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Abstract. Purkinje cells aligned on the medio-lateral axis share a large proportion of their ~175,000 parallel
fiber inputs. This arrangement has led to the hypothesis that movement timing is coded in the cerebellum by beams
of synchronously active parallel fibers. In computer simulations I show that such synchronous activation leads to
a narrow spike cross-correlation between pairs of Purkinje cells. This peak was completely absent when shared
parallel fiber input was active in an asynchronous mode. To determine the presence of synchronous parallel fiber
beams in vivo I recorded from pairs of Purkinje cells in crus Ila of anesthetized rats. I found a complete absence of
precise spike synchronization, even when both cells were strongly modulated in their spike rate by trains of air-puff
stimuli to the face. These results indicate that Purkinje cell spiking is not controlled by volleys of synchronous
parallel fiber inputs in the conditions examined. Instead, the data support a model by which granule cells primarily

control Purkinje cell spiking via dynamic population rate changes.
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Introduction

The cerebellum has been noted for its involvement in
the precise control of movement at a temporal preci-
sion of less than 10 ms (Ivry, 1997; Timmann et al.,
1999). Such precise control of movement likely re-
quires control of spiking in cerebellar cortex of the
same precision. One mechanism underlying such pre-
cision has been proposed to consist of the activation
of ‘beams’ of parallel fibers (Sasaki and Strata, 1967;
Eccles et al., 1967; Braitenberg, 1967; Garwicz and
Andersson, 1992). This hypothesis states that syn-
chronously activated bundles of parallel fibers trigger
Purkinje cell spiking for precise temporal control of
movement. The amount of shared parallel fiber inputs
has been estimated to exceed 50% of the total excitatory
synapses (Napper and Harvey, 1988) for cells located

in close proximity. Each parallel fiber runs for about
5 mm along a cerebellar folium (Harvey and Napper,
1991), therefore most of the shared excitation is pre-
served for several hundred Purkinje cells aligned on
the medio-lateral axis. This amounts to sharing tens
of thousands of parallel fibers between these Purkinje
cells, because each cell receives ~175,000 such inputs
(Napper and Harvey, 1988).

The cross-correlation technique is commonly used
to determine the degree of functional connectivity be-
tween pairs of neurons recorded in vivo (Perkel et al.,
1967; Moore et al., 1970; Aertsen et al., 1989; Vaadia
et al., 1995; Johnson and Alloway, 1996). A narrow
central peak in a cross-correlogram indicates that neu-
rons are spiking in synchrony, and thus may belong to
a neural assembly that is coactivated during informa-
tion processing. Such coactivated sets of neurons are
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effective signals in signal propagation. Since Purkinje
cells are inhibitory, the net effect of a synchronous pop-
ulation event would be an effective suppression of spik-
ing in the deep cerebellar nuclei.

To examine the control of Purkinje cell spiking by
synchronous parallel fiber inputs I used computer simu-
lations with a detailed Purkinje cell model. This model
reveals that a small proportion of synchronously ac-
tive parallel fibers can drive Purkinje cells to precisely
timed spikes. Asynchronously timed parallel fiber in-
puts did not induce correlated Purkinje cell spiking,
however, even when 100% of parallel fiber input was
shared between two cells. To establish the actual mode
of parallel fiber function in vivo, dual recordings from
Purkinje cells were obtained in anesthetized rats. A
complete absence of spike synchrony between Purkinje
cells was found, indicating that parallel fibers operate
in an asynchronous mode in the examined conditions.

Methods

Computer simulations were performed using the
Genesis software package (Bower and Beeman, 1994)
under the Linux operating system. A detailed compart-
mental Purkinje cell model was taken unaltered from
previous work (De Schutter and Bower, 1994a). This
model includes a realistic set of active conductances
so that the model replicates active responses to cur-
rent injection recorded in vitro. Excitatory inputs were
simulated as AMPA-type conductances with a reversal
potential of 0 mV, and a time course of a dual expo-
nential alpha function with rise/fall time constant of
0.5/1.2 ms that matches experimental data (Barbour,
1993). The peak conductance was 0.7 nS, which is
increased by 3-5 times from the unitary conductance
measured in vitro (Barbour, 1993). Inhibitory inputs
consisted of GABA-type conductances with a rever-
sal potential of —80 mV and rise/fall time constants of
1.6/9.3 ms. Each presynaptic element was simulated
as a random time series of activation times (Jaeger
et al., 1997). The number of synaptic inputs was taken
from previous work (Jaeger et al., 1997), and included
1,474 excitatory parallel fiber synapses and 1,695 in-
hibitory stellate cell synapses. Except when otherwise
noted, all excitatory synapses were activated randomly
at a mean rate of 37 Hz, and all inhibitory synapses
at a mean rate of 1.5 Hz. The excitatory input rate
used was much higher than likely to be present in vivo
(Huang et al., 1993), which partly compensates for the

reduced number of these inputs present in the model
(De Schutter and Bower, 1994b). This input pattern
leads to a total synaptic conductance with a high tonic
component and fluctuations that are much more pro-
nounced for inhibitory than excitatory inputs (Fig. la
and bin Jaeger and Bower, 1999). The response charac-
teristics of the model cell to this synaptic input pattern
were previously characterized in detail (Jaeger et al.,
1997) and the same inputs were tested with dynamic
clamping in vitro (Jaeger et al., 1999). The model has a
stable resting membrane potential at —68 mV, but upon
depolarization by an external input it generates inward
plateau currents supporting a depolarized up-state and
intrinsic pacemaker activity even when the external in-
put ceases. During ongoing synaptic input consisting of
a baseline of excitatory and inhibitory synaptic inputs
the cell is stabilized in the depolarized up-state, and
the synaptic inputs modulate the balance of intrinsic
plateau currents (Jaeger and Bower, 1997). It should be
noted that a single parallel fiber input in the model is ex-
pected to be equivalent to 3—5 such inputs in vivo, as the
time course of EPSCs matched experimental data, but
the unitary amplitude was increased by a factor in the
range of 3-5. Thus, the synchronous activation of 147
parallel fiber synapses in the model (10% of all mod-
eled synapses) corresponds to the synchronous activa-
tion of 450-750 parallel fibers in vivo (less than 0.5%
of the roughly 175,000 parallel fiber synapses a single
Purkinje cell receives). In the present study, simulated
synchronous volleys of inputs in the model were always
delivered in a distributed fashion across the entire den-
dritic tree. A previous study using this model showed
that for synchronous inputs of moderate size the so-
matic response is similar for distributed and clustered
input patterns (De Schutter and Bower, 1994c), and this
issue was not further pursued in the present study.

