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The Origin of the Complex Spike in Cerebellar Purkinje Cells

Jenny T. Davie, Beverley A. Clark, and Michael Hiusser
Wolfson Institute for Biomedical Research and Department of Neuroscience, Physiology, and Pharmacology, University College London, London
WCIE 6BT, United Kingdom

Activation of the climbing fiber input powerfully excites cerebellar Purkinje cells via hundreds of widespread dendritic synapses, trig-
gering dendritic spikes as well as a characteristic high-frequency burst of somatic spikes known as the complex spike. To investigate the
relationship between dendritic spikes and the spikelets within the somatic complex spike, and to evaluate the importance of the dendritic
distribution of climbing fiber synapses, we made simultaneous somatic and dendritic patch-clamp recordings from Purkinje cells in
cerebellar slices. Injection of large climbing fiber-like synaptic conductances at the soma using dynamic clamp was sufficient to repro-
duce the complex spike, independently of dendritic spikes, indicating that neither a dendritic synaptic distribution nor dendritic spikes
arerequired. Furthermore, we found that dendritic spikes are not directly linked to spikelets in the complex spike, and that each dendritic
spike is associated with only 0.24 % 0.09 extra somatic spikelets. Rather, we demonstrate that dendritic spikes regulate the pause in firing
that follows the complex spike. Finally, using dual somatic and axonal recording, we show that all spikelets in the complex spike are
axonally generated. Thus, complex spike generation proceeds relatively independently of dendritic spikes, reflecting the dual functional
role of climbing fiber input: triggering plasticity at dendritic synapses and generating a distinct output signal in the axon. The encoding
of dendritic spiking by the post-complex spike pause provides a novel computational function for dendritic spikes, which could serve to

link these two roles at the level of the target neurons in the deep cerebellar nuclei.
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Introduction

Adult Purkinje cells each receive input from a single climbing
fiber (CF), which makes hundreds of synapses across its highly
branched main dendrites (Palay and Chan-Palay, 1974). CF acti-
vation produces a distinctive high-frequency burst of spikes: the
complex spike (Eccles et al., 1966; Fujita, 1968; Llinds and Sugi-
mori, 1980b), which is thought to represent a critical signal for
the operation of the cerebellar cortex, conveying both timing
information (Welsh and Llinas, 1997) and triggering synaptic
plasticity (Gilbert and Thach, 1977; Hansel et al., 2001; Ito, 2001).
Understanding complex spike generation is therefore essential
for understanding information processing and plasticity in Pur-
kinje cells.

The mechanism of complex spike generation has been de-
bated for decades (Schmolesky et al., 2002). It is known that,
similarly to simple spikes (Stuart and Hédusser, 1994; Clark et al.,
2005; Khaliq and Raman, 2006), the first spike of the complex
spike is generated in the axon (Stuart and Hausser, 1994); both
backpropagate only weakly into the dendrites (Llinds and Sugi-
mori, 1980b; Stuart and Hiusser, 1994). Purkinje cell dendrites
can, however, generate prominent dendritic calcium spikes,
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which can propagate toward the soma (Eccles et al., 1966; Llinas
etal., 1968; Llinas and Nicholson, 1971). CF input activates den-
dritic spikes, often in a burst-like pattern (Fujita, 1968; Llinds and
Sugimori, 1980b), suggesting an alternative view to the classical
hypothesis that the somatic spikelets in the complex spike are
generated in the axon (Granit and Phillips, 1956; Eccles et al.,
1966). The difficulty in suppressing spikelets in the complex spike
by antidromic spike activation (Martinez et al., 1971), together
with the finding that secondary spikelets can be modulated inde-
pendently of the first spike of the complex spike (Campbell et al.,
1983), suggested that spikelets in the complex spike could reflect
dendritic spikes. However, the fact that somatic bursts of spikes
can be triggered without significant dendritic calcium entry, and
that inhibition of dendritic spikes only has a weak effect on the
somatic complex spike waveform (Callaway et al., 1995; Callaway
and Ross, 1997), strongly argues against this interpretation. Nev-
ertheless, the contribution of individual dendritic spikes to the
complex spike and the origin of the spikelets within the complex
spike remain unresolved. This is important because in other neu-
ronal types, strong links can exist between dendritic spikes and
axonal action potentials. In mitral cells and in hippocampal and
cortical pyramidal cells, dendritic spikes can trigger one or more
axonal action potentials (Chen et al., 1997; Stuart et al., 1997;
Golding and Spruston, 1998; Larkum et al., 1999, 2001; Ariav et
al., 2003). Moreover, backpropagating axonal action potentials
can themselves promote dendritic spikes, a reciprocal interaction
that can lead to a burst of axonal action potentials (Pinsky and
Rinzel, 1994; Mainen and Sejnowski, 1996; Larkum et al., 1999,
2001; Doiron et al., 2002; Turner et al., 2002; Williams and Stuart,
2002). We have therefore used simultaneous somatic and den-
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Figure 1. Complex spikes triggered by CF stimulation can be reproduced by somatic dynamic clamp. 4, Recording configura-
tion illustrated using an image of a biocytin-filled Purkinje cell. Somatic electrodes (blue and red) and a CF-stimulating electrode
inthe granule cell layer (gray) are shown. B, Complex spike responses of Purkinje cell shown in A, evoked by 1 Hz stimulation of its
CF. Overlay of multiple sweeps (gray) and a single representative example (red). €, Simultaneous dual somatic dynamic-clamp
configuration, with one electrode used to record voltage (red) and the other toinject current (blue). D, Responses (left) of the same
cell as in A to injection of synaptic-like conductances of increasing amplitude (right, biexponential waveform, 7., = 0.3 ms,
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dritic or somatic and axonal recording to
directly investigate the link between den-
dritic, somatic, and axonal events during
complex spike generation in Purkinje cells.

