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High-fidelity transmission of sensory information by
single cerebellar mossy fibre boutons

Ede A. Rancz'*, Taro Ishikawa'*, lan Duguid'*, Paul Chadderton'*, Séverine Mahon' & Michael Hausser'

Understanding the transmission of sensory information at indi-
vidual synaptic connections requires knowledge of the properties
of presynaptic terminals and their patterns of firing evoked by
sensory stimuli. Such information has been difficult to obtain
because of the small size and inaccessibility of nerve terminals
in the central nervous system. Here we show, by making direct
patch-clamp recordings in vivo from cerebellar mossy fibre
boutons—the primary source of synaptic input to the cerebellar
cortex">—that sensory stimulation can produce bursts of spikes in
single boutons at very high instantaneous firing frequencies (more
than 700 Hz). We show that the mossy fibre—granule cell synapse
exhibits high-fidelity transmission at these frequencies, indicating
that the rapid burst of excitatory postsynaptic currents underlying
the sensory-evoked response of granule cells’ can be driven by
such a presynaptic spike burst. We also demonstrate that a single
mossy fibre can trigger action potential bursts in granule cells
in vitro when driven with in vivo firing patterns. These findings
suggest that the relay from mossy fibre to granule cell can actin a
‘detonator’ fashion, such that a single presynaptic afferent may be
sufficient to transmit the sensory message. This endows the cere-
bellar mossy fibre system with remarkable sensitivity and high
fidelity in the transmission of sensory information.

We have used a parallel approach to make patch-clamp recordings
from cerebellar mossy fibre boutons both in vivo and in vitro. In
cerebellar slices, we targeted patch-clamp recordings to small struc-
tures (diameter about 2-3 um) visible among the granule cells.
Biocytin filling and subsequent processing (Fig. la; n=12) con-
firmed their identity as mossy fibre boutons, revealing characteristic
thorny excrescences on collaterals of a thin axon emerging from the
white matter. Mossy fibre boutons had a distinctive set of electro-
physiological characteristics, including an absence of spontaneous
synaptic potentials or currents, a small membrane capacitance
(Ch=181*046 pF (mean=*s.em.), n=7; Supplementary
Fig. 2), a high input resistance (Rjnpu = 520 * 88 MQ, n = 12), pro-
nounced outward rectification, and time-dependent ‘sag’ on hyper-
polarization (Fig. 1c). Using patch pipettes of similar tip sizes and
geometries, we made recordings from mossy fibre boutons in the
granule cell layer of cerebellar cortex in vivo, identified on the basis
of their subthreshold and suprathreshold electrophysiological pro-
perties (Supplementary Table 1), which were identical with those
observed in vitro. Mossy fibre boutons in vivo showed no detectable
spontaneous synaptic events (Supplementary Fig. 3) and, when
recovered, had a similar morphology (Fig. 1b) to those in vitro.

Mossy fibre boutons in vivo fired action potentials spontaneously
at a rate of 3.9 = 0.8 Hz (n = 10; Fig. 1d), distinct from the sponta-
neous firing rates of interneurons in the granule cell layer and of
granule cells in vivo’. Strong hyperpolarization of mossy fibre bou-
tons (below —90 mV) or voltage clamp (at —90 mV) did not prevent

spontaneous firing (1 = 5), suggesting that action potential initiation
occurred electrotonically distant from the site of recording. However,
action potential amplitude showed a marked dependence on mem-
brane potential, decreasing with depolarization (Fig. 1g, h), consis-
tent with local Na™-channel inactivation limiting active invasion of
the bouton at depolarized membrane potentials®’. Previous extra-
cellular recordings from putative mossy fibre units in vivo have
reported firing rates of up to 1kHz (refs 8—11). To determine the
firing rates that single mossy fibre boutons can sustain, we injected
brief current pulses to generate action potentials. Whereas long step-
current injections produced only a single action potential (Fig. 1c, d),
the injection of brief current pulses at high frequency resulted in
repetitive firing at 500 Hz or greater (Fig. le, f; n=6). These data
indicate that cerebellar mossy fibres are capable of faithfully generat-
ing spikes at extremely high frequencies.