To determine whether observed cross-correlations
for the Purkinje cell model were dependent on its in-
trinsic cell properties, the same set of input patterns
was also tested with a generic one-compartment model.
This model had a membrane resistance of 63.7 Meg(2,
a membrane capacitance of 314 pF, and a leak reversal
potential of —80 mV as parameters, leading to a pas-
sive time constant of 20 ms. To simulate active prop-
erties, Na™ and K" spike currents, and an A-current
were included, and the density was adjusted to yield
spike frequencies matching the Purkinje cell model for
the default input pattern (Fig. 1b, d). The kinetics for
the three active currents were taken from the Purkinje
cell model. The resulting model had a stable resting



potential at —80 mV, and showed a spike threshold of
0.35 nA current injection. Spike frequency increased
from 29 to 79 Hz for a range of 0.4 to 1.0 nA cur-
rent injection. The time course of synaptic input con-
ductances to the single compartment model was ex-
actly identical to those used in the Purkinje cell model.
This was achieved by activating the same set of simu-
lated synaptic elements, but focusing the output of all
synapses on the single compartment. The relative con-
ductance amplitudes of all synapses were maintained,
but the unitary conductance amplitude was reduced by
a factor of 3.3. This scaling was performed so that the
relation between passive input resistance and synap-
tic conductance was the same for the Purkinje cell and
single compartment models. The purpose of this single
compartment model was to evaluate the role of spe-
cific Purkinje cell properties in the production of out-
put spike correlations given specific input correlations.
These properties include the effect of dendritic attenu-
ation and delays, and the interaction of synaptic input
with active properties such as plateau currents and cal-
cium dynamics. All of these properties were absent
in the single compartment model, which thus contrasts
Purkinje cell processing with the most basic integration
of synaptic conductances in a spiking compartmental
model.

In vivo recordings were obtained from crus Ila of
anesthetized rats. All use of rats complied with the
NIH guidelines on the care and use of laboratory an-
imals and were approved by the local Institutional
Animal Care and Use Committee. The details of the
surgical procedures used to expose crus IIA of cere-
bellar cortex have been described in previous publica-
tions (Jaeger and Bower, 1994). Briefly, male Sprague-
Dawley rats of 60-90 day age were anesthetized by
intraperitoneal injection with ketamine (75 mg/kg),
acepromazine (0.75 mg/kg), and xylazine (3.9 mg/kg).
Touchup doses of 1/3 of this amount of anesthetic were
given when light paw withdrawal reflexes developed,
usually occurring at intervals of 1 hour. The body tem-
perature was maintained at 35-36°C. and the heart rate
was monitored. The cerebellar cortex was surgically
exposed and kept covered with light mineral oil to pre-
vent drying of the brain surface. Tungsten microelec-
trodes of 2-6 Meg2 impedance (A-M systems, Inc.)
were inserted to a depth of 150 to 250 pm until spikes
of single Purkinje cells could be isolated. The signal
was band-pass filtered between 1 and 3,000 Hz and
digitized at 10 kHz for analysis. Spike separation was
performed off-line with a window discrimination rou-
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tine that is based on peak amplitude and spike width
separation. The quality of cell isolation was checked
by the presence of a refractory period in the interspike-
interval histograms. Simple spikes and complex spikes
were not separated, and in most cells a small number of
short duration intervals resulted from the discrimina-
tion of multiple simple spikes within a complex spike
(see Fig. 7).

Dual recordings of Purkinje cells were aligned par-
allel to the visible rostral and caudal boundaries of crus
ITa, which has a width of approximately 1 mm. Since
the typical parasagittal dendritic extent of a Purkinje
cell is 0.25 mm, about 4 non-overlapping Purkinje cell
dendritic fields span the width of the crus IIa surface.
The alignment of recording electrodes was accurate
within 50 um with respect to boundaries of crus Ila
based on graticule readings taken with a binocular sur-
gical microscope. Distances between recording elec-
trodes along the parallel fiber axis ranged between 0.05
and 1.5 mm based on graticule readings. Thus, the den-
dritic alignment of recorded Purkinje cell pairs would
provide a large number of common parallel fiber inputs
based on anatomical arguments. To ascertain that par-
allel fibers were not rendered inactive due to surgical
exposure, Purkinje cells were tested for responses to
electrical stimulation at the top of the molecular layer.
Stimuli consisted of bipolar current pulses of 0.1 ms du-
ration and 0.1-0.5 mA amplitude applied with a tung-
sten microelectrode. The stimulation electrode was lo-
cated at the same distance from the boundary of crus
Ila as the recorded Purkinje cells, and was typically
placed 500 um lateral to Purkinje cell recordings. To
drive Purkinje cell spiking with peripheral stimulation,
trains of air-puffs (one 50 ms puff every 250 ms) were
applied to the upper lip via a glass pipette with an open-
ing of 1 mm pointed at the skin from a distance of
1-3 mm. Each air-puff resulted in a visible indentation
of a small skin area. At the end of an experiment the
rat was euthanized by giving a lethal dose of sodium
pentobarbital i.p.