Materials and Methods

Slice preparation. Parasagittal slices (200-300
pm) of postnatal day 18 (P18)—P24 rat cerebel-
lum were made according to standard tech-
niques (Geiger et al., 2002; Davie et al., 2006).
All procedures were approved by the United
Kingdom Home Office. Artificial CSF (ACSF)
for both slicing and recording contained the
following (in mm): 125 NaCl, 2.5 KCl, 26
NaHCO;, 1.25 NaH,PO,, 25 glucose, 1 MgCL,,
and 2 CaCl,, and was bubbled with 5% carbon
dioxide, 95% oxygen. Slices were continuously
superfused with ACSF during the experiment,
and all experiments were performed at
34-35°C.

Electrophysiology. Simultaneous whole-cell
patch-clamp recordings from both soma and
dendrites were made under direct visual control
(Davie et al., 2006) using differential interfer-
ence contrast optics (Zeiss Axioskop). Patch
electrodes were pulled to resistances of 4—5 M{)
(for the soma) or 7-10 M{) (for the dendrites)
from thick-walled, filamented borosilicate
glass. Internal solution (280-285 mOsm) con-
tained the following (in mm): 133 KMeSO,, 7.4
KCl, 0.3 MgCl,, 10 HEPES, 0.1 EGTA, 3
Na,ATP, and 0.3 Na,GTP, pH adjusted to 7.2
with KOH, to which 0.5% biocytin was usually
added. Current-clamp recordings were made
using both AxoClamp 2B and 2A amplifiers
(Molecular Devices), and were low-pass filtered
at 3 kHz before being sampled at 20-50 kHz
using Axograph 4.9 software (Axograph Scien-
tific) and an ITC-18 interface (Instrutech).

CF input was stimulated by placing a patch
electrode filled with ACSF in the granule cell
layer (0.2 ms, 20—80 V square pulses; 1 Hz stim-
ulation frequency). The location of the stimu-
lation electrode and the stimulation intensity
were adjusted until an isolated CF input was
excited without evoking an antidromic action
potential in the Purkinje cell axon. Complex
spikes preceded by a simple spike within ~1.5
ms were excluded from analysis because these
were found to have a disrupted complex spike
pattern. In some experiments, the cell was taken
to threshold for generating multiple dendritic
spikes in response to CF stimulation by varying
the tonic current injection at the soma (—600 to
900 pA).

For simultaneous somatic and axonal re-
cordings, whole-cell recordings were first made

<«

Tgecay = 3 Ms, peak amplitudes as indicated beside traces).
Note that by choosing the appropriate conductance amplitude
(150nS), the complex spike evoked by CF stimulation could be
mimicked. E, F, Timing (E) and amplitude (F) of spikes (mea-
sured with respect to the first spike, for the first, second, and
third spikes) within the complex spikes evoked by CF stimula-
tion and by the 150 nS synaptic-like conductance. Spike times
differed by <<17%; amplitudes differed by <<4%. stim,
Stimulation.
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Figure 2.

show the mean = SEM of the total data. stim, Stimulation.

from Purkinje cells using the above internal solution containing 45—80
M AlexaFluor 488, and the CF input was located using an extracellular
stimulating electrode as above. The somatic pipette was then retracted
carefully to form an outside-out patch, thereby resealing the cell mem-
brane. Two patch electrodes containing 150 mm NaCl were then used to
make simultaneous loose cell-attached recordings in voltage-clamp
mode from the soma and the proximal axon and to record the capacitive
currents generated by action potentials (sampling rate, 100 kHz). The
peak of the capacitive current corresponds to the time of the fastest rise of
thelocal action potential and therefore can be used to indicate the relative
timing of spikes in the soma and the axon (Clark et al., 2005). Biocytin
staining was used for post hoc recovery of cell morphologies.

Dynamic clamp. This method (Robinson and Kawai, 1993; Sharp et al.,
1993) was implemented using custom analog hardware (SM-1; Cam-
bridge Conductance). Synaptic-like conductances were applied to the
soma using two patch-clamp electrodes (one recording membrane po-
tential, the other injecting current) to avoid bridge balance errors (Wil-
liams, 2004). Waveforms were biexponential, with 7, = 0.3 mS, Tyecay =
3 ms, peak amplitude of 100—500 nS, and a reversal potential of 0 mV. In
some exploratory experiments, the effect of conductance time course was
investigated, varying 7, from 0.2 to 0.5 ms and 74, from 2 to 5 ms.
Complex spike-like events were produced over this entire 2.5-fold range
of kinetics, and changing kinetics did not produce substantial improve-
ments in the match to the physiological complex spike. In some experi-
ments, dendritic spikes were evoked during somatic dynamic clamp;
these spikes were triggered by dendritic current injection (biexponential
current waveform, 7, = 0.5 ms and 7., = 5 ms, peak amplitude of
2-5 nA together with tonic current of 0-330 pA).

Analysis. Data were analyzed using custom programs, together with
NeuroMatic data analysis software (http://www.neuromatic.

