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EVIEW

ATTERNS AND PAUSES IN PURKINJE CELL SIMPLE SPIKE TRAINS:

XPERIMENTS, MODELING AND THEORY
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bstract—We review our recent experimental and modeling
esults on how cerebellar Purkinje cells encode information
n their simple spike trains and present a theory of the func-
ion of pauses and regular spiking patterns. The regular spik-
ng patterns were discovered in extracellular recordings of
imple spikes in awake and anesthetized rodents, where it
as shown that more than half of the spontaneous activity
onsists of short epochs of regular spiking. These periods of
egular spiking are interrupted by pauses, which can be
ightly synchronized among nearby Purkinje cells, while the
pikes in the regular patterns are not. Interestingly, pauses
re affected by long-term depression of the parallel fiber
ynapses. Both in modeling and slice experiments it was dem-
nstrated that long-term depression causes a decrease in the
uration of pauses, leading to an increase of the spike output of

he neuron. Based on these results we propose that pauses in
he simple spike train form a temporal code which can lead to a
ebound burst in the target deep cerebellar nucleus neurons.
onversely, the regular spike patterns may be a rate code,
hich presets the amplitude of future rebound bursts. © 2009

BRO. Published by Elsevier Ltd. All rights reserved.

ey words: cerebellum, Purkinje cell, deep cerebellar nu-
leus, neural coding, long-term depression, rebound burst.
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n this review we present an interpretation of how Purkinje
ells encode information in their simple spike (SS) trains,
ased on our experimental and modeling studies that were
ublished in recent years. Although many researchers
ave recorded and analyzed Purkinje cell firing under di-
erse conditions, few have asked the question of how
hese cells encode information in the structure of their
pike trains. In fact, the standard approach has been to

ook at changes in mean firing rates, averaged over many
rial repetitions. When looking at such studies in more
etail, it is noticeable that statistically significant responses
orrespond to widely varying modulations of the firing rate,
rom rather modest changes (Goossens et al., 2004; Roit-
an et al., 2005) to changes beyond 100 spikes/s (Krauz-

is and Lisberger, 1994). As the dynamic range of Purkinje
ells is large, from 0 to 400 Hz (Monsivais et al., 2005),
tudies showing small modulations may not have captured
he main response features of the recorded neurons.
oreover, if one considers the cerebellar involvement in
ore complex motor control tasks like limb movement,
here the motor plan resides in cerebral cortex and the
erebellum is involved in controlling mainly the timing of
uscle contractions (Hikosaka et al., 1999), one wonders
hether the single trial behavior is not more important than

he average. Because movements show sizable natural
ariability, their real time control (often called “coordina-
ion”) is expected to require signals which vary a lot from
rial to trial so as to compensate for the trial by trial devi-
tions from the learned motor plan. Though more difficult
o investigate in a setting of restrained animals doing over-
rained movements—conditions reducing the natural vari-
bility—this observation calls for data analysis methods
hat study coding principles at the single trial level (see
lso Medina and Lisberger, 2008). In this context it seems
ensible to focus more on the output of the cerebellar
ortex, the SSs, than on the presumed learning signal, the
omplex spikes (CSs). This view is reinforced by the find-

ng that the CS burst signal is not fully transmitted by the
urkinje cell axon, at least in the cerebellar slice condition

Monsivais et al., 2005).
Over the last few years we have started to study SS

oding at the single trial level by analyzing spontaneous
urkinje cell spiking activity in awake and anesthetized

odents and stimulus-evoked activity in anesthetized rats

Shin and De Schutter, 2006; Shin et al., 2007). While the
s reserved.

mailto:erik@oist.jp
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nalysis started out with no a priori assumptions about the
tructure of the Purkinje cell SS trains, it will be easier to
escribe the significance of the findings if one assumes

hat SS pauses are an important mechanism to evoke
ebound bursts in the deep cerebellar nuclei (DCN). We
ill therefore first develop the basis of this assumption and

elate it to recent literature on rebound bursts. Next we will
emonstrate that the Purkinje cell SS train can be subdi-
ided into two components: regular firing at rates beyond
0 Hz, which probably mostly reflects intrinsic excitability,

nterrupted by irregular longer interspike intervals (ISIs),
hich we will name pauses. This observation will be ex-

ended by a parallel combined modeling-experimental
tudy, which demonstrated that cerebellar learning through
ong-term depression (LTD) of parallel fiber (PF) synapses

ay change the duration of SS pauses. We will conclude
his review by proposing a data-driven theory on how the
wo SS components relate to each other, based on pauses
voking DCN rebound bursts.