Cross-correlation analysis was carried out with the
same C-routines for experimental and simulated data.
The y-axis of the histograms was normalized so that
each bin shows the event count per second of recorded
data in the time slice represented by the bin width.
Standard deviations for cross-correlograms of spon-
taneous activity were computed across 50 repeti-
tions of the cross-correlation after shuffling the inter-
spike intervals of one spike train. Standard deviations
for cross-correlograms of air-stimulus driven activity
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were computed from repeated stimulus presentations
(n > 50) after subtracting the PSTH predictor following
established methods (Palm et al., 1988; Brody, 1999).

Results

Modeling of Neural Responses to Shared
Asynchronous or Synchronous Excitation

The goal of this modeling study was to test different
simulated parallel fiber input patterns that are fully
or partially shared between Purkinje cells for their
ability to induce cross-correlation peaks. Simulations
with shared input patterns were run serially with the
same realistic Purkinje cell model, and in addition with
a generic one-compartmental model (see Methods).
Cross-correlations were computed from 30 s of spik-
ing activity, corresponding to approximately 1,200
spikes.

Because of the large proportion of shared input fibers
expected for Purkinje cells aligned on the parallel fiber
pathway, the first input condition that was tested con-
sisted of 100% of shared excitatory inputs between 2
simulations. In contrast, inhibitory inputs to Purkinje
cells aligned on the parallel fiber pathway originate
from different interneurons because their axons run per-
pendicular to the parallel fibers (Palkovits et al., 1971).
Therefore, an asynchronous random background of fir-
ing of inhibitory inputs is not shared between Purkinje
cells. When we tested for cross-correlation in the ab-
sence of parallel fiber volleys we therefore set the
asynchronous inhibitory input as uncorrelated, while
varying the correlation of asynchronous excitatory in-
puts. When two simulations received all excitatory
inputs at exactly the same times (100% correlation),
but synapses were activated individually in an asyn-
chronous mode, the resulting cross-correlation was
completely flat (Fig. 1c). This result can be explained
by the inability of many asynchronous excitatory inputs
to trigger spikes with fine temporal precision, which
we have previously reported for the Purkinje cell model
and with simulated synaptic input in vitro (Jaeger et al.,
1997; Jaeger and Bower, 1999). This is due to the fact
that a large number of uncorrelated inputs leads to only
very small temporal fluctuations on top of a constant
tonic conductance (Fig. 1a). Even in the case of the
single compartment simulation, correlated spiking was
absent for this input pattern (Fig. 1e). This indicates
that the properties of the asynchronous excitatory input
pattern per se rather than the special active properties

of Purkinje cells lead to the lack of cross-correlation.
In the case of a large number of randomly occurring
small excitatory inputs, even 100% of shared excita-
tory inputs between cells does not lead to an apprecia-
ble amount of cross-correlation. This result generalized
over different output spike rates (10-100 Hz) elicited
by different rates of excitatory input, and over different
ranges in the rate of excitation and inhibition balanced
to produce similar spike rates. This balance occurs al-
ways when the amplitude of the inhibitory conductance
is bigger than the amplitude of excitatory conductance
(Fig. 1a) so that the inhibitory and excitatory synap-
tic current are of the same amplitude at a membrane
potential of around —40 mV (Jaeger et al., 1997).

Due to the significant effect of even single inhibitory
inputs on Purkinje cell spiking (Jaeger et al., 1997;
Hausser and Clark, 1997) simulations with shared
asynchronous inhibition but completely different exci-
tatory input patterns showed a large cross-correlation
peak (Fig. 2). This peak reached significance, even
when only 50% of the inhibitory inputs were shared.
The single compartment simulation showed similar re-
sults, though the cross-correlation peak was somewhat
narrower (Fig. 2). Shared inhibition of this type might
be expected for neighboring Purkinje cells as they
may be contacted by the same population of inhibitory
interneurons.

Synchronicity in the activity of many excitatory
inputs would be an expected consequence of most
schemes of temporal coding that have been proposed
for cerebellar cortex (Braitenberg et al., 1997) or other
structures (Abeles, 1991; Riehle et al., 1997; Singer,
1999; Diesmann et al., 1999). Therefore input patterns
that contained an increasing number of synchronously
activated excitatory inputs were tested for their abil-
ity to lead to the expression of cross-correlation peaks.
The same statistics for the activation of single inputs
as described above were used, but an increasing num-
ber of excitatory inputs were activated with identi-
cal timing. This resulted in the emergence of a cen-
tral peak in the cross-correlation between simulations
that shared the same population of synchronously ac-
tivated inputs. For the Purkinje cell simulation, around
100 synchronously activated excitatory inputs were re-
quired before the cross-correlation peak was significant
(Fig. 3b, ¢). This input pattern leads to clearly recogniz-
able peaks in the excitatory input conductance for each
synchronous input volley (Fig. 3a). The single compart-
ment model showed a highly significant peak already
with 73 synchronized inputs (Fig. 3e), but not with 37
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Figure 1. Compartmental models show an absence of synchronous activation when subjected to 100% shared asynchronous excitation. (a) The
inhibitory (Gin) and excitatory (Gex) synaptic input conductance with the input pattern used. Gex was identical between pairs of simulations,
whereas Gin was uncorrelated (dotted trace). (b) Interspike interval (ISI) histogram (black line) and autocorrelation (vertical bars) of the spike
pattern shown by a detailed Purkinje cell simulation in response to simulated shared asynchronous parallel fiber and stellate cell input. (c)
When two simulations share an identical pattern of parallel fiber inputs that occur in a random asynchronous fashion there is no resulting
spike synchrony. The inhibitory input was uncorrelated between the two simulations and effectively led to a decorrelation of output spiking.
(d) IST histogram and autocorrelation of the spike pattern in the single compartmental model in response to the same input pattern. (e) The
cross-correlation function for the one-compartmental model shows evidence of a very weak correlation of the spike activity with 100% of shared
excitatory inputs. The binwidth is 2 ms for all histograms. The lower solid line denotes the mean expected correlation value for each bin based
on shuffle prediction (see Methods) and the upper solid line denotes 3 standard deviations from the mean. A value of 1 event/s for a bin signifies
that cell 2 fired on average once per second at this delay from cell 1 spikes. Event counts are proportional to the bin size.

