully describe the properties of synaptic release, because other
processes, such as postsynaptic receptor saturation and voltage-
sensitive repolarizing currents, can potentially mask any ongoing
release. Therefore, to get a better understanding of the total
amount of neurotransmitter released throughout a burst, we
looked at the total charge (i.e., “area-under-the-curve” of an
EPSC). Correlating the total charge to burst duration revealed
a remarkable nearly perfect linear fit for all frequencies (R?-values
0.990 £ 0.002; n = 6; Figure 3A). The slope increased signifi-
cantly with a rise in frequency for 100 and 300 Hz (p < 0.05 for
all combinations; n = 6), which indicates that the stimulated PF
bundle sustains the release at these frequencies. However, in accor-
dance with our observations described above, no further rise in

the slope was found for frequencies above 300 Hz (p < 0.05 for all
frequencies; n = 6). This finding indicates that, within a given time
period, stimuli at frequencies higher than 300 Hz are ineffective in
eliciting any additional release. These “false” stimuli occur at a rate
faster than a bundle of PFs can compensate for. Considering the
compensatory mechanism of alternate activity that occurs within
a group of fibers, the maximum frequency at which individual
fibers can signal is likely lower. These results are a first indication
that GrC burst firing at frequencies higher than 300 Hz cannot
relay temporally coded information from MFs to PCs. To exclude
the possibility that these findings resulted from our whole-cell
voltage-clamp recording conditions, we repeated the experiment
in current-clamp mode so as not to restrict the flow of electri-
cal currents in PCs. Again, no differences were found at higher
frequencies (p < 0.05 for 100 Hz against 300, 500, and 700 Hz,
p > 0.05 between 300, 500, and 700 Hz; n = 6; Figure 3B). To
confirm that a transitional trajectory existed before the observed
limit of 300 Hz was reached, we also included bursts of 200 Hz
(Figure 3C). The slope measured for 200 Hz was indeed larger than
100 Hz (p < 0.05; n = 8), yet smaller than 300-500 Hz (p < 0.05;
n=_).

To detect any involvement of postsynaptic receptor desen-
sitization on signaling, we applied CX546, which acts as an
allosteric modulator that prevents a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptors (AMPARs) to reside in the
desensitized state (Lynch and Gall, 2006). With CX546 present
(200 pM) the data did not fall along a linear fit as perfectly
as without (R%-values 0.974 + 0.004; n = 6), due to a small
facilitation in responses to bursts shorter than 20 ms in dura-
tion (Figure 3D). While hypothetically this finding could also be
explained by depression of longer bursts, our results from both the
yDGG experiments and the double-patch GrC-PC recordings (see
below) confirm that initial facilitation followed by rapid depletion
underlie these findings. Still, over the first 20 ms the slope with
CX546 displayed a linear relation (R?-values 0.989 & 0.002; 1= 6)
and differed only significantly at 100 Hz (p < 0.05; n = 6). No
differences were found for the remaining frequencies (p > 0.05;
n = 6). While these results suggest some role of AMPAR desen-
sitization in PF-PC signaling, it cannot explain the restrictions in
signaling found for stimulus frequencies over 300 Hz.

Next, to exclude any major involvement of postsynaptic recep-
tor saturation we investigated the impact of yDGG, which is
a competitive antagonist of AMPARs that effectively suppresses
EPSCs by occupying a portion of the available AMPARs. Because
of its competitive behavior and fast unbinding rate, the relative
suppression by yDGG is a perfect reporter of glutamate tran-
sients; in the case of postsynaptic receptor saturation, excessive
glutamate will compete with yDGG to overcome its suppressive
effect and EPSCs will be unaffected by its presence. At 1 mM,
YDGG effectively suppressed all responses by more than 35%
of their original size. However, no effect was observed on the
linear behavior of responses (R?-values 0.993 £ 0.001; n = 5).
In addition, in accordance with our earlier results, slopes were
significantly lower at 100 and 200 Hz compared with other fre-
quencies (p < 0.05; n = 5), yet those at 300, 500, and 700 Hz were
indistinguishable from each other (p > 0.05; n = 5; Figure 3E).
Interestingly, the relative reduction was strongest for short bursts,
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FIGURE 3 | Slopes of nearly perfect linear correlations between charge
and burst length reveal limited signaling for frequencies higher than
300 Hz as a result of insufficient glutamate release. (A) Correlations
between relative charge and burst length at 100, 300, 500, and 700 Hz; no
differences were seen in the slopes between 300, 500, and 700 Hz (p > 0.05;
n = 6). (B) Similar experiment as shown in A repeated in current clamp.
Recording conditions had no effect on the outcome (n = 6). (C) Similar
experiment as shown in A, now including 200 Hz. Note that the slope
measured for 200 Hz differed significantly from that at 100, 300, and 500 Hz
(p < 0.05; n = 8). (D) When CX546 was applied, correlations were less linear
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as a result of small facilitations for bursts smaller than 20 ms (see text).
However, bursts that were shorter than 20 ms in duration still displayed a
linear relationship and the slopes at 300, 500, and 700 Hz did not differ
significantly from each other (p > 0.05; n = 6). (E) Application of yDGG