Spiking evoked by peripheral sensory stimulation was observed in
both cell-attached and subsequent whole-cell recordings from mossy
fibre boutons. Sensory stimulation reliably generated bursts of spikes
(4.2 £ 0.6 action potentials with an average inter-spike interval (ISI)
of 12.4 = 1.7 ms; n = 3 responding boutons out of 10 boutons tested;
Fig. 2a—c). The onset latency of spiking was 27.0 = 19.2 ms, consis-
tent with the onset latency of granule-cell excitatory postsynaptic
currents (EPSCs) with the same stimulus and presumably reflecting
a mixture of direct trigeminocerebellar and corticopontine input'.
During the sensory-evoked presynaptic burst, the waveform of the
action potential remained relatively constant, with the amplitude and
maximal rate of rise decreasing by 15.3 +10.3% (P>0.1) and
24.7 * 8.4% (P < 0.05), respectively, within the burst, and with spike
width increasing by only 4.9 = 2.7% (0.05 < P<0.1).

Sensory stimulation evokes a burst of EPSCs in cerebellar granule
cells’, the primary synaptic target of cerebellar mossy fibres. Because
each granule cell receives only a small number of mossy fibre inputs,
we determined whether transmission through a single mossy fibre
could account for the postsynaptic burst (Supplementary Fig. 1) by
comparing the dynamics of sensory-evoked presynaptic and post-
synaptic responses. First, the number of sensory-evoked postsynaptic
EPSCs (5.4 = 0.7, n = 14; Fig. 2d, e) was indistinguishable from the
number of sensory-evoked spikes in single presynaptic mossy fibre
boutons (P = 0.45). Second, the latency of the first sensory-evoked
presynaptic spike was similar to that of the first sensory-evoked EPSC
(16.8 = 1.9ms, P=0.26), and the timing of individual spikes was
highly irregular (the coefficient of variation of evoked action poten-
tial intervals was 1.00 = 0.06; Fig. 2¢), comparable to the coefficient
of variation of evoked postsynaptic EPSCs (0.69 *0.03, n=14;
Fig. 2d). Third, the minimum ISI of sensory-evoked action potentials
was short (1.9 = 0.5 ms, n = 3; Fig. 2b, e) and not significantly dif-
ferent from the minimum inter-event intervals (IEIs) of the post-
synaptic EPSCs (3.1 = 0.5 ms, P = 0.27; Fig. 2¢). Finally, the mean ISI
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of the presynaptic spikes was also not different from the mean IEI
(13.5 £ 1.0 ms, P = 0.64; Fig. 2e). Because the number, pattern and
frequency of sensory-evoked EPSCs were indistinguishable from
those of the spikes in the sensory-evoked presynaptic spike burst,
our findings are consistent with the idea that a single mossy fibre
could provide the synaptic input observed in granule cells during
sensory stimulation.

To further understand information transmission at the mossy
fibre—granule cell synapse, we compared synaptic properties in vivo
with those in vitro. We activated single mossy fibre—granule cell
inputs using minimal stimulation in cerebellar slices'” (Supplemen-
tary Fig. 4). Given the uncertainty about the extracellular calcium
concentration ([Ca**].) in vivo'*'> and the sensitivity of neuro-
transmitter release probability to [Ca*]., we compared EPSC ampli-
tudes and paired-pulse ratios in the presence of 1.2 or 2mM [Ca* "],

50 ms d 50 ms
—l 20 mv —l 20 mv
74 mV -72mV %_
Vi
2ms 2ms
W pnnnnnnnn i annnnannn
g h
[
0 g 120
Z 0 53 ®
SF g ©
-80 % 0
_ — -120 -80 -40 0
120 2ms V., (mV)

Figure 1| Properties of mossy fibre boutons in vitro and in vivo. a, b, Whole-
cell recordings were made from visually identified mossy fibre boutons in the
granule cell layer of rat cerebellar slices by using infrared differential
interference contrast microscopy (a) or blind-patch recording techniques
in vivo (b). Morphological reconstructions of individual mossy fibres were
obtained by biocytin labelling through the recording electrode. The
schematic recording pipettes indicate the locations of the mossy fibre
bouton recordings (in vivo: 549 um from the pial surface). ML, molecular
layer; PCL, Purkinje cell layer; GCL, granule cell layer; WM, white matter.
Insets: fine structure of single ‘mossy’ ramifications. ¢, d, Mossy fibre
boutons in vitro (¢) and in vivo (d) show outward rectification and
membrane potential sag in response to current injection. The occurrence of
spontaneous action potentials in vivo is not affected by changes in
membrane potential. e, f, Mossy fibre boutons can be driven to fire action
potentials at extremely high frequencies by means of pulsed current
injection (1 nA at 500 Hz); in vitro (e) V,, = —58 mV, in vivo