(not shown). These results indicate that the Purkinje should suffice to generate precise spike correlations in
cell with its strong intrinsic currents, calcium dynam- Purkinje cells sharing these inputs.

ics, and large dendrite require more synchronized in- A cross-correlation analysis can pick up spike events
puts than an isopotential compartment with few active due to synchronous inputs as a peak only if they occur
currents to express a cross-correlation peak, but only by frequently enough so that the number of events per
a factor of about two. The number of 100 synchronous second exceeds the random variability in the cross-
inputs in my simulations is equivalent to 300-500 syn- correlation bin count. For my simulations the cross-
chronous parallel fiber inputs in vivo (see methods), and correlation of shared synchronous events was signifi-
thus only corresponds to about 0.3% of 175,000 par- cant when they occurred at least at a rate of 4 event/s
allel fiber synapses a Purkinje cell actually receives. (see confidence limits in Figs. 1-3). This value was
These results therefore demonstrate that synchronic- confirmed by examining cross-correlations for sim-

ity in a very small proportion of parallel fibers in vivo ulations with different rates of shared synchronous
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Common asynchronous inhibition leads to significant synchronous spiking. When the same input properties as shown in Fig. 1 were

used, but the asynchronous inhibitory inputs were shared while the pattern of excitatory inputs was completely different, a significant narrow peak
emerged in the cross-correlations. Though inhibition per se does not trigger spikes, spike synchronization occurs here due to synchronous releases
of inhibition. (b) Even 50% of shared inhibitory inputs still lead to input events of sufficient amplitude to synchronize postsynaptic spiking.
(c, d) Synchronization in the single compartment simulation occurs at a similar frequency as in the Purkinje cell, but is temporally more precise.

input events, which produced significant peaks when
4 events/s were exceeded (data not shown). The number
of synchronous events needed to show significance is a
function of the spike rate, which is on average 35 Hz in
anesthetized and also in awake rats (Savio and Tempia,
1985; Stratton et al., 1988). It is also a function of the
length of the recorded data set, as longer data sets show
a reduced standard deviation in the cross-correlation
bin counts, and thus can show significance for a smaller
density of synchronous spikes caused by parallel fiber
volleys. The number of spikes analyzed in my simula-
tions (>1000) is usually considered sufficient to show
physiologically relevant cross-correlations, however.
Simultaneous recordings of larger cell populations can
also show significant synchronous events at a low rate,
because random synchronized spikes among a larger
cell population are very unlikely. Such rare events have
in fact been detected in multiple Purkinje cell record-
ings, and were shown to be caused by synchronous
climbing fiber inputs (Lang et al., 1999).
Synchronicity of parallel fiber inputs is not likely
to be absolutely precise in vivo because of variable

parallel fiber conduction velocities and because gran-
ule cells may not be activated at exactly the same time
even if the parallel fiber system was used for tempo-
ral coding. Therefore the input patterns with 147 syn-
chronous inputs (Fig. 3c, f) were modified to include
temporal dispersion (jitter) among the synchronously
activated population of parallel fibers. It was found that
jitter of the synchronous input led to a broadening of
the cross-correlation peak by the same amount as the
introduced jitter (Fig. 4). Thus, when the individual
inputs in a synchronous population were randomly jit-
tered by £5 ms, the cross-correlation peak was also
jittered by &5 ms (Fig. 4b, e). Purkinje cell simulations
showed a broader peak compared to a single compart-
ment simulation even in the absence of any input jitter
(Fig. 4a). This effect is likely due to the spatial distri-
bution of parallel fiber inputs in the large dendritic tree
of the Purkinje cell model, and subsequent dendritic
processing. Such processing includes passive dendritic
conduction delays and attenuation as well as synapti-
cally triggered transients in voltage gated currents in
this model (Jaeger et al., 1997; De Schutter, 1998).
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Figure 3. Synchronized excitatory inputs lead to a strong spike correlation in both models. (a) The input conductances for the synchronous
activation of 147 parallel fibers at 37 Hz on top of an asynchronous baseline (Gex), and the asynchronous baseline of inhibition (Gin) are shown.
Each activation of a parallel fiber volley leads to a clear peak in Gex. (b—d) Responses of the Purkinje cell model for simulations with increasing
synchrony in the shared excitatory input. When 147 parallel fibers of the simulated inputs are synchronized, a highly significant narrow central
peak emerges in the cross-correlation. The inhibitory input is identical to the simulations shown in Fig. 1. (e-g) Same input patterns for the
one-compartment model. This model already shows a strong central peak for 73 synchronized parallel fibers (5% of total input population in the
model). The binwidth is 2 ms for all histograms.