(1 mM) did not affect the observed limitation of signaling at frequencies
higher than 300 Hz (n = 5). (F) yDGG (1 mM) effectively suppressed all
responses by more than 35%. Relative suppression was significantly smaller
after five stimuli at 200, 300, and 500 Hz, although no further decrease was
observed for longer stimulus trains. This indicates that release might be
facilitated within the first few stimuli, but quickly reaches its optimum (n = 5).

but showed a gradual decrease toward bursts of five pulses at 200,
300, and 500 Hz (p < 0.05 for responses of two versus five pulses
at all three frequencies; n = 5; Figure 3F), indicative of additional
glutamate release with consecutive pulses. However, no further
decrease was observed for longer bursts (p < 0.05 for responses
of five versus 20 pulses; n = 5), meaning that release had reached
its optimum within five pulses. Together, these results indicate
that signaling at high-frequency between PF-PC is restricted to
the presynaptic site by insufficient release. While some additional
release might occur within the first few pulses of a burst, prolonged
activation cannot be maintained. Also, despite the facilitation
we found for individual EPSCs at 100 Hz (Figure 2C), this was
not accompanied by a shift in the relative glutamate content per
synapse (Figure 3F). Therefore, the reported facilitation mostly
reflects recruitment of more synapses and not additional trans-
mitter release at individual synapses, highlighting that results

obtained through stimulation of a bundle of PFs cannot be
extrapolated directly to the level of individual synapses. More
so, our data show that overall synaptic release is not facilitated
at 100 Hz.

PAIRED RECORDINGS OF GrCs AND PCs /N VITRO

The results described above showed the implications of grouped
activity from synchronously activated GrCs, but they failed to
accurately describe the behavior of individual connections. We
therefore performed paired whole-cell patch clamp recordings
from 13 connected GrC — PC pairs in mice. Because this con-
figuration turned out to be relatively short-lived, we could not
test responses for the same wide range of stimuli as with extracel-
lular stimulation. We chose to elicit bursts of action potentials at
200 Hz, because at this frequency, on the one hand, we found some
limitations such as depletion with prolonged activity, while on the
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other hand we observed potential room for additional signaling at
higher frequencies (up to 300 Hz; see above).

Recordings from individual GrC-PC pairs confirmed a low ini-
tial RP, yet substantial differences were observed between these
pairs (Figures 4A-D). Overall, we found an initial failure rate (FR)
of 0.83 + 0.01 (Figure 4D). The FR was significantly reduced to a
minimum of 0.66 &+ 0.02 at the third action potential (p < 0.05;
n=13). However, from the third action potential on, the FR began
to show a gradual increase again and returned to baseline levels at
the sixth action potential (p > 0.05 1st versus 6th action potential,
p < 0.05 3rd versus 6th action potential; #n = 13). On the basis
of the cumulative RP calculated over the first 3 action potentials
[RPcumulative 1—3 = 1-(FR{*FRy*FR3)], pairs could be sepa-
rated into a “reluctant”-group (RPcymulative 1—3 < 0.55, average
RP umulative 1—3 = 0.41 & 0.05; n = 8) and a “responsive”-group
(RPcumulative 1-3 > 0.8, average RPcumulative 1-3 = 0.86 + 0.02;
n = 4; Figure 4A). Even though the initial FR was similar between
the two groups (p > 0.05; n = 8 and n = 4), a dramatic difference
was observed between the FR of the 2nd and 3rd spike (p > 0.05,
0.86 &+ 0.01 and 0.78 % 0.01 for reluctant connections; 0.48 £ 0.03
and 0.43 £ 0.05 for responsive connections, respectively; n= 8 and
n = 4, respectively; Figure 4D). No difference in FR was observed
after the 3rd spike (p > 0.05; n = 8 and n = 4). Accordingly, the
cumulative RP (RP_ ymulative 1—n = 1-(FR{1*FR,*FRy,), unveiled a
striking difference between the two groups (Figure 4E); whereas
the chance of release for atleast one of the action potentials reached
>90% for the responsive connections at the fourth action poten-
tial this chance grew to ~50% for reluctant connections and had
only reached ~75% at the 7th action potential.