C

Max dendritic dV/dt

Dendritic spikes are not necessary for the generation of the complex spike. 4, Simultaneous dendritic and somatic
patch-clamp recording (blue electrodes) during both climbing fiber stimulation (gray electrode) and two-electrode somatic
dynamic clamp. B, CF response of cell shown in A recorded simultaneously at the soma (bottom traces) and 110 m away in the
dendrites (top traces). Complex spikes at the soma are accompanied by characteristic dendritic calcium spikes. €, Response of
same cell to 150 nS somatic dynamic clamp. Somatic complex spikes generated by dynamic clamp are well matched to CF-evoked
responses (spike times differed by <18%, amplitudes by <<10%), but no dendritic spikes are observed. D, Average amplitude
and dV/dt of dendritic events triggered in response to CF stimulation or equivalent somatic dynamic clamp (n = 13 cells;
significantly different, p << 10 7). Open circles show single-cell averages (data shown in B and C are highlighted in red); bars
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thinkrandom.com/), in Igor Pro (Wavemet-
rics). The amplitudes of spikelets in the complex
spike were measured with respect to baseline
membrane potential (averaged over 50 ms be-
fore the complex spike), and the resulting am-
plitudes were sometimes normalized to the am-
plitude of the first spike in the complex spike.
Somatic spike threshold was taken as the point
at which the second derivative of the spike
reached 10% of its peak value during the rising
phase of the spike; threshold amplitude was
measured as the voltage at this point minus the
minimum voltage reached in the preceding
trough. Dendritic spike width was measured at
half the height of the spike peak above the pre-
ceding trough in membrane potential. Attenu-
ation was measured in records in which extra
dendritic spikes did not trigger extra somatic
spikelets, allowing the depolarization caused by
the propagated dendritic spike to be seen in iso-
lation. The amplitude of the propagated event
was found by subtracting from these records the
average somatic waveform of corresponding re-
sponses of a similar somatic spiking pattern but
without the extra dendritic spike (see Fig. 5A).
Analogously, the amplitude of the dendritic
spike was found by subtracting the average den-
dritic waveform of the same dataset from the
individual records with extra dendritic spikes.
Attenuation was calculated as the somatic event
amplitude as a percentage of the dendritic event
amplitude. Spontaneous interspike intervals
(ISIs) were calculated as the average of three con-
secutive intervals between simple spikes occurring
in the same trace as the post-complex spike pause.
Post-complex spike afterhyperpolarizations
(AHPs) were quantified by finding the minimum
voltage during the post-complex spike pause in
spontaneous firing and subtracting mean baseline
membrane potential (as measured above). Differ-
ences between groups were tested for statistical significance using Student’s ¢
test (paired or unpaired as appropriate). Data were reported as the mean [in
some cases weighted by the number of observations in each dataset (Bland
and Kerry, 1998)] = SEM unless otherwise indicated.

Dynamic Clamp

Results

Somatic dynamic clamp can reproduce the complex spike
Activation of CF input to cerebellar Purkinje cells triggers the
highly reproducible pattern of somatic spikes known as the com-
plex spike (Fig. 1A,B) (Eccles et al., 1966; Llinds and Sugimori,
1980a). To determine whether the dendritic distribution of CF
synaptic contacts is necessary to generate the distinctive spiking
pattern of the complex spike, we examined whether concentrat-
ing the synaptic conductance at the soma is sufficient to mimic
the complex spike waveform. Dynamic clamp was used to inject a
biexponential conductance, based on the physiological CF syn-
aptic conductance (Perkel et al., 1990; Llano et al., 1991; Silver et
al., 1998; Wadiche and Jahr, 2001), via simultaneous dual somatic
patch-clamp recordings (Fig. 1C). By adjusting the amplitude of
the somatic dynamic-clamp conductance (Fig. 1 D), a remarkably
good match could be achieved with the CF-evoked complex spike
(Fig. 1B). This matching was achievable in most cells, not only in
neurons exhibiting complex spikes consisting of relatively few
spikes (Fig. 1A), but also for neurons with elaborate complex
spikes consisting of =5 spikes (see supplemental Fig. 1, available
at www.jneurosci.org as supplemental material). The mean value
of the “optimal” synaptic conductance was 170 * 58 nS (range,



7602 - ). Neurosci., July 23, 2008 - 28(30):7599-7609

1 dendritic spike

dendrite
(80 pm)

S
e
S~
b

dendrite
(125 pm)

soma

Figure3.

Davie et al. @ Origin of the Complex Spike

2 dendritic spikes

oG ® 00

Number of extra somatic spikes

Dendritic spikes have only a weak influence on the somatic complex spike triggered by CF stimulation. 4, Recording configuration of experiment. The dendritic recording electrode was

80 m from the soma. B, Multiple superimposed CF responses recorded at the soma (bottom) and dendrite (top) of the cell in A. Left, Responses with one dendritic spike (4 sweeps); right, responses
with two dendritic spikes (5 sweeps). Note that in this example, somatic spiking is the same regardless of the number of dendritic spikes, and that the second dendritic spike only produces a small
response at the soma. C, A second example in which dendritic spikes have a stronger effect on the soma. The dendritic recording electrode was 125 m from the soma. D, Threshold for a second
dendritic spike occurred when a somatic holding current of — 160 pA was applied (left: 1 spike, 29 sweeps; right: 2 spikes, 32 sweeps). In some CF responses, a second dendritic spike triggered an
additional somatic spike (0.81 == 0.10 spike added). Responses in which the second dendritic spike occurred <<2 ms after a somatic spike are shown in red; in these cases, either no further somatic
spike or only a small somatic spikelet occurred. E, Average number of somatic spikelets triggered by an extra dendritic spike. “B,” “D,” Mean == SD of the data shown in Band D; “all data,” averages
fromindividual datasets (circles) and weighted mean == SEM of all datasets (n = 21; bar). On average, 0.24 == 0.09 additional somatic spikes (significantly different from 0, p <<0.01) were triggered

by an extra dendritic spike. Calibration in D also applies to B.