In addition to exciting Purkinje cells, synchronous direct Purkinje cell excitation along activated par-
parallel fiber volleys are also likely to activate in- allel fiber bundles. To examine whether such syn-
hibitory interneurons along the activated path. Thus, chronous inhibitory inputs might lead to distinct cross-

a synchronous inhibitory input could be coupled with correlation peaks or interfere with the peaks expected
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Figure 4. Temporal jitter between synchronized inputs leads to a broadening of the output spike correlation by the jitter time. (a—) Cross-
correlograms of simulated Purkinje cell responses for input patterns with 147 synchronous parallel fiber activation with increasing amount of
temporal jitter. (d—f) Responses of the single compartment model to the same input patterns. The binwidth is 1 ms.

to occur as a result of excitation, several sets of simu-
lations exploring coupling between excitation and in-
hibition were performed. As a baseline, simulations
contained 20 synchronous parallel fiber events per
second, which by itself led to a sharp peak centered
on zero (Fig. 5a, d). Then, synchronous inhibitory in-
puts for different numbers of inhibitory synapses were
tested without synchronous excitation. The response
for all but very small synchronous inhibitory inputs
consisted of a broad 20-50 ms center peak in the cross-
correlogram (Fig. 5b, e). Physiologically, this case of
synchronous inhibition alone corresponds to parallel
fiber volleys activating interneurons off-beam to the
recorded Purkinje cells. Inhibitory interneurons have
a projection zone at a 90-degree angle to the parallel
fibers and are thus expected to transmit off-beam lat-
eral synchronous inhibition upon receiving a parallel
fiber volley. However, strong on-beam components of

synchronous inhibition are also expected at a slight de-
lay from a parallel fiber volley. This case was tested
with synchronous parallel fiber excitation followed at
1-5 ms with synchronous inhibition. A range of com-
binations of intensity and delay of synchronous excita-
tion and inhibition was simulated. All conditions led to
similar cross-correlation peaks consisting of a primary
narrow peak indicating the synchronous excitation, and
a surrounding broader flank (Fig. Sc, f). The origin
of these peaks is further elucidated in Fig. 6, which
shows Purkinje cell simulation results for a strong syn-
chronous parallel fiber excitation followed 1 ms later
by a strong synchronous inhibition. The raw data traces
(Fig. 6a) show that synchronous inputs (arrows) typi-
cally produced a spike response followed by a pause,
except during periods of high frequency spiking (no
pause), or hyperpolarization (no spike). The cross-
correlation can pull out these different events, when the
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strong peak for both models in this baseline condition (see Fig. 3). The rate at which these synchronous inputs occurred was reduced from 37
to 20 Hz compared to previous simulations (Fig. 3), to allow simulating synchronous inhibitory input at the same rate without depressing the
overall spike rate too far. (b, ) Synchronous inhibitory input was delivered through 17 stellate cell (sc) synapses (about 1% of the total inhibitory
inputs a Purkinje cell receives), in the absence of synchronous excitation. This led to a 50 ms wide peak similar to the case of 50% asynchronous
shared inhibition (Fig. 2). (c, f). Synchronous inhibitory events (17 synapses) were coupled to the synchronous excitatory inputs shown in (a, d)
at a delay of 3 ms. The resulting correlations are similar to the case of pure excitatory synchronization, with a reduced representation of the

broad peak seen with pure inhibitory synchronization.

spikes contributing to the cross-correlation histogram
are limited based on the inter-spike interval following
each spike. Spikes that are followed by a pause have
a much higher probability of being synchronized pre-
cisely between a simulated pair (Fig. 6e) than spikes
that are not followed by a pause (Fig. 6d). Finally, the
case of synchronous inhibition slightly preceding syn-
chronous excitation was also investigated. Only when
the inhibition was very strong (2% of inputs or more)
could it fully suppress spikes caused by synchronous
excitation. This case could be physiologically relevant,
as deep parallel fibers that preferentially may contact

basket cells are bigger and thus have a faster conduc-
tion velocity than more superficial parallel fibers (Ito,
1984).

In vivo Cross-Correlation of Purkinje Cells Along
the Parallel Fiber Pathway

Extracellular recordings were obtained from pairs of
Purkinje cells (n =30) along the parallel fiber path-
way at distances between 0.1 and 1.5 mm in anes-
thetized rats. The median distance was 0.5 mm. The
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Figure 6. Analysis of the spike—pause pattern resulting from coupled excitatory and inhibitory input volleys. The example of synchronous
inhibition following synchronous excitation by 1 ms is examined in detail for the Purkinje cell simulation. (a) A 1 s segment of the raw data
shows that synchronous events (indicated by arrows) typically led to a spike followed by a pause. (b) The mean spike rate of this simulation
was comparable to the simulations without such synchronous events. To keep the overall rate of inputs a cell receives similar to the case without
synchronous inputs, the rate of random background excitation was reduced from 37 to 35 Hz, and inhibition from 1.5 to 1.2 Hz. (c) The
cross-correlation for all spikes consists of a large 4 ms narrow peak surrounded by a 30 ms flank. This is nearly identical to the result with a 3 ms
delay between excitation and inhibition (Fig. 5¢), illustrating that the precise delay in this range is not crucial. (d, €) The cross-correlation was
constructed separately for spikes preceding long (> 15 ms) or short (<15 ms) intervals. This condition was imposed on both spike trains before the
remaining spikes were cross-correlated. The results show that the precise narrow peak can be picked out by selecting intervals preceding a pause,
whereas the broader flank is likely due to spikes induced by synchronous events during periods when the model was in a fast spiking regime.

