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Dendritic Calcium Spikes Are Tunable Triggers of
Cannabinoid Release and Short-Term Synaptic Plasticity in
Cerebellar Purkinje Neurons

Ede A. Rancz and Michael Häusser
Wolfson Institute for Biomedical Research and Department of Physiology, University College London, London WC1E 6BT, United Kingdom

Understanding the relationship between dendritic excitability and synaptic plasticity is vital for determining how dendrites regulate the
input–output function of the neuron. Dendritic calcium spikes have been associated with the induction of long-term changes in synaptic
efficacy. Here we use direct recordings from cerebellar Purkinje cell dendrites to show that synaptically activated local dendritic calcium
spikes are potent triggers of cannabinoid release, producing a profound and short-term reduction in synaptic efficacy at parallel fiber
synapses. Enhancing dendritic excitability by modulating dendritic large-conductance calcium-activated potassium (BK) channels im-
proves the spread of dendritic calcium spikes and enhances cannabinoid release at the expense of spatial specificity. Our findings reveal
that dendritic calcium spikes provide a local and tunable coincidence detection mechanism that readjusts synaptic gain when synchro-
nous activity reaches a threshold, and they reveal a tight link between the regulation of dendritic excitability and the induction of synaptic
plasticity.
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Introduction
The dendrites of mammalian neurons have been shown to ex-
press a variety of voltage-gated ion channels (Migliore and Shep-
herd, 2002), and, as a consequence, dendrites exhibit a range of
excitable behavior (Häusser et al., 2000). One of the most prom-
inent forms of dendritic electrogenesis is the dendritic calcium
spike. Dendritic calcium spikes were originally described in cer-
ebellar Purkinje cells both in vivo (Llinas et al., 1968) and in vitro
(Llinas and Sugimori, 1980). They also have been reported in
hippocampal (Wong et al., 1979) and neocortical pyramidal cells
(Amitai et al., 1993; Schiller et al., 1997), where they have been
shown to be triggered by sensory stimulation (Helmchen et al.,
1999; Larkum and Zhu, 2002). Dendritic calcium spikes generally
do not propagate faithfully to the soma (Llinas and Sugimori,
1980; Schiller et al., 1997) and do not trigger axonal AP genera-
tion reliably (Schiller et al., 1997; Larkum et al., 2001), suggesting
that there may exist more local forms of readout.

Given that dendritic calcium spikes cause significant postsyn-
aptic calcium influx (Ross and Werman, 1987; Miyakawa et al.,
1992; Yuste et al., 1994; Schiller et al., 1997), one attractive pos-
sibility is that dendritic calcium spikes could act as triggers for
local synaptic plasticity, which is thought to require significant

elevations in postsynaptic calcium. In pyramidal cells the initia-
tion of calcium spikes by strong synaptic stimulation has been
linked to the induction of non-Hebbian long-term potentiation
(Golding et al., 2002) or depression (Holthoff et al., 2004). Re-
cently, a novel form of short-term plasticity at excitatory syn-
apses, termed depolarization-induced suppression of excitation
(DSE), has been demonstrated at parallel fiber (PF) synapses in
cerebellar Purkinje cells (Kreitzer and Regehr, 2001). DSE induc-
tion depends on dendritic cannabinoid release, which appears to
require high postsynaptic calcium elevations (Brenowitz and Re-
gehr, 2003), and can be triggered by bursts of PF inputs that are
associated with large local calcium signals in Purkinje cell den-
drites (Brown et al., 2003). This raises the possibility that physi-
ological patterns of stimulation may cause DSE via the triggering
of dendritic calcium spikes. We therefore made direct patch-
clamp recordings from Purkinje cell dendrites in conjunction
with calcium imaging to investigate the link between dendritic
calcium spikes and synaptic efficacy at PF synapses.

Materials and Methods
Standard techniques were used to prepare 250-�m-thick sagittal brain
slices from the cerebellum of 18 –25 d postnatal rats (Wang et al., 2000).
Artificial CSF (ACSF) for slicing and recording contained the following
(in mM): 125 NaCl, 26 NaHCO3, 25 glucose, 2.5 KCl, 1.25 NaH2PO4, 2
CaCl2, and 1 MgCl2 (305 mOsm). All recordings were performed at 34 �
1°C in the presence of 10 �M SR95531.

Simultaneous somatic and dendritic whole-cell patch-clamp record-
ings were made from Purkinje neurons under visual control with the use
of differential interference contrast optics (DIC) (Stuart and Häusser,
1994). Dendritic recordings were made at distances of 90 –218 �m from
the soma, measured along the dendritic branches. Patch electrodes were
made from borosilicate glass and pulled to a resistance of 3– 6 M�
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makrishnan for technical assistance.
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(soma) and 6 –10 M� (dendrite). Intracellular patch solution contained
the following (in mM): 130 methanesulfonic acid, 7 KCl, 2 Na2ATP, 2
Mg-ATP, 0.5 Na2GTP, 0.05 mM EGTA, and 0.4% biocytin, pH-adjusted
to 7.30 with KOH (285 mOsm). For the imaging experiments 200 �M

fluo-5F and 1 �M Alexa 594 (both from Invitrogen, Carlsbad, CA) were
added routinely to the intracellular solution. The cells were loaded
through a somatic electrode (3–5 M�) for at least 30 min before it was
removed. Then the dendrite was patched with a patch electrode (6 – 8
M�) containing the same intracellular solution, and at least 10 min was
allowed for the dyes to reach a stable concentration before the experi-
ments were begun. Double and triple whole-cell current-clamp record-
ings were made by using dual Multiclamp 700A and 700B amplifiers
(Molecular Devices, Union City, CA). PF inputs were stimulated every 2 s
(10 –90 V; 0.1– 0.2 ms) with ACSF-filled patch pipettes placed under
visual control beneath the dendritic arbor, immediately adjacent to the
most distal dendritic recording site. To monitor EPSP amplitude during
DSE experiments, we stimulated PF inputs at 0.5 Hz before and after the
induction protocol (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). Climbing fiber (CF) input was stimulated by
placing the stimulating electrode in the granule cell layer beneath the
Purkinje cell body; the all-or-none nature of the CF response allowed
stimulation intensity to be adjusted carefully to permit selective activa-
tion of the CF. Recordings were low-pass filtered at 8 kHz and sampled at
20 –50 kHz with the use of an Instrutech (Port Washington, NY) ITC18
DAC board connected to an Apple G4 PowerMac running Axograph
(Molecular Devices) and were analyzed with IgorPro (WaveMetrics,
Lake Oswego, OR). The imaging experiments were performed using a
Polychrome IV monochromator as a light source and an Imago-QE cam-
era (both from TILL Photonics, Gräfelfing, Germany). Fluo-5F was ex-

