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SUMMARY

Small-conductance Ca2+-activated K+ channels
(SK channels) modulate excitability and curtail excit-
atory postsynaptic potentials (EPSPs) in neuronal
dendrites. Here, we demonstrate long-lasting plas-
ticity of intrinsic excitability (IE) in dendrites that
results from changes in the gain of this regulatory
mechanism. Using dendritic patch-clamp recordings
from rat cerebellar Purkinje cells, we find that
somatic depolarization or parallel fiber (PF) burst sti-
mulation induce long-term amplification of synaptic
responses to climbing fiber (CF) or PF stimulation
and enhance the amplitude of passively propagated
sodium spikes. Dendritic plasticity is mimicked and
occluded by the SK channel blocker apamin and is
absent in Purkinje cells from SK2 null mice. Triple-
patch recordings from two dendritic sites and the
soma and confocal calcium imaging studies show
that local stimulation limits dendritic plasticity to
the activated compartment of the dendrite. This plas-
ticity mechanism allows Purkinje cells to adjust the
SK2-mediated control of dendritic excitability in an
activity-dependent manner.

INTRODUCTION

Dendritic excitability is determined by the activity of voltage- and

calcium-dependent ion channels that contribute to the input-

output function of neurons (Häusser et al., 2000). Alterations in

these active properties adjust dendritic integration and comple-

ment forms of synaptic plasticity, such as long-term potentiation

(LTP) and long-term depression (LTD), in information storage

(Daoudal and Debanne, 2003; Magee and Johnston, 2005;

Zhang and Linden, 2003). For example, dendritic processing of

intrinsic and synaptic signals is influenced by different calcium-

activated K conductances (KCa) that may contribute to the after-

hyperpolarization (AHP) following spike activity (Sah, 1996;

Stocker et al., 1999) or accelerate the repolarization of excitatory
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postsynaptic potentials (EPSPs) (Lancaster et al., 2001). One

class of (KCa), small conductance calcium-activated SK-type

K channels act as a brake on dendritic responsiveness and

calcium signaling. In hippocampus, blocking SK channels with

apamin prolongs dendritic responses (Cai et al., 2004) and

potentiates EPSP-spike coupling (Sourdet et al., 2003). In the

amygdala and hippocampus, blocking synaptic SK channels

enhances spine calcium transients leading to an increased prob-

ability for the induction of LTP (Faber et al., 2005; Lin et al.,

2008; Ngo-Anh et al., 2005). In line with these observations,

modulating SK channel activity influences hippocampus-depen-

dent memory encoding (Hammond et al., 2006; Stackman et al.,

2002). In cerebellar Purkinje cells, a form of intrinsic plasticity

that is mediated by SK channel downregulation is associated

with enhanced spine calcium transients, but in contrast to the

hippocampus, this increased calcium signaling results in a lower

probability for LTP induction (Belmeguenai et al., 2010; Hosy

et al., 2011), possibly reflecting different calcium signaling

requirements for hippocampal and cerebellar LTP (Coesmans

et al., 2004). We used dendritic patch-clamp recordings from

rat Purkinje cells in freshly prepared brain slices and found that

SK channel downregulation affects the processing of activity

patterns in Purkinje cell dendrites, enhancing their intrinsic

excitability (IE). The excitability of Purkinje cell dendrites can

be altered in response to either synaptic or nonsynaptic tetaniza-

tion patterns. This increased dendritic IE leads to a long-term

amplification of three types of dendritic responses: Na+ spikes

that passively spread into the dendrite (Llinás and Sugimori,

1980; Stuart and Häusser, 1994), dendritic responses to CF acti-

vation, and PF-EPSP trains. This type of long-lasting dendritic

plasticity can be observed for the duration of the recordings

(which lasted up to 30 min after tetanization). The amplification

of CF responses is mimicked and occluded by apamin, an SK

channel blocker. Moreover, dendritic plasticity is absent in SK2

null mice, suggesting that the increased IE is due to SK2 channel

modulation. Using confocal calcium imaging and triple-patch

recordings from the soma and two dendritic locations we show

that the increase in CF responses may be restricted to locally

activated compartments of the dendrite. Activity-dependent

plasticity of dendritic IE thus requires SK2 channel regulation

and allows Purkinje cells to locally adjust dendritic processing

properties.
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Figure 1. Depolarization-Evoked Na+ Spikes