mean spike rate of the recorded population of Purkinje
cells (n = 40) was 53 25 Hz. The range of sponta-
neous spike rates was 25-95 Hz, except one neuron fir-
ing at 18 Hz, and one at 163 Hz. The pattern of spiking
was irregular, with small pauses that rarely exceeded
100 ms (Figs. 7a, b and 8a, b). The spontaneous activ-
ity pattern was stable over the duration of the recording
for all neurons. To determine the amount and precision
of synchronous spiking in this spontaneous activity the

cross-correlation between each pair of simultaneously
recorded neurons was computed. The results showed
that there was not a single narrow (<10 ms) peak in
the cross-correlograms obtained (n = 30). Most cross-
correlograms of spontaneous activity were completely
flat (Fig. 7e). The lack of precise spike synchroniza-
tion was not due to a disruption or conduction block
of the parallel fiber pathway, since in all cases tested
(n = 21)bothcells had clear responses to electric shock
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Figure 7. Synchronous spiking is absent along the parallel fiber pathway during spontaneous Purkinje cell activity. (a, b) Extracellular spike
recordings digitized at 10 kHz of two cells recorded at a distance of 100 um along the parallel fiber pathway. A single cell can be clearly
discriminated in each recording. The arrow in (b) points to climbing fiber input, which typically elicited a brief spike burst. Climbing fiber inputs
occurred at an average rate of less than 1 Hz. (c, d) ISI distribution shown as solid line superimposed on the autocorrelation (AC) histogram for
the same cells. The flat AC histogram indicates an absence of oscillatory activity. The arrow in (d) points to the short intervals due to spike bursts
occurring in response to climbing fiber inputs. Except for climbing fiber responses the ISI distribution is very similar to the modeling results
with random background input. (¢) The cross-correlation between these two cells was flat, indicating the absence of any correlation in the spike
activity. The binwidth is 2 ms. (f) Responses to direct electrical parallel fiber stimulation (LOC). Repetitions of the stimulus are aligned at time
0 and spike trains are depicted as raster histogram. A long lasting inhibition was the most common response, which was in some cases preceded
by a short-latency spike response. Note that a feedforward activation of on-beam basket cells by parallel fibers is well suited to suppress a spike
response via dendritic parallel fiber input. Labeling and analysis methods are identical to modeling results.

stimulation of the parallel fiber pathway at a single up between spikes preceding short intervals and spikes
site (Fig. 7f). These responses always had a strong in- preceding long intervals. As indicated by the simula-
hibitory component, as expected from the activation of tion results, peaks due to synchronous inhibitory inputs
inhibitory interneurons by parallel fiber volleys. Some should be most apparent when only spikes followed
pairs recorded showed a broad correlation peak with a by a pause are sampled. In contrast, the experimen-
width of 50-200 ms (10/30 pairs, Figs. 8c and 9c). Bins tal results show that the broad cross-correlation peaks
surrounding the peaks were often still above baseline were fully accounted for by spikes occurring during
but failed to reach the significance criterion of 3 stan- high-frequency firing (Fig. 8c). The cause for this peak
dard deviations. These broad peaks were distributed is apparent from the raw data traces upon closer in-
between pairs recorded at all distances between 0 and spection (Fig. 8a), as periods of high-frequency firing
1000 pm, with the most frequent occurrence coincid- in both neurons are loosely synchronized. It has been
ing with the most dense sampling of pairs, which was demonstrated that such periods of coincident firing rate
obtained at 500 um. To elucidate the origin of these changes lead to central cross-correlation peaks (Brody,

broad peaks, the cross-correlation analysis was split 1999).



322 Jaeger

0.1 mVv
—

events/s

Cell 1: mean spike rate 69 Hz

o N A O @

e

0 10 20 30 40 50 60 70 80 90 100
ms

1
1
i 3SD
8 w: .w

10

events/s

0
f
i
i
i
4 l
i
i
i
i
i

1s
° 6
2
3
34 Cell 2: mean spike rate 55 Hz
2
0 W«ﬂ M

0O 10 20 30 40 50 60 70 80 90 100
ms

events/s

0
-250 -200 -150 -100 -50 0 50 100 150 200 250
ms

Cell 1, 0-12 ms isi, Cell 2, 0-15 ms isi

0.
-250 -200 -150 -100 -50 O 50 100 150 200 250
ms

Cell 1, 12-200 ms isi, Cell 2, 15-200 ms isi

Figure 8. Analysis of broad cross correlation peaks during spontaneous activity. An example of a pair that was classified as having a significant
broad cross-correlation peak is examined in detail. These two cells were recorded at a distance of 0.5 mm distance along the parallel fiber path.
(a) A 3 s segment of the raw data traces reveals periods of high frequency spiking that are loosely shared between both neurons. (b) The ISI
distributions are very comparable to the model results shown above, except for the small number of short intervals induced by climbing fiber
input (see Fig. 7). (¢) The cross-correlation was split up between short intervals and long intervals for each neuron by splitting the ISI distribution
at the onset of the tail (12 ms for cell 1, 15 ms for cell 2) analogous to the processing of modeling results shown in Fig. 6. In contrast to the
modeling of synchronous events the cross-correlation peak here is fully caused by spikes with short succeeding intervals. This excludes the case
of common pauses due to synchronous inhibition for causing the observed peak.

Since specific signals may be absent in the parallel
fiber pathway during spontaneous activity, the cross-
correlation analysis was repeated for activity obtained
during sensory stimulation that resulted in a strong
modulation in the observed spike activity (Fig. 9a, b).
Even when both cells showed strong ongoing modu-
lation in spiking with a train of air-puff stimuli to the
face (n =20), the cross-correlation showed no addi-
tional peak of common activation at a short time scale
(Fig. 9d). This result indicates that the modulation in
spiking caused by sensory input is not mediated by
synchronously activated parallel fiber beams, because
the computer simulations showed that even a small