cited at 492 nm, and Alexa 594 was excited at
570 nm. The excitation time was 25 ms, giving a
sampling rate of 40 Hz. The data were acquired
by using TILL VisION (TILL Photonics) on a
PC and analyzed with ImageJ (http://rsb.info.
nih.gov/ij/) and IgorPro. Methanesulfonic acid
was obtained from Fluka BioChemika
(Ronkonkoma, NY), penitrem A was obtained
from Alomone Laboratories (Jerusalem, Israel),
and other chemicals were obtained from Sigma
(St. Louis, MO) or Tocris Bioscience (Ellisville,
MO).

The apparent voltage threshold for calcium
spikes was determined by taking the second de-
rivative of the dendritic voltage trace over a
time window 10 ms after the stimulus. The volt-
age threshold was defined as described previ-
ously (Gasparini et al., 2004). Briefly, we took
the second derivative of the dendritic voltage
trace and measured the voltage value at the 20%
point of the second positive peak that followed
the stimulus (see Fig. 7H ). The amplitude of
backpropagating APs at distal dendritic record-
ing sites was �5 mV (Stuart and Häusser,
1994), and backpropagating APs were excluded
from analysis by inspection of the somatic trace.
We measured the amplitude of EPSPs at �70
mV by injecting hyperpolarizing current. In
some cases EPSPs were mimicked by injection
of current waveforms shaped like EPSCs, con-
sisting of a double-exponential function with
�rise � 0.6 ms and �decay � 6 ms. To mimic
physiological PF trains, we based the dynamics
of the EPSC amplitudes on the facilitation– de-
pression model of Dittman and colleagues
(Dittman et al., 2000). When the induction pa-
rameters were varied during the recording, tri-
als were randomized. Significance was assessed
by Student’s t test, and all data are given as av-
erage � SEM.

Results
Local dendritic calcium spikes activated by PF input
Simultaneous double or triple whole-cell patch recordings were
made from the soma and dendrites of Purkinje cells in cerebellar
slices (Fig. 1A). Double dendritic recording electrodes were placed
on the same dendritic branch, separated by �75 �m (n � 5). PF
synaptic input during spontaneous firing of Purkinje cells (Häusser
and Clark, 1997) was activated by using a stimulation electrode lo-
cated underneath the dendritic arbor, adjacent to the more distal
dendritic recording electrode. Increasing the intensity of the stimu-
lus produced a graded increase in the PF EPSP amplitude until a
dendritic spike was triggered on top of the EPSP, identified by
positive, regenerative deflections in membrane potential (see
Materials and Methods). These events had a clear stimulation
intensity threshold (Fig. 1B,D) and were abolished when the cell
was hyperpolarized (Fig. 1C). The apparent voltage threshold of
these dendritic spikes was –29 � 2 mV (n � 14 cells), and the
threshold amplitude of single dendritic EPSPs for triggering the
dendritic spikes was 19.1 � 2.7 mV (n � 10 cells; EPSPs measured
at the dendritic recording site at –70 mV). To confirm that these
dendritic spikes are calcium spikes, i.e., mediated predominantly
by activation of voltage-gated calcium channels, we demon-
strated that similar dendritic spikes evoked by using dendritic
injection of EPSC-like waveforms were blocked by 200 �M Cd 2�

(n � 5) (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material) (cf. Llinas and Sugimori, 1980).

Figure 1. Local calcium spikes in Purkinje cell dendrites triggered by PF stimulation. A, Simultaneous triple whole-cell dendritic
and somatic recording from a Purkinje cell. An image of the biocytin-filled cell is superimposed on the DIC image of the slice taken
at the end of the recording. The recording electrodes and the corresponding traces are color-coded: red for the distal dendrite (218
�m from the soma), blue for the more proximal dendrite (164 �m), and black for the soma. The stimulating electrode (stim; gray)
was buried in the slice directly underneath the most distal dendritic recording electrode. B, Traces from the recording shown in A;
raising the PF stimulation (arrow) intensity from 30 V (dashed lines) to 40 V (solid lines) resulted in the initiation of a dendritic
calcium spike (asterisk) near the distal dendritic recording site. Note the small amplitude of backpropagating APs at the dendritic
recording sites. C, Suprathreshold stimulation evoked calcium spikes at rest (spontaneous firing with no holding current, solid
lines) that are blocked when the cell is hyperpolarized (dashed lines). D, Graph showing the nonlinear relationship between
stimulation intensity and peak depolarization evoked by the PF stimulation. The depolarization was measured at both dendritic
locations (red, distal; blue, proximal) as the difference between a 5 ms baseline before the stimulation and the peak voltage
reached in a 10 ms window after the stimulation. Note the step-like increase in peak depolarization at the distal recording site
associated with initiation of the dendritic calcium spike (ˆ) and the strong attenuation of the calcium spike at the more proximal
recording site (54 �m away from the distal dendritic recording).
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To determine the spatial spread of the
calcium spikes in the dendritic tree, we
compared the amplitude of synaptically
evoked calcium spikes at the two dendritic
recording sites. On average, the peak of
calcium spikes decreased by 69 � 3% over
the average distance of 54 � 11 �m (n �
5). By comparison, the peak amplitude of
EPSPs (subthreshold for calcium spike
generation) decayed by only 41 � 3%, sig-
nificantly less than attenuation of the cal-
cium spikes ( p � 0.005) over the same
distance. These findings indicate that the
dendritic calcium spikes activated by PF
synaptic input are localized to near the site
of synaptic stimulation.