The EPSC amplitude of the response to the first action potential
was 8.54 pA £ 0.22 (n = 8) for reluctant connections (Figure 4C).
No further change in amplitude occurred throughout the burst.
Amplitudes for responsive connections were significantly larger
for the 2nd, 3rd, and 6th action potential (p < 0.05; n = 4) and
also responses to the 4th and 5th spike followed this trend. Thus,
although the initial RP is low at PF-PC synapses, we conclude
that high-frequency burst activity may facilitate release within the
first few spikes (both in reluctant and responsive connections)
and result in a high cumulative RP (in particular in responsive
connections) to ensure signaling and overcome a low initial RP.

DISCUSSION

For a long time, it was believed that cerebellar GrCs operate at
low firing frequencies (but see Eccles etal., 1966). It is only due to
recent technical advances that GrCs have been shown to fire bursts
of action potentials at surprisingly high frequencies of several
100 Hz with instantaneous frequencies up to 1 kHz (Chadder-
ton etal., 2004; Hensbroek et al., 2006; Jorntell and Ekerot, 2006;
Valera etal., 2012) and that individual action potentials in high-
frequency bursts of GrCs are reliably translated into consistent
calcium transients at presynaptic PF varicosities, showing only
minor attenuation for intervals starting at approximately 500 Hz
(Brenowitz and Regehr, 2007). Here, we demonstrate that mice
can also show bursts of GrC activity at high-frequency, but that the
capability of their PFs to relay frequency coded information to PCs
is limited to ~300 Hz for grouped activity. Moreover, at the level
of individual PFs, release is too unreliable to convey temporally

coded information. In line with previous studies in rat (Brenowitz
and Regehr, 2007; for review see Le Guen and De Zeeuw, 2010),
murine PF inputs constitute a heterogenic group of terminals with
various levels of RP allowing differential filtering. Our data suggest
that high-frequency PF activity may facilitate transmitter release
during initial spiking to ensure signaling onto PCs, but that vari-
ability is too high to allow temporally coded signaling at individual
synapses.

LIMITATIONS OF TRANSMITTER RELEASE AT THE MURINE PF-PC
SYNAPSE

Our main finding demonstrates that release from PF terminals
onto PC dendrites is limited during physiologically relevant high-
frequency bursts. Although the current observations in awake
behaving mice and those of others in rabbits and anesthetized
rats indicate that cerebellar GrCs can fire bursts of action poten-
tials with instantaneous frequencies up to ~1 kHz (Chadderton
etal.,2004; Hensbroek et al., 2005; Ruigrok et al.,2011), our in vitro
results following stimulation of bundles of PFs show that signaling
at the murine PF-PC synapse is confined to ~300 Hz at best. This
maximal limit is likely to be an overestimation, because the stim-
ulus conditions under which these results were obtained allow for
different PFs to be active at different time points within a burst. In
this manner, a group of PFs can maintain a highly effective activity
pattern, while the effective activity of each individual terminal is in
fact substantially lower (see also below). Indeed, our double patch-
clamp recordings of connected GrC-PC pairs in mice confirmed
that overall PF terminals exhibit alow RP. These recordings showed
a low average initial RP of ~0.17, which is in line with previous
observations obtained in rats by Dittman etal. (2000), but not by
those of Valera et al. (2012), who reported an initial RP of 0.44. The
differences with the latter study may be partially due to the specific
strains of rodents used, differences in extracellular calcium con-
centration in the bath, and/or the approach used to calculate the
RP. Valera etal. (2012) calculated RP with the multi-probability-
fluctuation-analysis (MPFA), a method that relies on a presumed
distribution of Prg (i.e., the probability for a single vesicle to
be released at a particular site) to calculate RP from the quantal
distribution. However, this approach does not take into account
heterogeneity among synapses that arises from differential factors
such as presynaptic calcium transients and/or build-up of resid-
ual calcium (Brenowitz and Regehr, 2007). Moreover, whereas
Valera etal. (2012) used a noise-based signal-to-noise ratio to dis-
criminate events in paired recordings, we applied a noise-based
multi-variable threshold detection method; both methods have
the potential to misrepresent RP either by missing small events or
detecting noise, resulting in an underestimation or overestimation,
respectively.