percentage of synchronous parallel fiber activation re-
sults in a narrow cross-correlation peak. Parallel fibers
have a conduction speed around 0.3-0.5 m/s (Crepel
et al., 1981), and thus at distances between 0.1 and
1.5 mm a conduction delay between 0.2 and 5.0 ms
can be expected. If a particular ‘beam’ of activated par-
allel fiber signal excited one of my recorded Purkinje
cells strongly at a given time, a noticeable activation of
the second recorded cell would therefore be expected
shortly before or after. Even though parallel fibers have
a range of conduction velocities, the expected disper-
sion of a strong signal along the recorded distances
would be less than 2 ms, and a narrow cross-correlation
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Figure 9. Stimulus driven spike responses of Purkinje cells are not associated with synchronous spiking along the parallel fiber pathway. (a, b)
Stimulus aligned spike rasters for two Purkinje cells recorded simultaneously at a distance of 500 «m along the parallel fiber pathway. A strong
common modulation of the spike rate driven by a train of air puff stimuli to the face is seen in both cells. Air puffs were repeated at intervals
of 250 ms. (c) The cross-correlation of these two cells during spontaneous spiking shows an example of weak coactivation on the timescale of
50 ms. The binwidth is 5 ms. The lower horizontal line shows the expected bin count when no correlation is present, and the upper line shows
a level of 3 standard deviations away from the baseline. (d) The raw cross-correlation during the stimulus driven activity is shown as vertical
bars. The expected cross-correlation baseline is shown by the lower horizontal line. It is wavy because of common response components to the
stimulation. The contribution of the common stimulus response components were computed by the PSTH predictor method (Palm et al., 1988).
The upper horizontal line depicts the 3 standard deviation mark, above which cross-correlations were deemed to significantly depart from the

expected baseline.

peak (<10 ms) would be seen. Thus, the strong spike
modulation seen in vivo with sensory input appears to
be due to asynchronous granule cell population activity.

Discussion

Ideas regarding the computational algorithm taking
place in cerebellar cortex have focused on temporal
coding because the function of the cerebellum is impli-
cated in the fine temporal control of movement (Houk
et al., 1996; Ivry, 1997; Mauk et al., 1998; Timmann
etal., 1999). The parallel fiber system has been viewed
as particularly well suited to convey temporal cod-
ing by means of volleys of activity along parallel
fiber ‘beams’ (Braitenberg and Atwood, 1958; Eccles
etal., 1967; Garwicz and Andersson, 1992; Braitenberg
etal., 1997). In my simulations about 100 synchronous
parallel fiber inputs occurring at frequencies of only
4 events/s were expressed as narrow peaks in Purkinje
cell cross-correlations. In vivo this corresponds to
300-500 synchronous parallel fiber inputs (0.3% of

total input population) as each synapse in the model
was 3-5 times stronger than the physiological ampli-
tude to allow for a reduced total input population (see
methods). The cross-correlation peaks were conserved
in the presence of temporal jitter in the synchronous
inputs expected from variable parallel fiber conduc-
tion velocities. The number of 100 parallel fiber in-
puts was shown to be sufficient to trigger a spike in
Purkinje cells in slices from 14 day old rats (Barbour,
1993), supporting the concept that a very small pro-
portion of synchronously active parallel fibers will be
expressed in precisely timed spike outputs. The num-
ber of 300-500 needed synchronous inputs indicated
by my simulations was likely higher than 100 because
the simulated barrage of ongoing asynchronous back-
ground input acts as a significant shunt not present
in slice recordings, and reduces the effect of synap-
tic input on the soma (Rapp et al., 1992; Jaeger et al.,
1997). The similarity of the cross-correlation results
between the full Purkinje cell model and the isopo-
tential single-compartment model that lacked most of
the voltage-gated Purkinje cell conductances indicates
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that it was the correlation structure and size of the
inputs and not specific Purkinje cell processing that
caused the observed spike synchronization. The only
detectable contribution of detailed properties of the
Purkinje cell model consisted of a small degree of
spike desynchronization and a small increase in de-
tection threshold in response to synchronized inputs.
These simulation results lead to the clear prediction
that even small volleys of synchronously activated par-
allel fibers should lead to precisely time-locked spik-
ing of Purkinje cells along the parallel fiber trajectory.
Even if as many as 90% of parallel fiber synapses had a
weight of zero (silent synapses), as recently suggested
(Isope and Barbour, 2001), only 3% of parallel fibers
would need to be synchronously active to induce time-
locked Purkinje cell spiking. These effects are not likely
to be obscured by inhibitory inputs triggered by par-
allel fiber activity, as in most cases inhibitory inputs
would occur at a small delay. The simulation results
show that such coupled inhibitory inputs do not disrupt
cross-correlation peaks, but are visible as correlated
pauses.

The present experimental results showed that syn-
chronous parallel fiber volleys did not control Purkinje
cell spiking in our in vivo preparation to a signifi-
cant degree, because a narrow spike correlation be-
tween Purkinje cells along the parallel fiber trajectory
was absent. A similar result has been reported be-
fore for Purkinje cell correlations in decerebrated cats
(Ebner and Bloedel, 1981), supporting the generality
of this finding. The only cross-correlation study show-
ing positive correlations between Purkinje cells (Bell
and Grimm, 1969) had a total of 5 recorded pairs, all
of which were separated by less than 0.1 mm. Thus,
shared inhibition due to local interneurons can easily
explain the peaks shown for 3 pairs in this paper, which
is likely to be enhanced under the condition of the pen-
tobarbital anesthesia employed. The absence of nar-
row cross-correlation peaks I found for pairs separated
by wider distances indicates that the large majority of
Purkinje cell spikes are not triggered by synchronous
parallel fiber volleys, since such volleys would activate
Purkinje cells along the active parallel fiber bundle and
thus lead to spike synchronization. Because Purkinje
cells along a parallel fiber bundle receive a large pro-
portion of their excitatory inputs from the same axons,
the expected result of a parallel fiber volley is shared
excitation of all aligned Purkinje cells. Thus, even a
small sample of recorded pairs should reveal this type
of activity. The concept of a parallel fiber volley as a

timing mechanism requires that the volley be synchro-
nized within a very narrow window of at most a few
ms and spread along the parallel fiber pathway. The
activity found in our preparation is not consistent with
this model. A lack of Purkinje cell activation along par-
allel fiber beams has recently also been observed with
voltage-sensitive dye imaging in the isolated guinea pig
brain (Cohen and Yarom, 1998).