THE DCN REBOUND BURST AS A TIMING
SIGNAL

he only targets of Purkinje cells outside of cerebellar
ortex are neurons in the deep cerebellar and vestibular
uclei, which they inhibit. How does this inhibition affect

he firing of DCN neurons? Most cerebellar theories and
orresponding models have assumed an effect on the
ean firing rates of DCN neurons (Ito, 1984), but these
eurons have also the interesting property of responding to
isinhibition with a characteristic post-inhibitory rebound
urst (Llinás and Muhlethaler, 1988). Such a high fre-
uency burst of spikes following a pause in firing can form
powerful timing signal (Kistler and van Hemmen, 1999;
oekkoek et al., 2003; Wetmore et al., 2008), which is
otentially useful in controlling the timing of muscle con-
raction (Hikosaka et al., 1999; Ivry and Spencer, 2004).

The rebound burst has been mainly studied in in vitro
lices (Fig. 1). Unfortunately, most slice studies have not
istinguished between excitatory and inhibitory DCN neu-
ons (with as exception Uusisaari et al., 2007). In the
ontext of motor control, the glutamatergic projection neu-
ons are most relevant. All DCN neurons fire spontane-
usly (Uusisaari et al., 2007). Several ion currents may
ontribute to the rebound burst, including low-threshold
alcium currents and persistent sodium currents (Jaeger et
l., 2005; Molineux et al., 2006; Gauck et al., 2001), and

he responses are variable, with not all DCN neurons
howing strong rebounds (Uusisaari et al., 2007; Molineux
t al., 2006, 2008). The level and duration of the hyperpo-

arization preceding the rebound burst exert a strong effect
n its amplitude (Aizenman and Linden, 1999).

Unfortunately, less information is available about re-
ound spiking in vivo. However, while many DCN neurons
how continuous irregular firing in anesthetized rats, oth-
rs have a more complex rhythm consisting of pauses,
ost likely caused by PC inhibition, mixed with transient
eriods of fast bursting that resemble long rebounds ob-

erved in vitro (Rowland and Jaeger, 2005). A recent study t
uestioned the role of rebound bursts by reporting that
hey were only rarely observed in a DCN slice preparation
nd in anesthetized mice (Alviña et al., 2008). Though this
tudy provides some valuable information about the con-
itions required to evoke rebound bursts (see below), it
annot be considered conclusive. In all experiments only
ne stimulation sequence was tested, 10 stimuli at 100 Hz;
he dependence of stimulus characteristics on the likeli-
ood of rebound spiking was not investigated. This re-
uces the generality of the Alviña et al. (2008) study as it
as previously been demonstrated that rebound spiking is
ery sensitive to the duration and frequency of the inhibi-
ory stimulus sequence (Fig. 1B, C) (McKay et al., 2005;
adayonnejad et al., 2008). In the rest of this review we will

herefore assume that rebound spiking can occur under
ertain conditions in vivo.

REGULAR FIRING OF PURKINJE CELLS

n vivo, Purkinje cells were presumed to fire very irregu-
arly, with coefficients of variation (CV) of the SS interspike
ntervals close to or even higher than 1, the CV of a
oisson process (Goossens et al., 2004; Vos et al.,
999b). This contrasts with the regular firing of Purkinje
ells in the in vitro slice preparation (Häusser and Clark,
997; Raman and Bean, 1999). Visual inspection of actual
S trains recorded in vivo already suggests that there may
e more regularity than predicted by the CV (Fig. 2A), but
s the epochs of regular firing are relatively short they are
bscured in a CV measure computed over long time

ntervals.
Therefore a metric is needed which computes variabil-

ty over shorter time periods. We selected the CV2 (Holt et
l., 1996), which is the CV of two consecutive ISIs. The
V2 reflects the instantaneous irregularity of spike trains,
ith a value of zero for perfectly regular firing and large
alues indicating high irregularity. In both anesthetized and
wake rodents we found that the distribution of CV2 values
or spontaneous SS spike trains is strongly skewed to-
ards low values. This is very different from the distribu-

ions found in neocortical neurons, which approximate a
oisson process (Shin et al., 2007).