(f) V.o = —72mV, three consecutive traces. g, Representative spontaneous
action potentials recorded at different membrane potentials in vivo (black
trace at resting V,,). h, Relationship between spontaneous action potential
amplitude and membrane potential (with the use of different levels of
holding current) for a single mossy fibre bouton in vivo. The fit is a sigmoid
function multiplied by a linear function to represent Na* channel
availability and driving force, respectively. a, ¢ and e were from the same
recordings, as were d, f, g and h.
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with those recorded in vivo (Fig. 3). The average amplitudes and
paired-pulse ratios of EPSCs in vivo fell between those recorded in
1.2 and 2mM [Ca*"], in vitro (Fig. 3), suggesting that the release
probability in vivo was between those obtained in these two in vitro
conditions.

Given that the instantaneous frequency of presynaptic action
potentials can exceed 700 Hz (Fig. 2b), we tested whether mossy fibre
boutons can release transmitter at such high frequencies. Unitary
mossy fibre EPSCs could reliably follow presynaptic stimulation at
extremely high rates, up to 800 Hz for the first two stimuli and up to
500 Hz for the fifth stimulus (Fig. 4a, b). This suggests that single
mossy fibre boutons can release transmitter at frequencies compar-
able to the maximal frequency of presynaptic action potentials and
EPSCs observed in vivo. Similar to the result for paired-pulse depres-
sion (Fig. 3), synaptic depression during high-frequency trains in 1.2
and 2mM [Ca**]. in vitrowas comparable to that of sensory-evoked
EPSCs in vivo (Fig. 4c). Despite substantial depression of peak ampli-
tudes during high-frequency trains, the net charge transfer at the
mossy fibre—granule cell synapse was affected remarkably little, with
only about 30% depression observed at 500 Hz (Fig. 4d). The robust-
ness of transmission at high frequencies was ensured in part by sum-
mation of the tails of EPSCs at high frequencies (Fig. 4e), most
probably as a result of glutamate spillover from neighbouring syn-
aptic contacts'®. Consistent with this idea was the observation that
the rise time of EPSCs and the proportion of slow-rising spillover
EPSCs increased during both high-frequency stimulus-evoked EPSC
trains in vitro and sensory-evoked EPSC bursts in vivo (Supplemen-
tary Fig. 5). These results demonstrate that a single mossy fibre bou-
ton is capable of providing the rapid bursts of synaptic input to a
granule cell observed after sensory stimulation.
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Figure 2 | Sensory-evoked spiking in mossy fibre boutons and EPSCs in
granule cells in vivo. a, b, Cell-attached (a) and subsequent whole-cell

(b) recording from a single mossy fibre bouton during stimulation with air
puff (blue shaded area) of the upper lip area and whiskers. Inset: close-up of
the high-frequency action potential burst evoked by sensory stimulation.
Instantaneous spike frequencies were 658, 735 and 543 Hz, respectively.

¢, Raster plot of sensory-evoked action potentials (14 consecutive trials).
d, EPSC bursts evoked by sensory stimulation recorded from a granule cell
held at =70 mV (three consecutive trials) e, Number of presynaptic spikes
and postsynaptic EPSCs and mean and minimum ISIs and IEIs evoked in
mossy fibre boutons and granule cells by sensory stimulation (n = 3 and

n = 14, respectively; P > 0.05). Even when correcting for synaptic failures
(from Fig. 4), these values were not significantly different (see Methods).
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Figure 3 | Synaptic dynamics at the mossy fibre-granule cell synapse in vivo
and in vitro. a, Sample EPSC traces evoked by whisker stimulation in vivo,
aligned to the onset of the first EPSCs. Red traces display the peak-aligned
average of the individual trials shown. b, Sample EPSC traces evoked by
minimal stimulation in vitro in 1.2 mM [Ca®"].. Red traces display the average
of the individual trials shown; stimulus artefacts were removed for clarity.