80-325 nS; n = 40 cells), comparable with the conductance val-
ues estimated using somatic voltage-clamp recording of CF EP-
SCs [200 = 23 nS; n = 16 (Silver et al., 1998); p = 0.63]. Decreas-
ing the synaptic conductance from the optimal value reduced the
number of evoked spikes in the complex spike, whereas increas-
ing the conductance ultimately led to inactivation of spiking,
associated with voltage ripples on top of an envelope of depolar-
ization. This depolarization rarely exceeded —30 mV, even at
conductance values of 500 nS, thus maintaining a driving force
for the synaptic conductance. The “optimal” synaptic conduc-
tance produced a highly quantitative match to the physiological
complex spike in the same cells, with the number of spikes being
indistinguishable (3.1 = 0.12 vs 3.1 = 0.12 spikes; n = 40 cells;
p = 0.62; paired t test) between physiological and synthetic com-
plex spikes. Furthermore, details of the spike waveform could
also be closely matched, with amplitudes of individual spikelets
being matched with an average error of only 18.0 = 2.0%, and
spike times matched with only 14.0 = 1.5% error (n = 40).
Together, these observations demonstrate that the distribu-
tion of the CF synaptic conductance across the dendrites is not
necessary to permit burst firing or to maintain synaptic driving
force, because the complex spike can be reproduced simply by
concentrating a similar synaptic conductance at the soma.

Dendritic spikes are not necessary for generating a

complex spike

In some cell types, bursts of spikes at the soma are triggered by
activation of dendritic calcium spikes (Larkum et al., 1999; Ma-
gee and Carruth, 1999; Williams and Stuart, 1999). Physiological
CF input typically triggers one to three dendritic calcium spikes
(Fujita, 1968; Llinds and Sugimori, 1980b; Crepel et al., 1981). It
is not clear whether these dendritic spikes are necessary to gener-
ate complex spikes. To address this question, we made simulta-
neous dendritic recordings (104 = 6 wm from the soma; range,
60-135 wm) during the “optimal” somatic dynamic clamp for
mimicking the physiological complex spike (Fig. 2A). Activation
of the CF produced rapidly rising, large-amplitude dendritic cal-
cium spikes during the somatic complex spike (Fig. 2 B) (Llinds
and Sugimori, 1980b; Crepel et al., 1981). However, the somatic
dynamic-clamp input that mimicked the complex spike in the
same cell was not associated with generation of dendritic calcium
spikes (Fig. 2C) (13 of 13 cells): only a small, slow dendritic
depolarization was observed (Fig. 2 D) (peak amplitude, 4.6 = 0.5
mV vs 40.2 = 1.2 mV for the physiological CF input; p < 10 '
peak dV/dt = 6.3 £ 0.4 mV/ms vs 60.2 £ 4.4 mV/ms for the
physiological CF input; p < 10 "), reflecting the passive back-
propagation of the somatic activity.
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Dendritic spikes have only a weak influence on the somatic complex spike triggered by somatic dynamic clamp. 4, lllustration of the experiment; during two-electrode dynamic-clamp

injection of synaptic-like conductance (7, = 0.3 MS; Tyoq,, = 3 M) to the soma, dendritic current at threshold for triggering a second dendritic spike was injected (biexponential of ., 0.5 ms
and 7y,,, 5 ms, together with tonic depolarizing current). B, Responses of Purkinje cell () to a somatic synaptic-like conductance (200 nS) and a simultaneous biexponential dendritic current (3 nA).
Tonic current injection (80 pA) to the dendrite (125 pum) took the cell to threshold for generating a second dendritic calcium spike. The layout is as in Figure 3B. The second dendritic spike (right-hand
column) triggered no further somatic spikelets. C, Average number of somatic spikelets triggered by an extra dendritic spike during somatic dynamic clamp. “B,” Mean == SD of the data shown in
B;“all data,” individual dataset averages (circles) and weighted mean = SEM of all datasets (bar; n = 19). On average, 0.1 == 0.1 somatic spikes (not significantly different from 0, p = 0.37) were

triggered by an extra dendritic spike.

Contribution of dendritic calcium spikes to somatic output
during the complex spike
These dendritic recordings have demonstrated that the somatic
complex spike can be generated independently of a dendritic
calcium spike, i.e., that dendritic calcium spikes are not necessary
for complex spike generation. How then do dendritic calcium
spikes contribute to the complex spike? We addressed this ques-
tion by taking advantage of the stochastic nature of spike gener-
ation at threshold, where, by setting the tonic current injection at
the appropriate value, the dendritic CF response could alternate
by chance between one and two (or sometimes between two and
three) dendritic spikes. In this way, the effect of adding a den-
dritic calcium spike on the somatic complex spike could be as-
sessed. Using this approach, we found that an extra dendritic
calcium spike had a remarkably small effect on the somatic com-
plex spike waveform. Two examples are shown in Figure 3. In the
Purkinje cell shown in Figure 3A, the addition of a second den-
dritic calcium spike did not produce any additional spikelets in
the somatic complex spike, only a small additional depolarization
(~5 mV) after the last spikelet (Fig. 3B). In contrast, in the Pur-
kinje cell shown in Figure 3C, an extra dendritic calcium spike
could, in some trials, trigger an additional spikelet in the somatic
complex spike (Fig. 3D). On average, 0.81 = 0.10 additional so-
matic spikes were induced by the extra dendritic calcium spike in
this neuron (Fig. 3E) (p < 10~°). Thus, even in a cell in which a
calcium spike had relatively strong effects, it added less than one
spike on average to the somatic complex spike. Across the popu-
lation of cells, an extra dendritic calcium spike triggered only
0.24 = 0.09 additional spikes at the soma (Fig. 3E) (weighted
mean * SEM; n = 21; p < 0.01), and of these we predict (Mon-
sivais et al., 2005) that only ~25% might propagate down the
axon. The strength of the effect of an extra dendritic spike was not
dependent on age (P18—P24, r = 0.05; p = 0.82) or on dendritic
recording distance (range = 60—155 wm; r = 0.2; p = 0.37).
We performed an additional set of experiments to investigate
the influence of the distributed synaptic conductance on the
propagation of the dendritic spike to the soma. During somatic
dynamic-clamp experiments, which we demonstrate above can
mimic a complex spike, we “added” varying numbers of dendritic

spikes at threshold by injecting current via a dendritic recording
electrode (Fig. 4A, B). The dendritic spikes triggered in this way
had a similar, but even weaker effect than physiologically trig-
gered dendritic spikes; adding a single dendritic spike triggered
only 0.1 = 0.1 additional spikelets in the somatic complex spike
(Fig. 4C) (not significantly different; n = 19; p = 0.37). This
indicates that the influence of dendritic spikes on somatic spiking
is weak even when the CF synaptic conductance is not widely
distributed in the dendritic tree, along the path of propagation.