While this indicates that there is a preponderance of
onsecutive ISIs with very similar lengths in Purkinje cell
S trains, a distribution does not give any indication on the

emporal structure of this regular firing. To investigate this
e introduced a new analysis of spike trains based on a
V2 threshold (Fig. 2B) (Shin et al., 2007). This analysis,
hich can be applied on-line or off-line, compares consec-
tive ISIs. If the CV2 is lower than or equal to a threshold
taken to be 0.2 in our study) this is considered the start of

regular spiking pattern. This pattern is extended by fol-
owing ISIs as long as the CV2 stays below threshold and
he pattern ends after the first ISI of a pair where CV2

rosses threshold. A regular spiking pattern is therefore a
equence of ISIs for which all CV2 values are below
hreshold; in the case of a threshold of 0.2 this corresponds

o a maximum variance of 10% of ISI duration.
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Using this measure we could investigate the properties of
egular spiking patterns in spontaneous Purkinje cell SS
rains. In this review we report the properties recorded extra-
ellularly in awake mice, but the findings were very similar in
nesthetized rodents (Shin et al., 2007). Slightly more than
alf of all ISIs belonged to regular spiking patterns. The

engths of these ISIs were not uniformly distributed, but were
oncentrated in the peak of the ISI distribution: most regular
piking pattern ISIs were 8–20 ms long for a mean firing rate
f the neuron of about 50 Hz (Fig. 2C). Thus, the tail of the ISI
istribution, comprising longer ISIs which we will call pauses,

ig. 1. Rebound discharge is dependent on presynaptic input pattern
ransient burst neuron of the interpositus nucleus in vitro at 34 °C. The
ransient rebound burst (142 Hz) is confirmed by a step current pulse. (B
C) (stimulus duration bracketed by arrows). A stronger transient burst
o 10 IPSPs (19 Hz). Stimulus strength in B and C was set to evoke a

calculated junction potential of �11 mV was subtracted and ECl wa
arely contained regular spiking patterns. t
While many regular spiking patterns were quite short
two to three ISIs), about 20% contained four or more ISIs
ith a maximum length of 21 ISIs (Fig. 2D; longer patterns
ere observed in anesthetized animals).

The preponderance of regular spiking patterns is in-
reased by tactile stimulation in anesthetized rats (Shin et
l., 2007) and the properties of the patterns are modulated
y oculomotor activity in rhesus monkeys (Guo et al.,
007), suggesting a behavioral relevance of these tempo-
al structures in the SS trains.

We conclude that the SS train can be subdivided into

epresentative whole-cell recordings of rebound discharge in a DCN
response is shown expanded in insets. (A) The ability to generate a

etitive activation of Purkinje cell inputs at 100 Hz for 10 (B) or 20 stimuli
nt is reliably evoked after an input train of 20 IPSPs (53 Hz) compared
PSC (70% maximum strength) and stimulus artifacts were truncated.
ted as �75 mV. Courtesy of R. Tadayonnejad and R. W. Turner.
. (A–C) R
rebound

, C) Rep
compone
270 pA I
wo main components: short ISIs belonging to regular spik-
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ng patterns of variable lengths and longer ISIs called
auses, which show little regularity. Notice that a small
umber of ISIs falls into neither category: the short ISIs
hich are not part of regular spiking patterns (Fig. 2C).
hese will not be considered further, they may be noise or
ay have a specific coding function which we have not yet

dentified.

SYNCHRONIZATION OF PAUSES AND REGULAR
SPIKES IN PURKINJE CELLS

efore attributing specific roles to these two components it
s useful to consider how this activity is distributed across
n assembly of Purkinje cells. Ideally one would like to
ecord from a large number of Purkinje cells simulta-
eously and study the correlation between different fea-

ures of the SS train. Unfortunately it is much more difficult
o do multi-unit recording in cerebellum than in cortex, with
uccess achieved only for rather long distances between
ecorded Purkinje cells (Hofmann et al., 2006). As it has
reviously been demonstrated that SSs do not synchro-
ize over distances of more than 100 �m (Ebner and
loedel, 1981; Jaeger, 2003), while they do so over shorter
istances (Ebner and Bloedel, 1981; Bell and Grimm,

ig. 2. Regular spiking patterns in Purkinje cell SS trains recorded in v
n this train have been labeled based on the CV2 threshold method. Ma
olors indicate regular spiking patterns, with the first ISI of each patte
V2 threshold. (C) ISI histogram for a single Purkinje cell, inset show
rey: ISIs belonging to regular spiking patterns, light grey: all other ISIs
SI versus length of the pattern (number of ISIs). Note that longer patt
rom Shin et al. (2007).
969; De Zeeuw et al., 1997) we focused our study on the t
atter case, using paired recording methods (Vos et al.,
999a).

We recorded from pairs of Purkinje cells, separated by
0–100 �m along the transverse axis, in anesthetized rats
Shin and De Schutter, 2006). In most pairs statistically
ignificant synchronization of SS firing was observed (Fig.
). This correlation was quite tight with a large, sharp
entral peak. A noticeable feature was that the sharp peak
omprising this precise synchronization was riding on top
f a broader peak, as had also been observed in earlier
tudies (Ebner and Bloedel, 1981; Bell and Grimm, 1969).
n cross-correlation studies broad central peaks are usu-
lly caused by firing rate co-modulation—if firing rates

ncrease together in both neurons of a pair they will more
ikely spike closely together and vice versa—and are not
ndicative of real synchronization (Eggermont and Smith,
995; Maex et al., 2000).