¢, EPSC amplitudes and paired-pulse ratios of experiments in vivo (green,

n = 14) and in vitro (1.2 mM [Ca®*"],, blue, n = 16; 2mM [Ca>"],, black,

n = 28). The red symbols show means = s.e.m. V},jg = —70mV in a and b.

To test whether bursts of synaptic input provided by a single mossy
fibre can trigger action potentials in granule cells, we stimulated
single mossy fibre inputs (Supplementary Fig. 4) using patterns
recorded from mossy fibre boutons in vivo (Fig. 5b), or using a
regular stimulus pattern (five stimuli at 100 Hz) and recorded the
resulting postsynaptic EPSPs and action potentials from postsynaptic
granule cells in vitro. As the resting membrane potential of granule
cells is variable in vivo®’, we measured the spiking output in response
to the stimulus over a range of membrane potentials (Fig. 5a).
Granule cells responded with bursts of spikes similar to that evoked
in vivo with sensory stimulation’, regardless of the extracellular Ca®"
concentration or the pattern of presynaptic burst activity (Fig. 5¢),
confirming that a burst of spikes can be triggered in granule cells by
means of a single mossy fibre input.

We have made intracellular recordings from nerve terminals in the
intact mammalian brain. Previous recordings in vitro have shown
that boutons from hippocampal mossy fibres®'”, basket cells'® and
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the calyx of Held" show qualitatively similar excitabilities, in par-
ticular strong outward rectification. Our results further show that
mossy fibre boutons in vivo are capable of extremely high maximal
firing rates, and that such high firing rates are triggered by sensory
stimulation. The sensory-evoked burst of spikes observed in mossy
fibre boutons is consistent with rapid burst firing recorded from the
somata of neurons that form the mossy fibres in the trigeminal
nucleus®, revealing that these high-frequency bursts are reliably
transmitted from the soma to the axon terminals many millimetres
distant. Our findings suggest that the release properties of mossy fibre
boutons are matched to their high firing rates, and robust synaptic
charge transfer is achievable at 500 Hz. The high fidelity of mossy
fibre transmission is a consequence of several features of this synapse,
including the multiple morphological contacts made by a mossy fibre
with each granule cell”', the rapid recovery of each release site from
synaptic release”, and the increasing contribution of glutamate spill-
over'® at high frequencies.

The prevailing view of transmission at the relay from mossy fibre
to granule cell is that activity in multiple mossy fibres is required to
drive spike output®°. Our findings provide direct support for a
fundamentally different mode of operation of this relay, in which
the sensory-evoked spiking observed in granule cells® can arise from
aburst of spikes in a single mossy fibre, in an analogous manner to the
‘detonator’ function proposed for mossy fibres in the hippocam-
pus®*®. Although integration of multiple mossy fibre inputs is likely
to occur under some circumstances™ ¢, our findings show that it is
not a prerequisite for sensory activation of granule cells in vivo,
consistent with Marr’s proposal® that under conditions of reduced
input from across a population of mossy fibres, granule cell output
can be driven by a single presynaptic mossy fibre. Given that bursts of
EPSCs are required to trigger spike output from granule cells in vivo®,
such an arrangement is ideally suited for the transfer of sensory
information coded by a single sensory modality with the maximal
signal-to-noise ratio. Such a single-fibre relay also provides the
ultimate sensitivity to sensory input, yet it can reject spontaneous
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Figure 5 | Input from a single mossy fibre reliably drives granule cell firing.
a, Stimulation of a single mossy fibre with a sensory-evoked stimulus pattern
recorded in vivo (labelled ‘In vivo 1” in b) triggers bursts of action potentials in
a granule cell in vitro (in 1.2 mM [Ca®"].). Several sweeps at different
membrane potentials (set by adjusting holding current) are shown (same cell
as in Supplementary Fig. 4). Spikes are truncated and stimulus artefacts have
been removed for clarity. b, Schematic representation of three different
stimulation patterns used in ¢ to activate single mossy fibre inputs (in vivo 1
and in vivo 2 were taken from different mossy fibre bouton recordings in vivo).
¢, Pooled data showing the number of action potentials triggered at different
membrane potentials in 1.2 mM [Ca®>*], (left) and 2 mM [Ca**]. (right).