Stimulus dependence of dendritic
calcium spikes and DSE induction
We next investigated the dendritic voltage
signals associated with induction of DSE at
PF synapses. Previous work has shown that
a train of PF stimuli can produce DSE of
PF inputs (Brown et al., 2003). We made
simultaneous somatic and dendritic re-
cordings from spontaneously firing
Purkinje cells during DSE induction (sup-
plemental Fig. 1, available at www.
jneurosci.org as supplemental material),
triggered by 10 PF stimuli delivered at 100
Hz (Brown et al., 2003). These experi-
ments revealed that there was a stimulus-
dependent threshold for the induction of
DSE, which matched that observed for ini-
tiation of dendritic calcium spikes during the induction protocol.
At low stimulation intensities no dendritic calcium spikes were
evoked, and no DSE was observed (n � 12 cells) (Fig. 2A,B).
However, when stimulation intensity was raised sufficiently to
generate dendritic calcium spikes (Fig. 2A), DSE was always ob-
served (n � 12) (Fig. 2B).

To demonstrate the link between dendritic calcium spike ini-
tiation and DSE induction, we plotted the number of calcium
spikes detected in the dendritic recordings during the induction
period against the resulting DSE (measured as the minimum nor-
malized EPSP amplitude after induction) (Fig. 2C). When no
dendritic calcium spikes were evoked, no DSE was observed
(EPSP amplitude, 105 � 3% of control). As more dendritic cal-
cium spikes were recruited with increasing stimulus intensities,
the degree of DSE was correlated with the number of calcium
spikes evoked during induction in all cells (n � 12) (Fig. 2C, filled
circles). This relationship could be described by a sigmoidal
curve, with saturation of DSE being observed after five calcium
spikes (no significant difference in the DSE value with larger
numbers of calcium spikes; p0 –2, 2–3, 4 –5 � 0.05; p3– 4, 5– 6, 6 –7 �
0.2). To assess the involvement of cannabinoid release in DSE
triggered by calcium spikes, we blocked CB1 cannabinoid re-
ceptors by using N-(piperidin-1-yl)-5-(4- iodophenyl)-1-(2,4-
dichlorophenyl)-4- methyl-1H-pyrazole-3-carboxamide (AM251; 1
�M). Under these conditions no change in EPSP amplitude was
observed even when up to five dendritic calcium spikes were
evoked by synaptic stimulation (EPSP amplitude, 101 � 2% of
control; n � 6; p � 0.6) (Fig. 2C). This indicates that dendritic
calcium spikes cause DSE by triggering cannabinoid release.

Blocking dendritic calcium spikes by hyperpolarization
prevents DSE
The activation of metabotropic glutamate receptors (mGluRs)
has been shown to contribute to DSE activated by PF trains (Mae-
jima et al., 2001; Brown et al., 2003). To separate the contribu-
tions of dendritic calcium spikes and mGluR activation during PF
trains, we took advantage of the membrane potential dependence
of dendritic calcium spikes. We used a stimulation strength for
PF trains that was sufficient to trigger dendritic calcium spikes
and cause DSE during spontaneous firing of the Purkinje cell
(dendritic amplitude of the EPSP was 2.3 � 0.2 mV at –70 mV)
(Fig. 3A). We then hyperpolarized the cell with steady injected
current. Hyperpolarization blocked the induction of calcium
spikes and prevented the induction of DSE (Fig. 3B). On average,
there was no significant DSE present at holding potentials of –70
and –90 mV (Fig. 3B). When the initiation of dendritic calcium
spikes was titrated by carefully adjusting the membrane potential
with injected current, the amount of DSE was dependent on the
number of calcium spikes evoked during induction, with the re-
lationship described by a sigmoidal curve (n � 7) (Fig. 3C).

These findings indicate that the level of synaptic activation
required for calcium spike induction is insufficient to trigger DSE
via the mGluR pathway alone. The contribution of mGluRs to
DSE induction could be revealed by increasing stimulus strength
because of the strong dependence of mGluR activation on stim-
ulus intensity (Batchelor and Garthwaite, 1997; Reichelt and
Knöpfel, 2002). For stimuli generating a dendritic EPSP of 6.0 �
0.9 mV at �70 mV, the selective and potent mGluR1 antagonist
7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl

Figure 2. The amount of DSE depends on the number of dendritic calcium spikes. A, Dendritic recording 134 �m from the soma
during DSE induction. Different stimulation intensities were used (black, 30 V; blue, 40 V; red, 50 V) during a train of 10 PF stimuli
(arrowheads) at 100 Hz. Note the calcium spikes (asterisks) evoked at the higher stimulus intensities. B, Time course of changes in
normalized dendritic PF EPSP amplitude (black, n � 4 trials; blue, n � 5 trials; red, n � 3 trials). All data are from the same cell
as in A; error bars indicate SEM. C, Relationship between the number of dendritic calcium spikes during the train and the amount
of DSE averaged across 12 cells. Open circles show the block of DSE by the CB1 antagonist AM251 (1 �M; n � 4 cells). The control
data points were fit with a sigmoidal curve with baseline constrained to 1.

Figure 3. DSE and dendritic calcium spikes have a similar voltage threshold. A, Dendritic recording 108 �m from the soma. The
same stimulation intensity was used to evoke 10 PF EPSPs at 100 Hz (arrowheads) when the dendrite was held at different
membrane potentials (black,�90 mV; blue,�70 mV; red, no holding current, approximately�50 mV). Note that calcium spikes
(asterisks) were observed only at the most depolarized potentials. B, Time course of changes in normalized dendritic PF EPSP
amplitude (black, n � 3 trials; blue, n � 3 trials; red, n � 3 trials). All data are from the same cell as in A; error bars indicate SEM.
C, Relationship between the number of calcium spikes during the train and the amount of DSE averaged across seven cells. The
data points were fit with a sigmoidal curve with the baseline constrained to 1.
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ester (CPCCOEt; 100 �M) (Maejima et al., 2001; Brown et al.,
2003) reduced the extent of DSE (29 � 6% in control and 57 �
13% in CPCCOEt; p � 0.009; n � 8). However, substantial DSE
still remained in the presence of CPCCOEt, while dendritic cal-
cium spikes were unaffected (6.9 � 0.9 spikes in control and
6.9 � 1.1 in CPCCOEt; p � 0.9). These findings indicate that the
calcium spikes evoked by synaptic stimulation do not require
mGluR1 activation to produce DSE and, thus, that synaptically
evoked calcium spikes are sufficient to trigger DSE.