Together, these experiments directly demonstrate that den-
dritic calcium spikes have only a weak effect on the somatic com-
plex spike, and are not responsible for producing the somatic
burst of spikes.

Determinants of dendritic spike influence on somatic spiking
Why is the dendritic calcium spike so ineffective in triggering
somatic spikelets? There are several reasons for this. First, den-
dritic spikes in Purkinje cells are relatively small and brief. We
estimated the amplitude of dendritic spikes triggered by CF input
relative to just-subthreshold events on alternating trials (Fig. 5A),
giving a mean peak amplitude of only 10.6 = 1.4 mV, and a
half-width of 1.6 * 0.12 ms (dendritic recording at 115 = 11 um
from the soma; n = 9). Second, dendritic spikes experience sub-
stantial attenuation between the dendrite and the soma. Den-
dritic spikes were attenuated to 34.5 * 4.6% of their original
amplitude by the time they reached the soma (Fig. 5A,B) (n = 9;
dendritic spikes measured at 115 = 11 wm from the soma; note
that this measure provides an upper limit of the degree of atten-
uation at this distance during a complex spike, because we re-
jected the occasional events that triggered somatic spikes). Third,
dendritic spikes often arrived at the soma within the apparent
refractory period for somatic spikes. When the dendritic spike
occurred <0.8 ms after a preceding somatic spikelet, no addi-
tional somatic spikelet was triggered. Furthermore, although
later dendritic spikes could successfully trigger somatic spikelets,
there was a sigmoidal relationship between the amplitude of these
somatic spikelets and the latency of the dendritic spike (as mea-
sured in Fig. 5C). This was observed both within individual data-
sets (Fig. 5D; see also corresponding traces in Fig. 3D) and across
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all datasets (Fig. 5E), where the half-maximum
of the relationship was at 1.4 ms. However,
even when the dendritic spike occurred well
outside the apparent somatic refractory period,
it was still often unable to trigger an additional
somatic spikelet. This was because the somatic
depolarization caused by the dendritic spike
was below threshold for generating a somatic
spikelet (weighted mean subthreshold depolar-
ization, 4.1 *£ 0.8 mV higher than previous
trough vs spike threshold, 6.2 = 0.5 mV higher;
n =7; p < 0.03, paired t test). Dendritic spikes
triggered during somatic dynamic clamp were
similarly often found to be within a somatic
refractory period (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental ma-
terial) or below spike threshold (mean sub-
threshold depolarization, 1.3 = 0.2 mV vs spike
threshold, 1.9 = 0.7 mV; n = 6; p < 0.04, paired ¢
test).

This combination of characteristics ex-
plains why dendritic spikes have a relatively
weak influence on somatic spikelet generation.
As a consequence, there was no consistent tem-
poral relationship between a dendritic spike
and somatic spikelets. Specifically, the peaks of
individual dendritic spikes could either occur
both before or after a somatic complex spikelet
it appeared to promote (supplemental Fig. 34,
available at www.jneurosci.org as supplemen-
tal material). This indicates that somatic spike-
lets are not simply reflections of forward-
propagated dendritic spikes. In fact, the timing
of extra somatic spike appears to be strongly
influenced by intrinsic axosomatic properties.
The later a dendritic spike occurs after the pen-
ultimate somatic spike, the earlier the extra
spike occurs relative to the dendritic spike
(supplemental Fig. 3B, available at www.
jneurosci.org as supplemental material). If the
somatic ISI was independent of the dendritic
spike time, the slope of this relationship would
be —1 (conversely, if it was entirely dependent
on the dendritic spike time, the slope would be
0): we find a slope of —0.54, indicating that the
somatic spike timing was influenced, but not
strictly determined, by the dendritic spike time.