synaptic input’ and remains modifiable because the number and
timing of granule cell output spikes can be regulated by inhibition™*’.
The large synaptic divergence of single mossy fibre boutons™, and
the multiple collaterals shown by each mossy fibre®, suggest that a
sensory-evoked burst in a single mossy fibre may lead to the activa-
tion of a substantial number of neighbouring granule cells. Given that
coincident activation of multiple granule cells is required for reliable
activation of the downstream Purkinje cells®, this arrangement
thus solves the problem of generating synchrony in a population of
granule cells with sparse afferent input.

METHODS SUMMARY

In vivo patch-clamp recordings were made from mossy fibre boutons and
granule cells in folia Crus I and Ila of the cerebellar cortex of freely breathing
18-27-day-old Sprague—Dawley rats anaesthetized with urethane or with a keta-
mine/xylazine mixture as described previously’. Sensory responses were evoked
by a brief air puff delivered to the ipsilateral whiskers or perioral surface®. Patch-
clamp recordings from mossy fibre boutons and granule cells in vitro were made
at 35-36 °C in cerebellar slices (200 um thick) prepared with standard tech-
niques'’. Mossy fibre boutons were revealed by infrared differential interference
contrast microscopy, with identification confirmed by biocytin staining after
each experiment. For both in vivo and in vitro experiments, patch pipettes
(6-9 MQ for bouton recordings, and 5-8 MQ for granule cell recordings) were
filled with a potassium methanesulphonate-based internal solution. Data are
given as means = s.e.m.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

The care and experimental manipulation of animals were conducted in accor-
dance with institutional and national guidelines.

General. Current-clamp and voltage-clamp recordings were made with Multiclamp
700A and 700B amplifiers (Molecular Devices). The internal solution contained (in
mM): potassium methanesulphonate 133, KCI 7, HEPES 10, MgATP 2, Na,ATP 2,
Na,GTP 0.5, EGTA 0.05 (pH 7.2). Biocytin (0.5%) was added for subsequent mor-
phological reconstruction. Data were filtered at 3-10kHz and acquired at 50 kHz
using Axograph software (http://axographx.com/) in conjunction with an ITC-18
interface (Instrutech). Seal resistance was always more than 3 GQ in the cell-attached
configuration. Resting membrane potentials (V;,,) were measured immediately after
formation of the whole-cell configuration (‘break-in’). The series resistance for in
vitro and in vivo mossy fibre terminal recordings was 35+ 10 MQ (n=8) and
72 £20MQ (n=4), determined from the passive current response to a voltage
step at the end of the recording (see Supplementary Fig. 2). For recordings from
granule cells, the series resistance was 32 = 3 MQ (n = 44) and 33 +* 2MQ (n= 14)
for in vitro and in vivo recordings, respectively. Capacitive currents recorded from
mossy fibre terminals in response to voltage steps were described by a double-
exponential function (Supplementary Fig. 2), with the dominant fast component
presumably corresponding to the charging of the terminal, and the slower com-
ponent representing the axon'. The fast component was used to estimate the
capacitance of the terminal.

In vivo recordings. Sprague—Dawley rats (18-27 days old) were anaesthetized
with urethane (1.2gkg™ ') or with a ketamine (50mgkg ')/xylazine
(5mgkg™") mixture as described previously**'. Recordings were made more
than 400 pm from the pial surface in the granule cell layer. Sensory stimulation
was performed with an airpuff (30-70 ms, 60 Ib in 2 (approx. 410 kPa)) timed by
a Picospritzer (General Valve) and aimed at the ipsilateral whiskers or perioral
surface with a glass tube mounted on a micromanipulator.