DSE induction is specific to dendritic calcium spikes triggered
by PF input
These experiments indicate that synaptically evoked dendritic
calcium spikes are necessary and sufficient for DSE induction by
trains of PF inputs. To determine whether DSE is specific to
dendritic calcium spikes triggered by PF input to the spiny
branchlets, we examined whether calcium spikes activated by
postsynaptic depolarization of the main dendrite alone also can
trigger DSE. Dendritic calcium spikes were evoked in the absence
of synaptic stimulation by injecting a train of EPSC waveforms
via a dendritic pipette located on a main dendrite close to the
synaptically activated spiny branchlets (Fig. 4A). Activation of a
large number of such current-evoked dendritic calcium spikes
(5.3 � 0.5 spikes) did not change the amplitude of PF EPSPs
activated by synaptic stimulation close to the dendritic recording
site (98 � 2% of control; p � 0.4; n � 6) (Fig. 4C). However,
when the same synaptic input was used to activate dendritic cal-

cium spikes (4.6 � 0.4 spikes) (Fig. 4B), robust DSE was obtained
(35 � 9% of control; p � 0.0005; n � 6) (Fig. 4C). This indicates
that dendritic calcium spikes triggered by PF input to a spiny
branchlet under normal conditions are far more effective at trig-
gering DSE than calcium spikes elicited by current injection on an
adjacent main branch.

We also examined whether CF synaptic input is sufficient to
induce DSE at PF synapses, because CF activation has been shown
to trigger dendritic calcium spikes and widespread calcium entry
in the Purkinje cell dendritic tree (Llinas and Sugimori, 1980;
Ross and Werman, 1987; Miyakawa et al., 1992). When activation
of the CF (triggering 2.4 � 0.2 dendritic calcium spikes) was used
instead of a PF train, no DSE was observed (98 � 6% of control;
p � 0.3; n � 6) (Fig. 4D,F). In contrast, activation of calcium
spikes with the same PF synapses (triggering 3.2 � 0.4 calcium
spikes) produced robust DSE (53 � 3% of control; p � 0.0001;
n � 6) (Fig. 4E,F). These findings indicate that DSE activated by
calcium spikes is specific to calcium spikes that are evoked di-
rectly by PF inputs.

To explain why DSE is specific to calcium spikes evoked by PF
synaptic input, we examined two hypotheses in detail. First, it is
possible that presynaptic activity is required for the physiological
induction of DSE (potentially mediated by presynaptic NMDA
receptors at PF synapses) (Casado et al., 2000; Sjöström et al.,
2003). Alternatively, calcium spikes evoked by dendritic current
injection might be triggered at a different location from those
evoked synaptically such that there is spatial segregation of the
activated synapses and the injected current-evoked calcium
spikes. As a consequence, the resulting release of endocannabi-
noids may not reach the activated synapses because of their highly
restricted range of action (Brown et al., 2003).

Calcium spikes evoked by current injection are insufficient
to trigger DSE but can act synergistically with
synaptic stimulation
To test whether presynaptic activity is required during the induc-
tion of DSE by dendritic calcium spikes, we paired calcium spikes
evoked by dendritic current injection with different intensities of
synaptic stimulation. The stimulus train during induction always
was delivered with the same intensity as the stimuli testing for
synaptic strength in order to activate the same pool of PFs. Den-
dritic current injection capable of activating many calcium
spikes, which did not induce DSE on its own (103 � 4% of
control; n � 4; p � 0.6) (see above), was paired with three differ-
ent intensities of synaptic stimulation. When the evoked EPSPs
were �2 mV, they failed to trigger calcium spikes and evoke DSE
(106 � 7% of control; p � 0.7; n � 4) when delivered in a train of
10 stimuli at 100 Hz. Combining the stimulus train with calcium
spikes evoked by depolarizing current injection (Fig. 5A) also
failed to induce DSE (105 � 8% of control; p � 0.4; n � 4). This
result shows that pairing postsynaptic calcium spikes triggered by
dendritic current injection with presynaptic activity cannot res-
cue the induction of DSE. When the synaptically triggered EPSPs
were between 2 and 5 mV in amplitude, the stimulation on its
own resulted in calcium spikes and a moderate degree of DSE
(77 � 2% of control; n � 4; p � 0.005). Combining this synaptic
stimulus with current injection-evoked calcium spikes increased
the amount of DSE significantly (57 � 8% of control; n � 4; p �
0.007) (different from synaptic stimulation alone; p � 0.005).
Thus the amount of DSE evoked by synaptic stimulation can be
increased supralinearly by additional postsynaptic depolariza-
tion, but only if the synaptic stimulation alone was able to trigger
some degree of DSE. Using stronger synaptic activation, which

Figure 4. Dendritic spikes evoked by current injection or CF synaptic input fail to trigger DSE.
A, Dendritic recording 112 �m from the soma. Dendritic calcium spikes (asterisks) were evoked
by injecting a train of EPSC waveforms (shown below the dendritic recording; see Materials and
Methods). B, Dendritic calcium spikes (asterisks) evoked in the same cell by stimulating PFs
adjacent to the recording electrode. C, Comparison of the effect of calcium spikes evoked by
current injection (red) or PF stimulation (black) on PF EPSP amplitudes averaged across six cells.
D, Dendritic recording 114 �m from the soma. Stimulating CF input evoked a complex spike,
which was associated with three dendritic calcium spikes (asterisks). E, Dendritic recording from
the same cell showing a PF train that evoked dendritic calcium spikes (asterisks). F, Time course
of PF EPSP amplitude before and after the two different induction protocols (blue, CF stimula-
tion; black, PF stimulation) averaged across six cells. C, F, Error bars indicate SEM.
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triggered EPSPs �5 mV (14.7 � 3 mV)
and more than six calcium spikes, resulted
in robust DSE (21 � 3% of control; n � 4;
p � 0.001). The pairing of this stimulation
with current injection was unable to in-
crease the amount of DSE that was trig-
gered (23 � 4% of control; n � 4; p �
0.003) (compared with stimulation alone:
p � 0.7). Thus DSE triggered by synapti-
cally evoked calcium spikes can be satu-
rated such that additional depolarization
fails to increase the amount of DSE.