It is important to distinguish between synchronous
volleys of activity and less synchronized bursts as well
as phasic and tonic rate changes of granule cell and par-
allel fiber activity. The 50-200 ms peaks in the cross-
correlations found in this study are well accommodated
by the hypothesis that fast Purkinje cell rate changes
are driven by preceding bursts in the granule cell layer.
The observation that the broad peaks seen were se-
lectively associated with periods of increased Purkinje
cell spike rates (Fig. 8) supports this hypothesis. A re-
cent set of studies in awake behaving rats supports
the notion that granule cells in awake animals show
ongoing strong asynchronous modulation of spiking
(Hartmann and Bower, 1998, 2001). The strong oscil-
latory population activity in granule cells found in the
quiet awake state in these studies would be exactly the
predicted input pattern driving the correlated Purkinje
cell rate changes that underlie the observed broad cross-
correlation peaks. In fact, similar oscillatory bursting
is present in the granule cell layer of ketamine anes-
thetized rats as the anesthesia gets a little lighter before
arenewed injection (Jaeger, unpublished observation).
In behaving rats, granule cell responses in crus Ila were
most dominant with tactile stimulation, and not move-
ment (Hartmann and Bower, 2001). These responses
consisted of pronounced population bursts that would
again be the predicted input pattern for the Purkinje cell
activation I found with air puff trains in the anesthetized
rat.

My findings on the absence of temporal coding in
the parallel fiber input to Purkinje cells may appear
at odds with the involvement of cerebellum in precise
movement timing. Temporal precision, however, could
be mediated by other components of the cerebellar cir-
cuitry. The activation of climbing fiber inputs to pop-
ulations of Purkinje cells along the parasagittal plane
has been found to be synchronous (Welsh et al., 1995)
and may contribute to temporal coding in the cerebel-
Ium. These synchronous climbing fiber events occur at
frequencies of <1 Hz, however, and are thus not well
suited to control a significant proportion of Purkinje
cell spikes (Lang et al., 1999).



The ascending granule cell axons may provide an al-
ternate way to provide temporally exact stimuli (Llin4s,
1982; Bower, 1997a, 1997b). This view is supported
by data showing that Purkinje cells are primarily ac-
tivated in response to tactile stimuli by granule cell
activity directly below, and not by parallel fiber beams
(Bower and Woolston, 1983). Although such ascending
inputs are not expected to yield precisely synchronized
Purkinje cell output, the rapid change in spike activity
of a patch of Purkinje cells appears of temporally suf-
ficient precision to act as a timing signal. In addition,
these data showed strong inhibitory responses to tactile
stimulation, which may also be involved in the control
of behavioral timing, because pauses of Purkinje cell
spiking effectively trigger spikes in the deep cerebellar
nuclei (Gauck and Jaeger, 2000). If ascending granule
cell inputs are primarily responsible for driving well-
timed phasic responses in Purkinje cells, the role of the
parallel fiber system might be that of modulating these
responses to bring the context of inputs to surrounding
somatotopic areas to bear on the ongoing computation.
A recent modeling study showed that an increase in the
level of parallel fiber activity is in fact likely to change
the timing and amplitude of responses to ascending in-
puts (Santamaria et al., 2002).

The control of Purkinje cell spiking is likely influ-
enced by long-term depression that eliminates the re-
sponses of Purkinje cells to specific synaptic inputs.
The idea of training Purkinje cells to pause at spe-
cific times due to LTD was first proposed by Albus
(1971). A detailed model of how such pauses could be
adaptively timed during delayed eye-blink condition-
ing has recently been published (Medina and Mauk,
2000), demonstrating that a cerebellar timing machine
can be constructed without the need for synchronous
parallel fiber volleys. Interestingly, this model can cre-
ate precisely timed output without the need of gen-
erating parallel fiber volleys. Instead, granule cell re-
sponses to a given stimulus are required to show many
different temporal profiles, and the precise timing of the
climbing fiber as a teaching signal imparts the trained
temporal coding of Purkinje cell responses.

Purkinje cell activity recorded in awake behaving
animals consistently shows dynamically timed fast and
slow modulations of spike rate on top of a tonic back-
ground of fast irregular spiking. Different areas in
cerebellar cortex show selective responses for smooth
pursuit (Lisberger and Fuchs, 1978) and saccadic
(Mano et al., 1991) eye movements, wrist movements
(Mano and Yamamoto, 1980), and reaching movements
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(Fortier et al., 1989). Many of these responses are di-
rectly related to sensory feedback during movement
such as slip of a hand-held object (Dugas and Smith,
1992). The tonic baseline of 20-150 Hz of spiking
found in these studies is similar to the activity found in
the present study under ketamine anesthesia. Computer
simulations (Jaeger et al., 1997) using the Purkinje cell
model also employed here, and a dynamic clamp study
(Jaeger and Bower, 1999) showed that this activity is
well explained by an ongoing background of granule
cell activity, which stabilizes the inward plateau cur-
rents of Purkinje cells in the up-state. In contrast, the
absence of such a baseline of ongoing inputs is often as-
sociated with a pronounced bistability in Purkinje cell
spiking in vitro (Llinds and Sugimori, 1980; Williams
et al., 2002) and animals under pentobarbital anesthe-
sia (Bell and Grimm, 1969). The dynamic modulation
of Purkinje cell spiking during behavior is in agree-
ment with the hypothesis that rapid granule cell activ-
ity changes are translated into adaptive Purkinje cell
responses via learning algorithms. The present study
supports this framework of a dynamic regulation of
Purkinje cell activity by granule cells in the absence of
specific synchronous parallel fiber volleys. Future work
will need to further clarify the relative role of parallel
fibers, ascending granule cell axons, and inhibitory in-
terneurons in the expression of precisely timed changes
in Purkinje cell activity during behavior.
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