So it seems that the cross-correlation between nearby
urkinje cells comprises two components: a tight synchro-
ization which may be significant for population coding and
loose synchronization which is not significant. Can these

wo kinds of synchronization be mapped onto the two
omponents of the SS train? We investigated this by two

aster plot of a SS train showing epochs of regular firing. (B) The ISIs
ch spike show corresponding CV2 value for the surrounding ISIs. Grey
d more darkly. Most blank ISIs are pauses. Broken line indicates the
cation of the tail of the distribution. Black: complete distribution, dark
perties of the regular spiking patterns of the same Purkinje cell: mean
constrained to a narrow range of ISI values. Modified with permission
ivo. (A) R
rks on ea
rn colore
s magnifi
. (D) Pro
ypes of analysis giving identical conclusions: spikes were
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ither classified as bordering pauses or not, based on
hresholding the duration of their adjacent ISIs (Fig. 3)
Shin and De Schutter, 2006), or categorized as part of
egular spiking patterns or not, based on the CV2 analysis
hat was described above (Shin et al., 2007). The precise
ynchronization observed was exclusively caused by spikes
ordering pauses, with about 13% of the pauses occurring
pontaneously in SS trains being synchronized (Shin and
e Schutter, 2006). Note that, in addition, pauses following
Ss (Bell and Grimm, 1969; Latham and Paul, 1971; Mc-
evitt et al., 1982) may also synchronize (Welsh et al.,
995; Kitazawa and Wolpert, 2005), but these were ex-
luded from the study as we wished to focus on SS coding.
onversely, the loose synchronization was caused by
pikes belonging to regular spiking patterns and could
ndeed be shown to be based on firing rate co-modulation
Shin and De Schutter, 2006; Shin et al., 2007). In a subset
f pairs we found, however, that the start of regular spiking
atterns (their first spike) was significantly correlated while
heir firing rates were independent of each other (Shin et
l., 2007).

The main conclusion was therefore that a significant
raction of SS pauses are synchronized between nearby
urkinje cells, causing the sharp central peak on the cross-
orrelogram. As a synchronized pause in firing of afferent
urkinje cells will lead to disinhibition of DCN neurons, the
onditions for evoking rebound bursts in the DCN occur in
ivo.

LEARNING BY PF LTD CHANGES PAUSE
DURATION

he existence of synchronized pauses in neighboring Pur-
inje cells suggests that pauses may play an important role
or neural coding in the cerebellum. This raises the ques-

50 spikes

-200 -100 0 100 200

Time (ms)

ig. 3. Tight synchronization of pauses in Purkinje cell SS trains.
ross-correlogram of SSs in a nearby pair of Purkinje cells in anes-

hetized rat cerebellum recorded with two separate electrodes. The
ean number of spikes has been subtracted. Black: cross-correlo-
ram of all spikes. Red: cross-correlogram of spikes bordering on a
ause (here defined as an ISI longer than 12 ms). Green: cross-
orrelogram of all other spikes. Note that the spikes associated with
auses cause the sharp central peak, while the non-pause spikes
ause the broad peak. Modified with permission from Shin and De
chutter (2006).
ion how the duration of pauses could be regulated. A A
andidate mechanism for the modulation of pause duration
s plasticity at the afferent synapses onto Purkinje cells.
urkinje cells receive excitation from a large number of
Fs and from a single climbing fiber (CF), and inhibition

rom stellate and basket cells. Both types of excitatory
ynapses and the inhibitory synapses exhibit activity de-
endent plasticity (Hansel et al., 2001; Jörntell and Hansel,
006). It has been known for more than 25 years that
o-activating PF and CF inputs induces LTD of the PF
ynapses (Ito et al., 1982). Activation of PFs on their own
an lead to long-term potentiation (LTP) of the PF inputs,
hich can be expressed both presynaptically (Sakurai,
987; Salin et al., 1996) and postsynaptically (Lev-Ram et
l., 2003). Stimulation of the CF can result in LTD of the CF
esponses (Hansel and Linden, 2000) and when paired
ith depolarization of Purkinje cells in immature cerebellar
lices, also in CF LTP (Bosman et al., 2008). Moreover, the
ynapses between inhibitory interneurons and Purkinje
ells can be depressed by pairing inhibitory synaptic input
ith CF stimulation (Mittmann and Hausser, 2007), and

hey can be potentiated by unpaired CF input (Kano et al.,
992).