The inability of low-intensity stimula-
tion paired with calcium spikes evoked by
current injection to evoke DSE can indi-
cate either that presynaptic activity is not
required for DSE induction or that the
current injection-evoked calcium spikes
fail to propagate to the activated synapses.
Nevertheless, the results demonstrate that
calcium spikes triggered by postsynaptic
depolarization can act in a synergistic
manner to enhance DSE evoked by synap-
tic stimulation but do not appear to
change its threshold or maximal value.

Spatial localization of calcium spikes
evoked by synaptic stimulation and
current injection
As discussed above, an alternative possibil-
ity to explain why calcium spikes evoked
by current injection were unable to induce
DSE is that these calcium spikes are highly
localized and do not overlap sufficiently
with the sites of synaptic stimulation. To
test this hypothesis, we determined the
spatial spread of calcium spikes by imaging
dendritic calcium transients with a fast
CCD camera to compare their location
with respect to that of the activated syn-
apses (see Materials and Methods).

Calcium spikes triggered by synaptic
activation (10 PF stimuli at 100 Hz) were
associated with calcium transients that
were highly localized to the region close to
the stimulation electrode (Fig. 6B), consis-
tent with previous reports (Miyakawa et
al., 1992; Hartell, 1996; Brown et al., 2003)
and with our dendritic electrophysiologi-
cal recordings (Fig. 1). The peak calcium
signal during synaptic stimulation
(ROISYN) was correlated strongly with the
number of evoked calcium spikes (r � 0.98 – 0.99; five cells) and
was reduced greatly when hyperpolarizing current was injected to
prevent calcium spikes (19 � 5% of control; n � 5; p � 0.02 for
stimuli evoking 4.3 � 1.2 calcium spikes), confirming that most
of the dendritic calcium signal was attributable to the entry of
calcium via voltage-gated calcium channel activation. In con-
trast, calcium spikes triggered by dendritic current injection were
associated with more widespread but smaller calcium signals
(Fig. 6C). Approximately twice the number of calcium spikes
(10.1 � 1.3 for current injection vs 4.8 � 0.2 for synaptic stimu-
lation; n � 5) was required to evoke calcium transients of similar

magnitude (peak amplitude, 108 � 22% of synaptically evoked
transients).

Comparing the calcium transients triggered by synaptic stim-
ulation and current injection revealed a spatial separation of cal-
cium influx during the two different protocols. During current
injection-evoked calcium spikes the peak at ROISYN was only
25 � 4% (n � 8; p � 0.001) of the peak at ROIINJ. Conversely,
during synaptic stimulation the calcium transient at the location
of the peak calcium signal during dendritic current injection
(ROIINJ) reached only 21 � 4% (n � 8; p � 0.001) of the peak at
the ROISYN (Fig. 6D). These experiments support the hypothesis

Figure 5. Presynaptic activity during calcium spikes evoked by current injection does not rescue DSE. A, Dendritically recorded
calcium spikes (150 �m from the soma) during synaptic stimulation (black) and combined current injection and synaptic stimu-
lation (red). The current injection was adjusted to evoke several calcium spikes. Shown in the bottom panel is the time course of
normalized synaptic strength of four cells. Weak synaptic stimulation during current injection-evoked calcium spikes failed to
depress the stimulated synapses. B, When the current injection (same as in A) was paired with stronger synaptic stimulation,
which alone evoked calcium spikes and some degree of DSE, the amount of depression was increased (bottom panel, pooled data
from 4 cells; asterisks denote p�0.05 between the two conditions). C, When we used synaptic stimuli evoking six or more calcium
spikes, pairing with current injection (same as in A, B) failed to increase the degree of DSE (pooled data from 4 cells). EPSP
amplitudes were measured at �70 mV. Error bars indicate SEM.

Figure 6. Calcium spikes evoked by dendritic current injection are segregated spatially from synaptically evoked calcium
spikes. A, Purkinje cell filled with Alexa 594 and fluo-5F (the image shows the Alexa fluorescence). The positions of the PF
stimulation electrode (blue) and the dendritic recording electrode (red; 90 �m from the soma) are indicated. B, The area of
interest (shown by the white rectangle in A) was imaged for calcium signals during synaptic stimulation, triggering calcium spikes.
The image is a maximum intensity projection of a stack of 41 consecutive images acquired at 40 Hz. C, Maximum intensity
projection of a stack recorded during calcium spikes evoked by current injection. Two ROIs outlining the branchlets showing
calcium signals during synaptic stimulation (ROISYN) or current injection (ROIINJ) were selected. The time course of the fluorescent
signal in the two ROIs is plotted below the images. The same number of calcium spikes was evoked by the synaptic stimulation and
the current injection. Scale bars: B, C, 10 �m. D, Pooled data from eight cells showing the peak fluorescence change during
synaptic stimulation-evoked calcium spikes at the two ROIs selected in the same way as in B, C. E, Pooled data from the same eight
cells showing fluorescence changes during current injection-evoked calcium spikes.
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that the peak calcium signal associated with calcium spikes trig-
gered by current injection often is spatially separated from the
activated synapses. The resulting lower calcium signal at these
synapses thus prevents them from undergoing DSE, explaining
why calcium spikes evoked by current injection are normally
ineffective at triggering DSE.

Modulating the propagation of dendritic calcium spikes
Next we sought to improve the propagation of calcium spikes
triggered by dendritic current injection to determine whether this
could promote endocannabinoid release and short-term plastic-
ity at the activated synapses. Purkinje cell dendrites express

calcium-activated potassium channels
that can be activated by calcium spikes
(Womack et al., 2004) and that have been
shown to limit the spread of regenerative
dendritic events in cultured pyramidal
neurons (Cai et al., 2004). We therefore
examined the effect of the high-
conductance calcium-activated potassium
(BK) channel blocker penitrem A (Knaus
et al., 1994) on the spread of calcium spikes
by using calcium imaging. Because the
peaks of synaptically evoked and current
injection-evoked calcium signals were sep-
arated spatially (Fig. 6), we evaluated the
spread of the calcium signals by using
ROIs placed along the dendrite on the path
between the two peak signals (Fig. 7A),
with ROI1 corresponding to ROISYN, ROI3

to the location of the dendritic recording
electrode, and ROI5 to ROIINJ. This al-
lowed us to compare the spread of calcium
signals systematically across different den-
dritic morphologies.