Dendritic spikes triggered by the CF
modulate pauses in Purkinje cell output

We have demonstrated that dendritic spikes
evoked by CF input have a remarkably weak
electrical effect on the somatic complex spike
waveform, and thus on the number of spikes
transmitted down the axon directly associated
with the complex spike. CF activation is also
associated with a pause in spontaneous spiking
after the complex spike in vivo (Latham and
Paul, 1970; Bloedel and Roberts, 1971; Arm-
strong and Rawson, 1979; Sato et al., 1992).
The mechanisms underlying the generation
and duration of this pause are not well under-
stood. Armstrong and Rawson (1979) found
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Figure 5.  Dendritic spikes are highly attenuated and often occur within the somatic refractory period. A, Method used to
measure attenuation of dendritic spikes during the complex spike. Top, Example response with an extra dendritic spike, recorded
simultaneously in the dendrite (lightblue; 142 um from soma) and soma (red; traces offset for clarity); also shown are dendriticand
somatic averages of events without extra dendritic spikes but with similar somatic firing pattern (black). Bottom, Subtraction of
these averages from the sweeps with extra spikes reveals the depolarization in the dendrite (light blue) and the soma (red) caused
by the extra dendritic spike. The peak differences in depolarization were measured (blue arrows) at both locations, and attenuation
was calculated as somatic depolarization as a percentage of dendritic depolarization. B, Attenuation of extra dendritic spikes in
individual datasets (open symbols; red symbol indicates data shown in A) and in the whole population (blue bar; mean == SEM).C,
Illustration of the measurements made of dendritic spike time and resulting somatic event amplitude. Horizontal arrow, Time
between the extra dendritic spike and the spike preceding the somatic event. Vertical arrow, Somatic event amplitude, measured
as difference between preceding trough minimum and event maximum; this amplitude is normalized by the amplitude (above
average baseline /,,) of the first spike of the complex spike. D, Dependence of somatic event amplitude on dendritic spike latency,
as illustrated in C, for the data shown in Figure 3D. Red circles, Cases in which an extra dendritic spike failed to trigger a spike,
generating only a subthreshold depolarization; blue circles, cases in which an extra spike triggered a somatic spike. The refractory
trend is highlighted by a sigmoidal fit (black line); half- maximum = 1.7 ms. £, Dependence of somatic event amplitude on dendritic spike
latency (n = 19 datasets), binned according to the time intervals marked by the x-axis ticks. Red and blue symbols are asin D. The refractory
trendis highlighted by a sigmoidal fit to extra spike data, constrained to a baseline amplitude of 0; half-maximum = 1.4 ms.
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Dendritic calcium spikes requlate the post-complex spike pause. A, Example of data collected at threshold for
generating a second dendritic calcium spike in response to CF stimulation (grouped according to the number of dendritic spikes),
on a time scale that shows the post-complex spike pause. Top, One dendritic spike; bottom, two dendritic spikes; left, dendritic
recordings (60 um from the soma); right, somatic recordings. Arrows indicate pause duration (time between the last spikelets in
the complex spike and the next spontaneous spike) measured in the red example sweeps. An extra dendritic spike increased the
pause from 28.0 == 17.9t0 50.0 == 12.7 ms ( p << 0.01). B, Average increase in pause duration triggered by an extra dendritic
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complex spike pause was also assessed by
comparing CF-evoked events to those gen-
erated by somatic dynamic clamp, and so
lacking dendritic spikes (supplemental Fig.
4 A, available at www.jneurosci.org as sup-
plemental material). The pause after
climbing fiber input that evoked only one
dendritic spike was, on average, 3.8 = 1.6
ms longer than that after the matching
dynamic-clamp-evoked complex spikes,
which did not evoke a dendritic spike ( p <
0.05; n = 11) (supplemental Fig. 4 B, avail-
able at www.jneurosci.org as supplemental
material), corresponding to a 31 * 12%
increase in pause duration, or a further
0.22 *= 0.09 ISIs (supplemental Fig. 4C,
available at www.jneurosci.org as supple-
mental material).

One way in which dendritic calcium
spikes might influence the post-complex
spike pause is through activation of hyper-
polarizing conductances (e.g., calcium-
activated potassium channels). We there-
fore measured the amplitude of post-
8 complex spike AHPs (Fig. 7A). A second
e dendritic spike increased dendritic AHPs

by 3.4 = 0.7 mV (Fig. 7B,C) (weighted

mean * SEM; p < 0.001); a similar change

in somatic AHPs was also seen. Pause du-

ration was correlated with the amplitude of

the dendritic AHP across all datasets (Fig.

7D) (n=11;r=—0.89;p <10 '®),and an
extra dendritic spike caused both larger
AHPs and longer pauses.

These data suggest that, from the point
of view of the postsynaptic deep cerebellar
nuclei (DCN) neurons, the most salient ef-
fect of dendritic spikes may be to increase
the pause after the complex spike rather
than the number and timing of spikelets in
the complex spike itself.

1 extra

calcium spike (in milliseconds). Symbols show averages of individual datasets (dataset shown in 4 highlighted in red); bar

indicates weighted mean = SEM of the population data (n = 11; significantly different from 0, p < 0.0005). €, Average increase
in pause duration triggered by an extra dendritic calcium spike (as a percentage of pause duration without extra dendritic calcium

spike). Symbols and bars are as in B (n = 15; significantly different from 0, p < 0.005).

that pause length in vivo depends on the spontaneous simple
spike firing rate, and we found this to hold true in vitro. Only at
fairly low spontaneous firing rates (>20-25 ms ISI) did the
length of the pause exceed one spontaneous ISI (data not shown).
Furthermore, by examining our somatic and dendritic record-
ings, we found that the duration of the pause also strongly de-
pends on the number of dendritic calcium spikes triggered by CF
input (Fig. 6A). An extra dendritic spike lengthened the post-
complex spike pause by 15.2 £ 2.6 ms (Fig. 6B) (weighted
mean * SEM; p < 0.001), representing a 52 = 11% (Fig. 6C)
increase in pause duration, or a further 0.56 = 14 ISIs quiescence
before spontaneous spiking resumed. The effect of the extra den-
dritic spike on the pause was independent of the number of extra
spikelets added to the somatic complex spike (r = 0.36; p = 0.30),
and was also independent of the spontaneous firing rate (r =
—0.35; p = 0.29). The effect of dendritic spikes on the post-

Axonal origin of somatic complex spikes

The results described above show that den-
dritic spikes are not directly linked to the
spikelets in the complex spike. By elimina-
tion, the spikelets must therefore arise ei-
ther in the soma or in the axon. This is important to discriminate,
given that the powerful CF input is almost exclusively dendritic.
To resolve this question, we made simultaneous cell-attached
recordings from the soma and proximal axon of Purkinje cells
(=75 wm from the soma) while evoking CF input. This enabled
us to directly compare the relative timing at the soma and axon of
each spikelet component of the complex spike. In all cases, the
spikelets occurred first in the axon (Fig. 8). When somatic and
axonal spikes were averaged by triggering off the somatic spike,
the axonal spike preceded the somatic spike for all spikelets, by
0.03 = 0.01 ms (n = 8 cells), 0.15 £ 0.04 ms (n = 7),0.14 £ 0.03
ms (n=5),and 0.14 £ 0.03 ms (n = 5) for the first, second, third,
and fourth spikelets in the complex spike, respectively. The fact
that the axonal spike precedes the somatic spike in each case
indicates that all the spikelets within the complex spike are initi-
ated in the axon.
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Discussion