Out of these different forms of synaptic plasticity, LTD
t the PF synapses has received by far the most attention,
nd is often considered the primary mechanism of motor

earning in the cerebellar cortex (Marr, 1969; Albus, 1971;
to, 1984, 2001). According to classic theories of cerebellar
earning, a PF activity pattern is learned by pairing it with
F input to the Purkinje cell, which results in LTD of the
ctive PF synapses. It has been assumed that this leads to
reduced Purkinje cell spike response when the PF pat-

ern is presented again, which in turn could result in de-
reased Purkinje cell inhibition of DCN neurons and in-
reased output from the cerebellum (Ito, 1984; Mauk et al.,
998; Hansel et al., 2001; Ito, 2001; Boyden et al., 2006).
y combining computer simulations with electrophysiolog-

cal recordings in vitro and in vivo, we have recently shown
hat this assumption is too simplified, and that Purkinje
ells can use a fundamentally different neural code (Steu-
er et al., 2007). While the number of spikes fired by the
urkinje cell can reflect the intensity of PF stimulation or

he PF synaptic weights in response to weak PF inputs
Walter and Khodakhah, 2006; Mittmann and Häusser,
007), strong PF inputs predominantly affect the duration
f pauses in Purkinje cell spiking that follow the short burst
f spikes triggered by the PF stimulus (Steuber et al.,
007). Moreover, when the Purkinje cell learns a number
f PF activity patterns by LTD of the active PF synapses,
he best criterion to distinguish the responses to these
earned patterns from responses to novel patterns is the
uration of pauses.

To demonstrate this, we simulated learning by PF LTD in
he Purkinje cell model in two steps (Steuber and De Schut-
er, 2001; Steuber et al., 2007). We initially generated a
umber of random binary patterns and applied an LTD learn-

ng rule to adapt the weights of an artificial neural network.
fter having learned a large number of patterns, we then

ransferred the resulting vector of synaptic weights onto

MPA (�-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate)
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eceptor conductances in a biologically detailed conductance
ased Purkinje cell model (De Schutter and Bower, 1994a,b).
e compared the responses of the model to learned and

ovel patterns, and evaluated the pattern recognition perfor-
ance for different features of the spike response. To reflect

he continuous activity of Purkinje cells in vivo, the Purkinje
ell model fired SSs at varying rates (mean rate 48 Hz,
aximum rate 130 Hz). The simulated continuous activity led

o a surprising result: by far the best criterion for the recog-
ition of learned patterns was the duration of the pause that
ollowed the pattern presentation, with shorter pauses in re-
ponse to patterns that had been learned by LTD (Fig. 4B, C).
his result was robust against varying Purkinje cell firing rates
nd channel conductances and was unaffected by the pres-
nce of feed-forward inhibition and different kinds of noise in
he input patterns.

In collaboration with Wolfgang Mittmann and Michael
äusser, we then went on to confirm our modeling predic-

ion in non-invasive extracellular recordings from Purkinje
ells in cerebellar slices. In agreement with previous find-
ngs (Bower and Woolston, 1983; Lev-Ram et al., 2003),
e found that strong PF stimulation resulted in pauses in
urkinje cell firing. The duration of these pauses increased
ith increasing stimulus strength, which supported the
redictions of our model. Moreover, a standard LTD induc-
ion protocol resulted in shortening of the pauses, with
ther features of the spike train being affected to a much

esser extent (Fig. 4D). Thus, the in vitro data supported
he prediction that pause duration was the best criterion for
etecting PF patterns learned by LTD. To strengthen this
rediction further, we analyzed in vivo data from awake
ehaving mice that were provided by Chris De Zeeuw’s

aboratory. When LTD deficient mice were compared to
heir wild-type littermates, they showed a significant in-
rease in long ISIs in the range of the pause durations in
he simulations and in vitro. Moreover, the difference be-
ween LTD deficient and wild-type mice was more pro-
ounced during optokinetic stimulation, which indicated a
ehavioral relevance of the pauses. Taken together, the
omputer simulations and in vitro and in vivo data suggest
hat Purkinje cells can use a neural code that is based on
he duration of pauses, and that the pause duration can be
hanged by PF LTD.

The effect of other types of cerebellar plasticity on the
uration of pauses is an interesting subject for future re-
earch, but some predictions can be made based on the
resumed mechanism of the SS pause. In the model, the
auses are caused by voltage-gated calcium influx, which

s evoked by strong PF input and activates K� channels
Steuber et al., 2007). As the decreased synaptic response
mplitude caused by PF LTD decreases the calcium influx
nd thereby shortens the pause, one can speculate that
F LTP would trigger the opposite change.