The dendritic calcium signals in con-
trol and in the presence of penitrem A were
measured for similar numbers of dendritic
calcium spikes (6.7 � 0.6 vs 8.2 � 0.7 and
n � 5 for synaptically evoked calcium
spikes; 11.7 � 1.7 vs 14 � 1.1 and n � 3 for
current injection-evoked calcium spikes;
p � 0.05 for both cases). The calcium sig-
nal evoked by synaptic stimulation at the
site of the active synapses (ROISYN) was
increased significantly by penitrem A
(161 � 24% of control; n � 5; p � 0.04).
The peak current injection-evoked cal-
cium signal (ROIINJ) also appeared to in-
crease, although this was not statistically
significant (135 � 10% of control; n � 3;
p � 0.11). Penitrem A enhanced the
spread of calcium transients evoked by
synaptic stimulation as determined by the
normalized peak calcium signals at succes-
sive ROIs from ROISYN (Fig. 7C,D). The
calcium signal associated with dendritic
spikes evoked by current injection spread
even more effectively from the location of
the peak in the presence of penitrem A
(Fig. 7E,F). As a consequence, the peak
calcium transient reached during current
injection-evoked dendritic spikes at the

site of the activated synapses was enhanced dramatically (435 �
32%; n � 3; p � 0.01) (Fig. 7G).

These results suggest that blocking BK channels improves the
propagation of calcium spikes that are evoked by dendritic cur-
rent injection. To verify this directly and electrophysiologically,
we examined the properties of calcium spikes reaching the den-
dritic recording site, which presumably represent propagated
spikes because the maximal calcium signal always was located
away from this site. Synaptically evoked calcium spikes showed
small increases in amplitude (6.4 � 1.1 vs 5.1 � 1.5 mV in con-
trol; n � 3 cells; p � 0.1) and half-width (1.02 � 0.1 vs 0.89 � 0.11
ms in control; n � 3; p � 0.1) in the presence of penitrem A.

Figure 7. BK channels control dendritic calcium spike propagation. A, Dendritic recording from a Purkinje cell filled with Alexa
594 and fluo-5F, recorded 140 �m from the soma. The image was taken with Alexa fluorescence. The stimulating electrode is
drawn in blue. Scale bar, 50 �m. Inset, High-magnification image of the area of interest (dotted box) with five ROIs indicated. B,
Maximum intensity projections of image stacks acquired during synaptically or current injection-evoked calcium spikes in control
ACSF and 100 nM penitrem A. Scale bar, 20 �m. C, Calcium transients recorded from the five respective ROIs in the inset of A during
synaptically evoked calcium spikes before (black) and after the BK channels (red) were blocked. D, The similarly selected five ROIs
were averaged over three cells and normalized to the synaptic maximum in control ACSF. E, Calcium transients recorded from the
five respective ROIs in the inset of A during current injection-evoked calcium spikes before (black) and after (red) the BK channels
( were blocked. F, The similarly selected five ROIs were averaged over several cells and normalized to the synaptic maximum in
control ACSF. Blocking the BK channels clearly improved the spatial spread of calcium spikes. Asterisks (in D, F ) denote statistical
significance ( p � 0.05); error bars indicate SEM. G, The change in the fluorescence signal after penitrem A application was
quantified in every ROI under control conditions (open circles) and BK channel block (filled circles). H, Dendritic calcium spikes
(aligned at threshold and averaged) evoked with current injection before (black) and after penitrem A application (red). The
bottom panel shows the second derivative of the calcium spikes, with a dotted vertical gray line indicating the threshold (see
Materials and Methods).
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However, calcium spikes evoked by den-
dritic current injection (Fig. 7H) were en-
hanced dramatically both in amplitude
(9.9 � 3.8 vs 2.4 � 2.2 mV in control; n �
3; p � 0.04) and half-width (0.71 � 0.17 vs
0.38 � 0.22 ms in control; n � 3; p � 0.03),
consistent with the calcium-imaging data.

BK channel block enables current-
evoked calcium spikes and CF input to
trigger DSE
Next we tested whether the improvement
in propagation of calcium spikes caused by
BK channel block could enhance the abil-
ity of calcium spikes evoked by dendritic
current injection to elicit DSE. Under con-
trol conditions calcium spikes triggered by
dendritic current injection (Fig. 8A,B) did
not generate DSE, even with up to 41 cal-
cium spikes (n � 8) (Fig. 8C). When BK
channels were blocked by penitrem A (100
nM), calcium spikes evoked by dendritic
current injection were able to produce ro-
bust DSE (Fig. 8B,C). Interestingly, the re-
lationship between the number of calcium
spikes evoked by current injection and the
amount of DSE followed an approxi-
mately sigmoidal relationship in penitrem
A (n � 8) (compare Figs. 8C, 3C). To ver-
ify that DSE in the presence of penitrem A
is also endocannabinoid-dependent, we
conducted additional experiments by us-
ing the CB1 receptor antagonist AM251.
In the presence of penitrem A synaptically evoked calcium spikes
produced robust DSE, which was blocked by 1 �M AM251 (36 �
6 vs 111 � 10% of control, respectively; n � 6; p � 0.0001). In the
same cells DSE evoked by calcium spikes triggered by current
injection was blocked similarly by 1 �M AM251 (66 � 1 vs 97 �
3% of control; n � 6; p � 0.001). These results provide additional
confirmation that presynaptic activity is not required for DSE
induction via dendritic calcium spikes. BK channel block by peni-
trem A did not affect baseline EPSP amplitudes (101 � 12% of
control; n � 6; p � 0.4), paired pulse facilitation (99 � 2% of
control; 10 ms interval; n � 6; p � 0.4), or input resistance (99 �
4% of control; n � 6; p � 0.8), ruling out effects of BK channel
block on baseline synaptic transmission or postsynaptic
properties.

We also tested whether BK channel block affected the ability of
calcium spikes evoked by synaptic stimulation to evoke DSE. The
relationship between the number of calcium spikes and the
amount of DSE evoked during trains of PF stimuli was sigmoidal
(Fig. 2), which was unchanged when BK channels were blocked
by penitrem A (n � 5; p � 0.8) (Fig. 8D). This suggests that the
block of BK channels did not change the ability of calcium spikes
to trigger DSE at their initiation site (i.e., there was no change in
synaptically evoked DSE) but instead may help calcium spikes
evoked at other dendritic locations to spread to the test synapses
and evoke DSE.