Our results provide direct evidence that all
spikelets within the complex spike of Pur-
kinje cells originate in the axon. The prom-
inent dendritic spikes triggered by CF acti-
vation play only a very minor and indirect
role in the generation of this stereotyped ax-
onal burst. Dendritic spikes propagate
poorly to the soma, where they were often
below spike threshold or within the refrac-
tory period, and thus usually failed to trig-
ger an additional axosomatic spike. Consis-
tent with these findings, we found that a
distributed pattern of dendritic synaptic in-
put, although required for triggering den-
dritic calcium spikes, is not necessary for
generation of the complex spike burst.
These results support a model of the Pur-
kinje cell in which the dendrites are func-
tionally separate from the axon and soma
during the complex spike. We identify a new
role for dendritic spikes as regulators of the
post-complex spike pause, complementing
their roles as local triggers for synaptic plastic-
ity and modulators of intrinsic firing.

Axonal initiation of the complex spike

Our paired recordings from the soma and
axon resolve the question of the origin of the
complex spike (Schmolesky et al., 2002) by
directly demonstrating that all the spikelets
are initiated in the axon, similarly to spon-
taneous simple spikes (Stuart and Héusser,
1994; Clark et al., 2005). The axonal origin
of the spikelets is surprising, given the enor-
mous CF-triggered current concentrated in
the soma and proximal dendrites. In other
neurons, although the lowest-threshold site
for initiation of sodium action potentials is
typically in the axon (Coombs et al., 1957;
Colbert and Johnston, 1996; Palmer and
Stuart, 2006), strong synaptic input can
shift the initiation site from the axon to the
dendrites (Mainen et al., 1995; Chen et al.,
1997; Stuart et al., 1997; Golding and Sprus-
ton, 1998). In Purkinje cells, however, den-
drites are unable to support initiation or ac-
tive backpropagation of sodium spikes,
because of their low Na™* channel density
(Stuart and Hausser, 1994), and their elab-
orate geometry (Vetter et al., 2001; Bekkers
and Hiusser, 2007). In contrast, the axon is
more favorable for spike initiation because
it is protected from the substantial capaci-
tive load of the soma and dendrites by its
high axial resistance (Dodge and Cooley,

1973; Mainen et al., 1995; Colbert and Pan, 2002), potentially
aided by increased densities or altered properties of axonal Na *
channels (Mainen et al., 1995; Colbert and Pan, 2002; Boiko et al.,
2003; Kole et al., 2008). The next step will be to identify the
precise location of the initiation site of the complex spike within

the axon.
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Figure 7. Dendritic spikes regulate the AHP after the complex spike. A, Dendritic recording (155 m from the soma) of
responses to CF stimulation collected at threshold for generating a second dendritic calcium spike (blue, T dendritic spike; red,
2 dendritic spikes). The black arrow indicates the measured difference in AHP amplitude; red and blue arrows mark the time of
somatic action potentials (reflected as small depolarizations in the dendritic recording) that terminate the post-complex spike
pause in the one- and two-dendritic-spike traces, respectively. B, Average dendritic AHP (minimum dendritic membrane
potential reached during the pause minus average baseline dendritic membrane potential preceding CF stimulation) after CF
stimulation that evokes, at threshold, one or two dendritic calcium spikes. Lines connect one- and two-spike data from the same
set; the dataset shown in A is highlighted in color. C, Average change in AHP amplitude caused by an extra dendritic spike. Circles
show averages of individual datasets (dataset shown in 4 highlighted in red); bar indicates weighted mean = SEM of the
population data (n = 17; significantly different from 0, p << 0.001). D, Relationship between post-complex spike pause
duration and dendritic AHP amplitude. Each data point represents a single measurement made after CF stimulation at threshold
for generating an extra dendritic spike (n = 11 cells; blue symbols, 1 dendritic spike; red symbols, 2 dendritic spikes). The black
line indicates the negative correlation between pause length and AHP depth (r = —0.89; p << 10 ). dend, Dendritic.

Somatic dynamic clamp reproduces the complex spike

By mimicking the complex spike waveform with a somatic synaptic-
like conductance, we have shown that neither dendritic spikes nor a
dendritic distribution of synaptic conductance is required for com-
plex spike generation. Surprisingly, the shunt produced by concen-
trating the entire synaptic conductance at the soma does not prevent
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Figure 8. All spikelets of the complex spike originate in the axon. 4, Biocytin-filled Purkinje cell indicating the location of the somatic (blue) and axonal (red) recording electrodes for the data
shown in B and C. The axonal electrode was located at 55 um from the soma. The CF stimulation electrode is also illustrated (gray). B, Simultaneous cell-attached recordings made from the soma
and axon during CF stimulation (arrow), which generates a complex spike with four spikelets. €, Averages for each spikelet of the complex spike generated by aligning data to the peak of the somatic

capacitive current, indicated by the dotted line.

the complex spike burst, generating spiking similar to the rapid
bursts produced by somatic current injection (Callaway and Ross,
1997; Swensen and Bean, 2003; McKay et al., 2005). This is due in
part to the axonal initiation site of spikelets, which provides electrical
isolation from the somatic shunt. Furthermore, the powerful and
fast somatic voltage-gated Na ™ conductances in Purkinje cells (Ra-
man and Bean, 1999), together with the K conductances (Raman
and Bean, 1999; Edgerton and Reinhart, 2003; Martina et al., 2003;
McKay and Turner, 2004; Zagha et al., 2008), which balance large
depolarizing currents (Swensen and Bean, 2005; Zagha et al., 2008)
and help maintain high-frequency firing, appear to predominate
over the synaptic conductance during complex spike generation.