MECHANISMS OF REGULAR FIRING AND
PAUSES IN PURKINJE CELLS

efore proposing a theory of coding by regular spiking

atterns and pauses it is useful to consider what may g
ause these specific modulations of SS firing. It is impor-
ant to distinguish these SS properties from Purkinje cell
istability, which has been demonstrated in cerebellar
lices (Fernandez et al., 2007; Loewenstein et al., 2005;
illiams et al., 2002), but may (Yartsev et al., 2009; Loe-
enstein et al., 2005) or may not (Schonewille et al., 2006)
e causing transitions from up to down states and vice
ersa in vivo. In general the phenomena we describe here
re much shorter in duration. We showed that an in vivo up
tate contains several regular spiking patterns (Shin et al.,
007) and the synchronized pauses (Shin and De Schut-
er, 2006) we measured are much shorter than the down
tates, which are about 1 s long. In general, it would be
seful if the cerebellar community came to an agreement
n what can be called a pause. In some contexts down
tates have also been referred to as pauses (Schonewille et
l., 2006; Yartsev et al., 2009), which may cause confusion.

The pauses we describe last tens to hundreds of ms
nd are probably caused either directly or indirectly by
ynaptic input. Molecular layer inhibition is a logical can-
idate and inhibitory basket and stellate cells can provide
ommon input to nearby Purkinje cells (Solinas et al.,
003), evoking a synchronized hyperpolarization. Pauses
aused indirectly by synaptic input were described above:
trong PF stimulation can trigger a calcium-activated hy-
erpolarization (Fig. 4A), manifest as a pause in SS firing
Steuber et al., 2007). While it is unclear at present how
uch each mechanism contributes to the large number of
auses in SS trains, both have the advantage that they can
e modulated by cerebellar learning. As described above,
F LTD can change the duration of pauses (Steuber et al.,
007) and several forms of plasticity of inhibitory input
ave been described (Hansel et al., 2001; Smith and Otis,
005; Mittmann and Häusser, 2007).

Our extracellular recordings do not provide conclusive
vidence on the mechanisms causing regular spiking pat-

erns. However, as Purkinje cells fire regularly in slice prep-
rations when the synaptic inputs are blocked (Häusser and
lark, 1997; Raman and Bean, 1999) and since they show

ncreased irregularity following mutations of their voltage-
ated calcium channels (Hoebeek et al., 2005), the intrinsic
xcitability of Purkinje cells is probably the main drive of
egular spiking. If this is the case, synaptic input would play

role mainly in controlling the start and end of a regular
piking pattern, as well as its mean firing rate. Because
Ss do not seem to contribute to pattern initiation or com-
letion in anesthetized rats (Shin et al., 2007), it is most

ikely that PF inputs combined with molecular layer inhibi-
ion control the properties of patterns. How PF input inter-
cts with the intrinsic excitability of Purkinje cells in vivo is
urrently poorly understood. While it has been demon-
trated repeatedly in cerebellar slices that PF input can
ctivate voltage-gated calcium channels (De Schutter and
ower, 1994c; Eilers et al., 1995; Rancz and Häusser,
006), it is noticeable that in vivo recordings of Purkinje
ells show very little synaptic noise (Loewenstein et al.,
005), raising the question of how granule cell inputs affect
he membrane potential. Possible explanations like low

ranule cell firing rates (Chadderton et al., 2004), silent
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ig. 4. PF LTD shortens the duration of SS pauses. (A) The Purkinje cell model was presented with a learned pattern and with a novel pattern, and
snapshot of the Ca2� concentration in all compartments 10 ms after the pattern presentation is shown. The increase of the Ca2� concentration in

esponse to the novel pattern (right) was much greater than that caused by the learned pattern (left), because LTD of PF synapses led to reduced
oltage-gated Ca2� influx. (B) Spiking response of the Purkinje cell model to the two patterns shown in A. Note the shorter pause for the learned
attern. (C) The distributions of the lengths of SS pauses following presentation of learned and novel patterns in the model are clearly separated. (D)
xperimental confirmation in a cerebellar slice preparation. Spike raster shows the spiking pattern of a Purkinje cell in response to PF stimulation
efore and after an LTD induction protocol consisting of conjunctive PF and CF stimuli (1 Hz for 300 s). Note that while the spike burst hardly changed,

he pause following the burst became consistently shorter. Modified with permission from Steuber et al. (2007).
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ynapses (Isope and Barbour, 2002) and differences be-
ween synapses made by the ascending axon versus PF
Grillner et al., 2005) only partially explain the apparent
ack of spontaneous EPSPs in dendritic recordings in vivo,
s these should be visible based on predictions from stan-
ard cable modeling (De Schutter, 1998).