In vitro recordings. Recordings from mossy fibre boutons in slices were made
with standard techniques™. The external solution contained (in mM): NaCl 125,
NaHCO; 25, glucose 25, KCl 2.5, NaH,PO, 1.25, CaCl, 2, MgCl, 1 (pH 7.3 when
bubbled with 95% O, and 5% CO,). In some experiments, CaCl, concentration
was decreased to 1.2 mM as described, because previous reports'*'>** had indi-
cated that [Ca>" ], in the cerebrospinal fluid may be somewhat lower than that
widely used for in vitro slice experiments. The recording chamber was con-
tinuously perfused with external solutions and maintained at physiological
temperature (35-36 °C). EPSCs were evoked by extracellular stimulation
(100 ps, typically 5-15V) at 0.5 Hz, unless otherwise stated, using a monopolar
electrode or a bipolar electrode made from a theta capillary filled with external
solution and placed in the granule cell layer, about 50 pm from the recording site.
EPSCs from single mossy fibre inputs were identified by their all-or-none
appearance when the stimulation strength was gradually increased" (see
Supplementary Fig. 4).

Analysis. Data analysis was performed with Axograph and Igor Pro
(Wavemetrics). Input resistance and rectification ratio were calculated from
the voltage response to symmetrical hyperpolarizing or depolarizing current
steps (400 ms; 10—40 pA) from rest, measured at the end of the step. Sag ratio
was calculated as the peak divided by the steady-state input resistance from
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hyperpolarizing voltage deflections reaching —100 mV. Spike broadening in vivo
was calculated by normalizing the half-width of the spike following the shortest
ISI in the sensory-evoked burst by the half-width of the first spike. Spike broad-
ening in vitro was measured with current-injection-evoked spike trains (five at
100 Hz), and the half-width of the fifth spike was normalized by the half-width of
the first spike. EPSC traces were digitally low-pass filtered (3 kHz). The latency of
sensory-evoked presynaptic action potentials and postsynaptic EPSCs were cor-
rected to account for the temporal delay of the air puff associated with the
application system. For stimulus-evoked EPSCs, synaptic responses were cate-
gorized as successes when their amplitudes were larger than a threshold (typically
about 7 pA), defined as 4.5-fold the standard deviation of the baseline noise.
Synaptic charge measurements were made by using averaged traces from which
artefacts were removed by linear interpolation between points immediately
before and after the artefacts. To identify ‘spillover’ EPSCs'® in vitro and in vivo,
events were defined as slow-rising spillover EPSCs if the 20-80% rise time was
longer than 1.6-fold the median of the rise-time distribution obtained from the
same cell. This cut-off value roughly corresponded to the mean plus four times
the standard deviation because the coefficient of variation of the rise-time dis-
tribution was typically 0.15 in cells that did not show obvious slow-rising events.
These criteria corresponded well to events categorized by eye. Statistical com-
parisons were made with Student’s two-sided paired #-test unless otherwise
indicated.

The effect of synaptic failures on in vivo sensory-evoked EPSCs was evaluated
by numerical simulation with the sensory-evoked spiking pattern of in vivo
mossy fibre boutons (Fig. 2) and the average failure rate estimated from mossy
fibre stimulation experiments (Fig. 4b; 1.2 mM [Ca®™]. in vitro). For each pre-
synaptic action potential, a failure rate was defined by using a value correspond-
ing to the nearest ISI shown in Fig. 4b. Values from 1,000 random trials were
averaged for each cell. As described in the results and in Fig. 2, the number,
minimum interval and mean interval of sensory-evoked presynaptic spikes in
single boutons were 4.2+ 0.6, 1.9 0.5ms and 12.4 = 1.7 ms, respectively
(n=23). If there are no failures and there is perfectly reliable transmission
across the synapse, the corresponding values for postsynaptic sensory-evoked
EPSCs should be identical (assuming that only one bouton is involved). Taking
into account the failure rate, the number, minimum interval and mean
interval of EPSCs were predicted to be 3.9%+0.5, 1.9*0.5ms and
13.0 = 1.7 ms, respectively (1= 3). These values were similar to the number
(5.4 +0.7; P=0.35), the minimum interval (3.1 +0.5ms; P=0.27) and the
mean interval (13.5%1.0ms; P=0.82) of actual sensory-evoked EPSCs
(n =14, unpaired t-test). This result is consistent with our conclusion that the
sensory-evoked EPSCs arise from activity in a single mossy fibre.
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