PF TERMINALS IN MICE ARE HETEROGENIC

We noticed a clear heterogeneous distribution between release
properties of individual connected GrC-PC pairs. Given that larger
EPSC amplitudes coincided with a higher RP, this difference might
reflect diversity between potentiated and depressed synapses (Ben-
der etal., 2009). However, we cannot exclude the possibility that
this heterogeneity also results partly from differences between
terminals from the ascending versus the horizontal segment of
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clamp recordings from GrCs. Spiking is induced via current injection. Dashed significantly smaller failure rate compared to reluctant connections (p < 0.05;
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PFs (Sims and Hartell, 2005, 2006). In addition, the heterogeneity
may be related to the great diversity found in presynaptic calcium
transients of PF terminals, which can differ more than 10-fold
(Brenowitz and Regehr, 2007). It is not unlikely that this hetero-
geneity has resulted from experience-driven long-term plasticity,
either facilitating or repressing the responsiveness of connections
by adjusting presynaptic calcium transients.

Despite a heterogeneous distribution, we found a low initial
RP for all PF-PC synapses; whereas the PF to Golgi cell synapse is
considered to be weak (Dieudonné, 1998; Robberechts et al.,2010),
the PF to molecular layer interneuron synapse has been shown to
be more reliable (Crowley etal., 2007; Satake etal., 2012). These
observations are remarkable, because all types of PF connections
mentioned above probably persist along a single PF (Palay and
Chan-Palay, 1974; Napper and Harvey, 1988), which inherently
suggests differential filtering. Therefore, it will be intriguing to see
how heterogeneity will affect the ability of PFs to signal at high fre-
quencies, not only at their input to PCs, but also to Golgi cells and
molecular layer interneurons. Moreover, it will be interesting to
find out how the plasticity rules that control the efficacy at PF-PC
synapses compare to those controlling PF-interneuron synapses
(Gao etal., 2012).

TECHNICAL LIMITATIONS AND CAVEATS

We took three different approaches in the current study to investi-
gate GrC-PC interactions; these included extracellular recordings
of GrCs in vivo, recordings of intracellular PC responses in vitro
following extracellular stimulation of bundles of PFs, and intracel-
lular recordings of individual GrC-PC pairs in vitro. The in vitro
approaches presented particular technical limitations and caveats.
Recording EPSCs from PCs following PF activity is made noto-
riously complicated by several factors (Roth and Hausser, 2001):
the large dimension of a PC prevents the desired control over
electrical properties in patch-clamp experiments; the extensive
dendritic arborization filters postsynaptic currents; the small size
and condense packing of PFs make isolated activation difficult; and
spontaneously active inputs obscure individually evoked events.
These complications probably had some effect on the measure-
ments following PF bundle stimulations as well as those during the
paired recordings. When stimulating a bundle of PFs, the elicited
response will be the multiplication of dynamic stochastic variables
and, given a relatively low RP, will only reflect activity from a sub-
set of all the stimulated PFs. Considering the heterogenic behavior,
when some fibers might show activity to a substantial portion of
the stimuli in a burst, while others might respond only periodically,
the composed response will not reflect activity from a constant
number of terminals. Because the total number of stimulated
fibers is unknown, it is unclear what proportion is unresponsive.
When, for example, a burst of 10 stimuli is given, the response to
the 4th and 5th stimulus can be made up by a completely different
subset of PFs. As a result, heterogeneity greatly limits the possibili-
ties for analysis of those responses elicited by grouped activity and,
in fact, limits applicability of methods proven effective at other
release sites (Saviane and Silver, 2007; Valera etal., 2012). Yet, an
equilibrium between driving and suppressing forces will establish
as heterogenic differences and asynchronous activation of fibers
will be averaged out at least partly by sustained activity. Thus,

the measurements following extracellular bundle stimulation may
to some degree be subject to misrepresentation, but the steady-
state current can probably serve as an indirect indicator of overall
synaptic efficacy (Saviane and Silver, 2006; Valera etal., 2012).
Finally, finding connected pairs of GrCs and PCs was indeed dif-
ficult and holding on to both cells for long periods of time proved
even more challenging. These technical difficulties forced us to
restrict ourselves to investigate only the most physiologically rele-
vant stimulus parameters and limited the power of our statistical
analyses.