A THEORY OF CODING BY REGULAR FIRING
AND PAUSES

n this final section we propose a theory of what the two
ifferent components of the Purkinje cell SS train contrib-
te specifically to coding in the cerebellar cortex. This
ata-driven theory will focus mainly on the output side of

he encoding process. By turning observations into a de-
ailed theory (De Schutter, 1995) we hope to promote
urther research in this fascinating topic within a clearly
efined framework. If future observations confirm the the-
ry, large progress will have been made in unraveling how

he cerebellum works. But even if all or part of the theory is
ventually proven to be false, the process of uncovering

his fact will significantly improve our understanding and
llow better theories to be formulated.

Our theory can be summarized as follows: the SS train
onsists of two components that each have a specific role
elated to evoking rebound bursts in DCN neurons. The
ebound bursts are assumed to form an important timing
ignal in the cerebellar output. The pauses in SS trains
ay, when sufficiently synchronized between afferent Pur-

inje cells, evoke the rebound burst. As such the pauses
orm a temporal code in the Purkinje cell spike train. The
ther component, the regular spiking patterns, forms a
ure rate code. Their function is to determine, in an addi-
ive manner across afferent Purkinje cells, the level of DCN
nhibition, which then controls both the likelihood and am-
litude of any rebound burst that may be triggered by
ubsequent disinhibition. In addition, regular firing may
ontrol the mean firing rate of DCN neurons that cannot
enerate rebound bursts or in conditions where no timing
ignal is required.

We will now explore both the quantitative aspects and
he supporting evidence of different aspects of the theory
n more detail.

PAUSES

he idea that pauses in Purkinje cell firing would trigger
ebound spiking in DCN neurons is not novel (Kistler and
an Hemmen, 1999; Wetmore et al., 2008), but previously
his has been proposed mainly for the pause following CSs
Aizenman and Linden, 1999). We specifically propose
hat synchronized SS pauses can play a similar role in
voking a rebound burst. An advantage is that SS pauses
ccur frequently in the absence of CF input (Shin and De
chutter, 2006) and that they can exert their function in-
ependently of the teaching signal attributed to the CF
Marr, 1969; Albus, 1971; Ito, 2001). Two questions need
o be addressed: the fraction of Purkinje cells that need to
ynchronize their SS pauses and the minimal pause dura-

ion that is required. a
A problem in addressing the first question is that an
xact quantification of the synaptic convergence of Pur-
inje cells onto DCN neurons is lacking, with numbers
eported in the literature varying from 100 (De Zeeuw et al.,
994) to 1000 (Chan-Palay, 1977) afferent Purkinje cells.
oreover, nothing is known about the degree of overlap in
urkinje cell input between neighboring DCN neurons and,
ore importantly, between DCN neurons with different

ebound properties (Uusisaari et al., 2007; Molineux et al.,
006, 2008).

It is unlikely that all afferent Purkinje cells need to stop
ring to cause effective disinhibition. While miniature inhib-

tory synaptic currents recorded in DCN neurons in slice
re quite large (Uusisaari and Knöpfel, 2008), the inhibitory
urrents depress very fast (Pedroarena and Schwarz,
003; Telgkamp and Raman, 2002) so that the steady
tate inhibition caused by a single active Purkinje cell is
mall. In the end, the effective disinhibition will be deter-
ined by the interplay of many factors, related to both the

ynaptic input and the intrinsic excitability of DCN neurons,
nd it is difficult to make exact predictions without quanti-
ative modeling. Nevertheless, we can assume that tens if
ot hundreds of Purkinje cells need to synchronize their
auses. The experimental data available (Shin and De
chutter, 2006) studied pause synchronization only in
airs of neighboring Purkinje cells, so it is difficult to extend
he measured fraction of 13% synchronous pauses to
arger populations. If the synchronization of pauses were
ot coordinated across the afferent population this propor-
ion would rarely result in any effective disinhibition, and
earning mechanisms are therefore required to coordinate
ause synchronization. A probabilistic framework may be
seful to describe how this operates at a population level.
earning could change both the probability and duration of
auses in a single neuron for a specific motor context,
hereby affecting their overall probabilities of being syn-
hronized with pauses in other Purkinje cells.