Propagation of dendritic spikes

We demonstrate that the dendritic spikes triggered by CF input
do not directly trigger somatic spikelets in the complex spike and
influence its generation only weakly. This parallels the relatively
weak effect of dendritic inhibition on the somatic complex spike
(Callaway et al., 1995). We show that the low efficacy of dendritic
spikes in Purkinje neurons is attributable to a combination of
factors. First, they are relatively brief and small, in striking con-
trast to the ~80 mV, ~60 ms dendritic calcium spikes in layer 5
pyramidal cells (Zhu, 2000). Furthermore, their dendrosomatic
propagation is substantially attenuated, attributable in part to the
unfavorable impedance mismatches of the highly branching ge-
ometry of the Purkinje cell dendritic tree (Vetter etal., 2001), and
they may be further diminished by somatic active shunting con-
ductances (Hdusser et al., 2001). In addition, the strong synaptic
and voltage-gated dendritic conductances active during the com-
plex spike, although initially triggering dendritic spikes, may
serve to restrict their spread, reducing the current transmitted to
the soma. However, dendritic spikes generated in the absence of
distributed dendritic conductance are attenuated to a similar or
even greater extent (Fig. 4) (Rancz and Héusser, 2006), suggest-
ing that widespread dendritic spike initiation during the complex
spike may actually aid propagation to the soma by reducing the

axial current between branches and thus partially mitigating the
impedance mismatch. Finally, we demonstrate that the highly
attenuated dendritic spike is usually subthreshold when it reaches
the soma, or within the refractory period of the previous spikelet.
Together, these factors explain why dendritic spikes in Purkinje
cells, consistent with previous work (Callaway et al., 1995), have a
far weaker influence on axonal spiking than in mitral neurons
(Chen et al., 1997), or in cortical and hippocampal pyramidal
neurons (Schiller et al., 1997; Golding and Spruston, 1998; Lar-
kum etal., 1999), in which a dendritic calcium spike can contrib-
ute up to 2.5 output spikes (Williams and Stuart, 2002).

Functional role of dendritic spikes triggered by CF input

We have demonstrated a new functional role for dendritic spikes
in Purkinje cells: regulation of the pause in axonal output after
the complex spike. This pause is a well known feature of the CF
response in vivo (Latham and Paul, 1970; Bloedel and Roberts,
1971; Armstrong and Rawson, 1979; Sato et al., 1992; Barmack
and Yakhnitsa, 2008), but its underlying mechanisms are un-
known. Our findings suggest that the calcium entry associated
with CF-triggered dendritic spikes (Ross and Werman, 1987;
Miyakawa et al., 1992) activates calcium-dependent potassium
conductances (Hounsgaard and Midtgaard, 1989; Edgerton and

Reinhart, 2003; Rancz and Héausser, 2006), causing hyperpolar-
ization and a prolonged pause before resumption of spontaneous
firing, analogous to the recently described pause in spiking trig-
gered by strong parallel fiber input (Steuber et al., 2007). This
suggestion is further supported by the finding that disruption of
Purkinje cell calcium buffering (Servais et al., 2005) alters post-
complex spike pause duration. Thus, pause duration reports the
number of dendritic spikes triggered by CF input. The pause is
likely to be a potent signal to downstream DCN neurons [perhaps
more so than the complex spike itself, which is often poorly prop-
agated down the axon (Khaliq and Raman, 2005; Monsivais et al.,
2005)], given that the relief of DCN cells from persistent inhibi-
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tion triggers rebound firing (Aizenman and Linden, 1999; McKay
et al., 2005), which is both a salient electrical signal and a trigger
for plasticity at the DCN (Nelson et al., 2003; Pugh and Raman,
2006).

This new role for dendritic spikes in regulating the post-
complex spike pause complements the well established functions
linked to the large dendritic calcium influx they generate (Ross
and Werman, 1987; Miyakawa et al., 1992). This biochemical
signal can trigger long-term depression of CF input and plays an
important role in short-term and long-term regulation of parallel
fiber and inhibitory synaptic strength (Hansel et al., 2001; Bre-
nowitz and Regehr, 2005). CF activity also regulates intrinsic fir-
ing behaviors in ways likely to involve calcium influx, such as
modulating spontaneous firing rate and pattern (Cerminara and
Rawson, 2004; McKay et al., 2007).

A new perspective on Purkinje cell function

The CF input to the Purkinje cell provides a timing signal for
online motor control (Welsh and Llinés, 1997; Kitazawa et al.,
1998) and an error signal, which enables synaptic plasticity at
parallel fiber synapses and mossy fiber-DCN synapses (Gilbert
and Thach, 1977; Kitazawa et al., 1998; Pugh and Raman, 2006).
We demonstrate that CF input briefly divides the Purkinje cell
into two weakly coupled functional compartments, a dendritic
and an axosomatic compartment, which reflect these distinct
roles. By distributing CF input in the dendrites, synaptic and
active dendritic currents are efficiently isolated from the shunt of
the Purkinje cell’s specialized high-frequency firing mechanisms
(Stuart and Hiusser, 1994; Raman and Bean, 1999; Hiusser et al.,
2001). This allows dendritic spike generation and the associated,
plasticity-triggering calcium influx to occur in parallel with burst
generation at the soma. The mutual isolation of the two compart-
ments allows the number of dendritic calcium spikes, and the
resulting downstream dendritic effects of CF input, to be modu-
lated by parallel fiber or inhibitory input without strongly influ-
encing the burst pattern at the soma (Callaway et al., 1995). In
contrast, the regulation of the post-complex spike pause by den-
dritic spikes triggered by the CF input reveals a new link between
plasticity in the Purkinje cell dendritic tree, Purkinje cell output
pattern, and the resulting plasticity at downstream targets.
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