FUNCTIONAL IMPLICATIONS

The notion that frequency coding is partially lost in individual
GrC firing patterns has interesting implications for the cerebellar
network as a whole and challenges the idea that GrCs merely act
as interposed relay-neurons. What is the purpose for a GrC to
fire a high-frequency burst when actual release falls behind? The
main benefit of a relatively low RP is that few spontaneous events
occur, creating a relatively noise-free environment. However, this
comes at the expense of reliability and consistency; such a system is
not well-designed to employ rate coding over its entire frequency
range in a linear fashion. Nevertheless, as depicted in Figure 4,
the cumulative probability of release at the murine PF-PC synapse
reached nearly 1 within a few spikes for the “High RP”-group.
This means that a brief PF burst could overcome the initial low
RP to ensure release within the time window of the burst. More-
over, as the presynaptic insufficiency caused a rapid fall in RP,
restricted release prevents immediate saturation of the postsynap-
tic site, thus leaving room for temporal summation at a lower
rate. Ultimately, these characteristics point toward a non-linear
mode of synaptic transmission, in which the actual occurrence
of a synaptic event bears significance as well as its timing within
a burst.

Granule cell activity is tightly controlled by tonic inhibition
from Golgi cells, resulting in few action potentials at rest (Hens-
broek etal., 2006; Mapelli and D’Angelo, 2007); GrCs can be
relieved from this inhibition when Golgi cell activity is dimin-
ished or when excitatory MF input exceeds the inhibiting force.
Moreover, glutamate released by MFs can directly act on Golgi
cell terminals and suppress GABA release, forming an activity-
dependent feed-forward loop (Gao et al., 2012). When the balance
is shifted from inhibition to excitation, a time window is created
in which a GrC can fire a burst of action potentials (D’Angelo
and De Zeeuw, 2009; Mapelli etal., 2010; Solinas etal., 2010).
As such, the granular layer can be regarded as a “gate-keeper”
that can selectively allow information to pass from MFs to PCs.
Because MF terminals are tailored to maintain reliable signal-
ing at very high frequencies (Sargent etal., 2005; Hallermann
etal., 2010), it is remarkable that, to some extent, rate coding
is lost further down the network. This implies that the informa-
tion encoded by high-frequency firing of MFs may have limited
value for PCs, but rather shapes the time window in which GrCs
can produce a burst of activity. Thus, combining strong inhibi-
tion together with a relatively low RP results in a system in which
synaptic events are restricted and a high signal-to-noise ratio is
effectuated.
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Our finding that bundles of PFs can display a nearly lin-
ear, frequency-sensitive relationship between burst duration and
total synaptic charge has some physiological relevance, because
there is evidence that PFs are activated in bundles (Ebner etal.,
2005). Moreover, GrCs are also prone to fire together in groups,
because of the impact of Golgi cell inhibition, which can produce
a center-surround pattern of activity in the granular layer fur-
ther enhancing the filter function of the granular layer (Mapelli
and D’Angelo, 2007). This leads to the interesting possibility that,
while output from individual PFs can be relatively insignificant
and poorly timed, a group of selectively activated PFs can reli-
ably convey and maintain frequency coded MF activity, while
background noise from spontaneous release can be minimized.

In conclusion, our findings indicate that at the PF-PC synapse
the firing mode of GrCs in high-frequency bursts overcomes
the unreliability and inconsistency this synapse exhibits so as
to ensure signaling at the partial cost of rate coding. Together
with strong Golgi cell inhibition and center-surround activation

of PF groups, this creates an environment in which the granu-
lar layer forms a strong spatiotemporal filter and, while a single
GrC action potential becomes insignificant, controlled bursting
can reliably convey selective information from MF input to PC
output.
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