To test this idea further, we investigated activation of the CF,
which produces widespread dendritic calcium entry in Purkinje
cells (Miyakawa et al., 1992; Wang et al., 2000) but which, how-
ever, is normally insufficient to trigger DSE of PF input (Fig. 4D)
(Brenowitz and Regehr, 2005). To test whether BK channel acti-

vation also limits the spread of the CF-triggered depolarization to
PF synapses, we examined the effect of penitrem A on the ability
of the CF to trigger DSE of PF inputs. Experiments were per-
formed in the presence of the specific mGluR1 antagonist CPC-
COEt to block the effect of glutamate spillover from the CF ter-
minals to mGluR1 receptors present on PF synapses (Maejima et
al., 2001; Brenowitz and Regehr, 2005). In control conditions 20
CF stimuli (at 50 Hz) were required to produce significant DSE
(80 � 7% of control; p � 0.025; n � 5) (Fig. 8E). However, when
BK channels were blocked by penitrem A (100 nM), as few as three
CF stimuli triggered significant DSE (85 � 7% of control; p �
0.02; n � 5). For all numbers of CF stimuli (except single CF
stimuli) DSE produced in the presence of penitrem A was signif-
icantly greater than in the control condition ( p � 0.05; n � 5)
(Fig. 8F). This suggests that the activation of BK channels limits
the ability of CF input to modulate PF transmission via endocan-
nabinoid release.

Discussion
Our findings provide direct evidence linking the initiation and
spread of local dendritic calcium spikes with dendritic cannabi-
noid release and short-term regulation of synaptic efficacy in
cerebellar Purkinje cells. By modulating dendritic excitability, we
demonstrate that regulating the spread of dendritic calcium
spikes can set the threshold for endocannabinoid-dependent reg-
ulation of synaptic strength. These findings reveal that dendritic
voltage-gated channels can act as tunable coincidence detectors
for local feedback regulation of synaptic strength at cerebellar PF
synapses.

Figure 8. Blocking BK channels enables calcium spikes evoked by current injection or CF activation to trigger DSE. A, Dendritic
calcium spikes evoked by dendritic current injection in control ACSF (black trace) and 100 nM penitrem A (red trace), recorded 130
�m from the soma. The amplitude of the injected dendritic current waveform (blue traces) was adjusted to evoke similar numbers
of calcium spikes under the two conditions. B, Time course of PF synaptic strength before and after the calcium spikes evoked by
the current injection shown in A. The same number of calcium spikes, which were unable to trigger DSE in control ACSF, produced
strong short-term depression of PF EPSPs when the BK channels were blocked. C, The amount of DSE was plotted versus the
number of calcium spikes evoked by current injection. An increasing amount of DSE was triggered with an increasing number of
calcium spikes but only when BK channels were blocked by 100 nM penitrem A. Pooled data are from six cells. D, The amount of DSE
plotted against the number of synaptically evoked calcium spikes. Block of BK channels did not change the efficacy of synaptically
evoked calcium spikes to evoke DSE. Pooled data are from four cells. E, Time course of PF synaptic strength shows prominent DSE
after 20 CF stimuli when the BK channels were blocked, but not in control conditions. Single trials are from the same cell. F, The
amount of DSE was plotted versus the number of CF stimuli delivered during the induction. Pooled data are from five cells. C F, Error
bars indicate SEM, and asterisks denote p � 0.05.
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The link between local dendritic calcium spikes and
synaptic plasticity
We have used four different approaches to link directly the initi-
ation of dendritic calcium spikes with plasticity at PF synapses.
First, we showed that the stimulus threshold for induction of
dendritic calcium spikes is identical to that for induction of DSE:
whenever dendritic calcium spikes were initiated by PF stimula-
tion, DSE also followed; when calcium spikes were blocked, DSE
induction also failed. This link is exemplified by the sigmoidal
relationship between the number of calcium spikes and the de-
gree of DSE, with significant DSE observed with only two den-
dritic calcium spikes and DSE saturating above five dendritic
calcium spikes. Second, we showed that DSE induction and den-
dritic calcium spike initiation have a similar voltage threshold
such that hyperpolarization blocks both dendritic calcium spikes
and DSE induction. When the number of dendritic calcium
spikes was titrated by adjusting membrane potential, the degree
of resulting DSE tracked the number of calcium spikes that were
elicited. Third, we demonstrated that DSE can be triggered by
synaptically evoked calcium spikes in the presence of an mGluR1
antagonist, indicating that calcium spikes alone are sufficient to
trigger DSE even in the absence of mGluR1 activation. Finally, we
demonstrated that enhancing the spread of dendritic calcium
spikes by blocking BK-type calcium-activated potassium chan-
nels also gates the induction of DSE by dendritic calcium spikes
triggered by dendritic current injection or CF stimulation.

Together, these findings suggest that dendritic calcium spikes
are both necessary and sufficient for triggering DSE with a train of
PF stimuli under physiological conditions. Our results thus pro-
vide some of the strongest evidence to date linking dendritic cal-
cium spikes with the induction of synaptic plasticity. Previous
work has correlated the initiation of calcium spikes by strong
synaptic stimulation with non-Hebbian long-term potentiation
(Golding et al., 2002) or depression (Holthoff et al., 2004) in
pyramidal neurons but relied on relatively indirect evidence, be-
cause in these studies dendritic recordings were not performed
during the induction of plasticity. In contrast, we directly manip-
ulated dendritic spike initiation and propagation via dendritic
recordings, allowing us to provide a strong quantitative link with
synaptic plasticity.