These ideas tie in with the question of the minimal
uration of the pause. It is important to realize that it is not
ecessary that the pauses in all afferent Purkinje cells
ave the same length or that they overlap perfectly. As

ong as they coincide over the minimal duration, effective
isinhibition can be achieved. Unfortunately this duration
as not been studied in slice experiments. Extensive pa-
ameter studies have been performed on the required
yperpolarization (Aizenman and Linden, 1999) or inhibi-
ion (Tadayonnejad et al., 2008), but these stimuli are then
ollowed by long periods of disinhibition, much longer than
he pauses usually recorded in vitro (Steuber et al., 2007)
r in vivo (Shin and De Schutter, 2006; Shin et al., 2007).

t should be straightforward to measure in slice experi-
ents the minimal duration of disinhibition needed to
voke DCN rebound bursts under different inhibitory stim-
lus conditions. An indication of the possible range of
alues can be derived from the recovery time constant
rom inactivation of the Cav3.1 calcium channel expressed
y DCN neurons, which is around 100 ms at body temper-

ture (Iftinca et al., 2006).
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REGULAR SPIKING PATTERNS

ur theory proposes that the regular spiking patterns are
lose to a perfect rate code, which is a type of code that
enefits from regular spiking (Koch, 1999). The regular
ring matches very well with the synaptic properties of the
urkinje cell to DCN synapses (Pedroarena and Schwarz,
003; Telgkamp and Raman, 2002). These synapses show
ast, frequency dependent synaptic depression upon re-
eated activation. This endows them with low-pass filtering
roperties and makes them rather insensitive to small fluctu-
tions in firing frequency (Abbott and Regehr, 2004). As
emonstrated by quantitative modeling, regular firing reduces
he fluctuations of synaptic conductance by a factor of two or
ore compared to completely irregular firing at the same
ean rate (Shin et al., 2007). This effect can be seen even for

hort regular patterns comprising only three ISIs. Moreover,
he lack of synchronization of spikes in the regular patterns
urther diminishes fluctuations at the population level (Shin
nd De Schutter, 2006; Shin et al., 2007).

The question arises, however, whether the conver-
ence of many Purkinje cell inputs, by itself, could turn
any strongly fluctuating synaptic conductances by addi-

ion into a stable, less noisy one (Softky and Koch, 1993),
nd abolish the benefits gained from the regularity of indi-
idual input. This will critically depend on the degree of
onvergence of Purkinje cells to DCN neurons and on what
raction of Purkinje cells is active at any moment of time
Loewenstein et al., 2005). As mentioned before, consis-
ent data on these numbers are lacking at present. For the
ower range of reported connectivities (100; De Zeeuw et
l., 1994) it seems unlikely that the convergence will be
nough to remove the fluctuations, for the higher range
1000; Chan-Palay, 1977) this argument would not hold.

In absence of better anatomical data we therefore
ropose that the inhibition from a single Purkinje cell during
regular spiking pattern injects a steady conductance,

ith its amplitude directly, but non-linearly, determined by
ring frequency (Pedroarena and Schwarz, 2003). Over
he population of afferent Purkinje cells, the inhibition
aused by regular firing can therefore be added together
hen only conductance is considered, resulting in a pop-
lation rate code. However, the physiological effect of
egular Purkinje cell spiking is more complex as inhibitory
urrents will rapidly saturate due to the small difference
etween resting membrane potential and chloride reversal
otential. This brings us to the effect of the inhibition
aused by regular spiking patterns on rebound spiking in
CN neurons. As demonstrated in Fig. 1B and C (see also
cKay et al., 2005; Tadayonnejad et al., 2008), the prob-
bility that disinhibition evokes a rebound burst compared
o just a return to firing depends critically on the pattern of
nhibition preceding the disinhibition, being sensitive both
o frequency and number of inhibitory pulses. In addition,
he depolarization and firing frequency during the transient
ebound burst also depend on these factors (Aizenman
nd Linden, 1999). The exact mechanisms still need to be
larified in detail, but they most likely involve temporal

ensitivities of the deinactivation processes governing the
urrents underlying the rebound burst (Gauck et al., 2001;
ftinca et al., 2006; Molineux et al., 2008). Based on these
hysiological effects of inhibition, our theory predicts that
egular spiking patterns in the afferent population of Pur-
inje cells determine both the likelihood and burst fre-
uency of rebound bursts evoked by subsequent coordi-
ated disinhibition. The specific effect of a regular spiking
attern will depend on its interaction with the intrinsic ex-
itability of DCN neurons (Aizenman and Linden, 2000)
nd with their chloride reversal potential, which can be
egulated (Lee et al., 2007).

CONCLUSION

ased on extensive modeling and experimental work we
ave proposed a theory which attributes specific roles to
wo different components of the Purkinje cell SS train.
egular spiking patterns function as a rate code and set

he “amplitude”—which can be zero—of subsequent re-
ound bursts in DCN neurons, while pauses provide a
emporal coding signal which, when sufficiently synchro-
ized across afferent Purkinje cells, will evoke a rebound
urst at the preset amplitude. This theory provides a spe-
ific framework and questions which can be addressed by
ore experiments and modeling studies on Purkinje cells
nd DCN neurons.
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