Implications for the regulation of plasticity
The tight link between dendritic calcium spikes and DSE induc-
tion has several implications for our understanding of this form
of short-term synaptic plasticity. First, our results provide a bio-
physical basis for the specificity of DSE induction by PF input.
We demonstrate that dendritic calcium spikes evoked by current
injection in the absence of PF stimulation or by CF input were
insufficient to trigger DSE at the PF synapses that were tested.
This indicates that physiological activation of DSE is restricted to
calcium spikes triggered by the PF synapses undergoing DSE.
Such specificity is important, because otherwise continuous CF
activity in vivo, occurring at mean rates of �1 Hz (Lang et al.,
1999), would suppress the �200,000 PF synapses tonically. The
specificity is attributable to the fact that the calcium spike must be
sufficiently large at the site of the active synapses to deliver suffi-
cient calcium to exceed the high-calcium threshold for cannabi-
noid release (Brenowitz and Regehr, 2003). As suggested by our
calcium-imaging data, calcium spikes activated by current injec-
tion or via CF activation (Wang et al., 2000) do not reach this
threshold. We also rule out that coincident presynaptic activity is
required for DSE activated by PF input under physiological con-
ditions. This is consistent with previous evidence that prolonged

postsynaptic depolarizations to 0 mV when postsynaptic potas-
sium channels have been blocked with internal Cs�, which pre-
sumably produces calcium influx far in excess of that generated
via dendritic calcium spikes, can trigger DSE in the absence of
presynaptic activity (Kreitzer and Regehr, 2001; Maejima et al.,
2001; Brenowitz and Regehr, 2003).

Second, our results provide a deeper understanding of the
cooperativity requirements for DSE induction by PF input
(Brown et al., 2003; Marcaggi and Attwell, 2005). We demon-
strate that both the activation of dendritic calcium spikes by PF
input and the induction of DSE require a threshold level of syn-
chronous PF activity. Thus calcium spikes and DSE induction
read out the level of spatial and temporal synchrony in the PF
population. This is presumably attributable to the highly nonlin-
ear recruitment of voltage-gated calcium channels during the
initiation of dendritic calcium spikes by synaptic input.

Initiation of dendritic calcium spikes and activation of mGluR
receptors both require temporal and spatial clustering of PF input
(Batchelor and Garthwaite, 1997; Reichelt and Knöpfel, 2002).
The fact that DSE was prevented when calcium spikes were
blocked by hyperpolarization indicates that the threshold for
DSE induction via calcium spikes is lower than for via mGluR
activation and that the relative contribution of calcium spikes
and mGluR activation will depend on membrane potential.
However, although mGluR activation is not required for DSE
induction, there may exist additional cooperativity between
postsynaptic mGluR activation and calcium entering via the den-
dritic calcium spike to cause supralinear calcium signals (Wang et
al., 2000; Ohno-Shosaku et al., 2002) or to act synergistically via a
calcium-independent mGluR pathway (Maejima et al., 2001).
The involvement of phospholipase C�, which can integrate cal-
cium and Gq-coupled receptor signals leading to DSI in the hip-
pocampus (Hashimotodani et al., 2005), may contribute to the
supralinear effect on DSE induction of combining synaptic stim-
ulation and dendritic spikes evoked by current injection, as well
as the cooperativity between PF and CF input (Brenowitz and
Regehr, 2005). Although our understanding of endocannabinoid
production and release remains limited (Freund et al., 2003; Pio-
melli, 2003), the local nature of both dendritic calcium spikes and
mGluR activation, potentially acting in concert, may help to en-
sure the synapse specificity of the resulting synaptic plasticity.

Modulation of dendritic spikes influences plasticity
Our results provide direct evidence for the regulation of dendritic
calcium spikes by BK channels in Purkinje cells. This supports
earlier findings that BK channels play an important role in mod-
ulating the excitability of these neurons (Edgerton and Reinhart,
2003; Sausbier et al., 2004; Womack et al., 2004) and may be
related to the deficits in motor learning and performance ob-
served in a BK channel knock-out mouse (Sausbier et al., 2004).
Our findings are consistent with the results of Golding and col-
leagues (1999) in CA1 pyramidal cells, who showed that BK chan-
nels are responsible in part for determining the duration of den-
dritic calcium spikes. We also demonstrate that BK channels are
critical for regulating the spatial spread of calcium spikes, in con-
trast with cultured hippocampal pyramidal neurons in which
SK-type calcium-activated potassium channels appear to play a
dominant role (Cai et al., 2004).

We demonstrate that the modulation of dendritic calcium
spikes by the block of BK channels can, in turn, influence endo-
cannabinoid release and thus the induction of plasticity by den-
dritic calcium spikes. This provides the first direct evidence that
modulation of dendritic excitability in turn can regulate the
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threshold for induction of synaptic plasticity. Interestingly, BK
channels can be located presynaptically (Knaus et al., 1996),
where they limit transmitter release from synaptic terminals (Ro-
bitaille et al., 1993; Raffaelli et al., 2004). Their postsynaptic lo-
calization in Purkinje cell dendrites could serve an analogous
role. As we demonstrate that BK channel block extends the spatial
range of action of dendritic calcium spikes evoked by dendritic
current injection or CF activation, the modulation of BK chan-
nels also may influence the spatial specificity of DSE evoked by
synaptic stimuli. Recent work has demonstrated that the induc-
tion of synaptic plasticity also can alter dendritic excitability in
pyramidal neurons (Frick et al., 2004; Li et al., 2004). Our study
thus “closes the loop” and shows that dendritic excitability may,
in turn, regulate the induction of plasticity and be a substrate for
metaplasticity (Frick and Johnston, 2005).

What are the physiological regulators of BK channels and thus
DSE induction? BK channels are activated by the endogenous
cannabinoid anandamide (Sade et al., 2006), providing a negative
feedback loop for self-regulation of dendritic calcium spikes and
subsequent endocannabinoid release. BK channels also are sub-
ject to modulation by numerous second messenger pathways via
protein kinase C (PKC), protein phosphatases (Widmer et al.,
2003), or phospholipase C (Clarke et al., 2002). These pathways,
activated by noradrenaline and serotonin (Schweighofer et al.,
2004), thus also could influence DSE. Interestingly, the induction
of long-term depression (LTD) also is accompanied by activation
of PKC and protein phosphatase pathways (Daniel et al., 1998).
Because dendritic calcium spikes also may be involved in the
induction of LTD (Wang et al., 2000), this might provide a form
of metaplasticity whereby LTD in turn regulates the link between
calcium spikes and DSE, setting the threshold at which subse-
quent patterns of activity are converted into long-term changes in
synaptic strength.
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