and CF Responses in Somatodendritic

Double-Patch Recordings

(A) Recording configuration. Patch-clamp re-

cordings were obtained from the soma and the

dendrite of Purkinje cells. Depolarizing current

pulses were applied through the somatic patch

electrode. The CF input was activated using

extracellular stimulation with a glass pipette filled

with ACSF.

(B) DIC image illustrating the double-patch

configuration. Arrows outline the course of the

primary dendrite. Glass pipettes for PF and CF

stimulation, respectively, are shown in the upper

left and right corners.

(C) Examples of Na+ spikes evoked by somatic

depolarization (left) and CF responses (right) re-

corded at dendritic locations (red traces) and the

soma (black traces).

(D) Distance dependence of Na+ spike (blue) and

CF response (orange) amplitudes. The fitted lines

were obtained using the least-square method.
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RESULTS

Activity-Dependent Changes in Excitability Boost
Dendritic Responsiveness
Tomeasure spike activity and synaptic responses in Purkinje cell

dendrites, we performed dual somatic and dendritic patch-

clamp recordings (Davie et al., 2006) from Purkinje cells in cere-

bellar slices obtained from P25–P37 rats. Na+ spikes evoked by

somatic depolarization, or synaptic responses to CF stimulation

were monitored at near-physiological temperature (31�C–34�C).
As previously reported, the amplitude of Na+ action potentials

decreased with distance from the soma (Pearson’s correlation

coefficient after log transformation of the Na+ spike amplitude:

r = �0.8923; p < 0.05; n = 42; Figures 1A–1D), suggesting that

in Purkinje cells Na+ spikes passively spread into the dendrite

(Llinás and Sugimori, 1980; Stuart and Häusser, 1994). CF

stimulation evoked complex spike discharges in the soma, but

not the dendrite. Rather, the dendritic recordings showed large

CF-evoked EPSPs that did not vary in amplitude with distance

from the soma (r = �0.2645; p > 0.05; n = 39; Figures 1A–1D).

The dendritic CF responses often contained small spike compo-

nents that have been attributed to passively spreading Na+

spikelets and to local calcium spike activity (Figure 1C; Davie

et al., 2008; Ohtsuki et al., 2009).

To determine how alterations of IE may regulate dendritic

responsiveness and Purkinje cell output, CF and PF responses

as well as Na+ spikes were measured, using double-patch

experiments, before and after inducing plasticity of IE. The

dendritic recordings were obtained 50–140 mm from the soma

(from the point of origin of the dendrite). Dendritic responses to
Neuron 75, 108–
CF stimulation reached an averaged

amplitude of 32.67 mV ± 2.93 SEM

(n = 40; averaged baseline values from

all rat recordings; see Table S1 available

online). To induce plasticity of IE, depola-

rizing currents (300–400 pA/100 ms) were
injected into the soma at 5 Hz for 3–4 s, a tetanization protocol

that triggers IE plasticity in Purkinje cells (Belmeguenai et al.,

2010). Following 5 Hz current injection, the amplitude of dendritic

CF responses was enhanced (123.2% ± 8.4% of baseline; last

5min; n = 7; p = 0.032; Figures 2A and 2B). The degree of

enhancement did not depend on the distance of the dendritic

recording site from the soma (Figure S1). The enhancement of

dendritic CF response amplitudes was associated with an

increase in the number of spikelets within the somatically re-

corded complex spike (144.8% ± 3.7%; n = 7; p = 0.028; Fig-

ure 2B). Under control conditions, these parameters remained

stable (amplitude: 97.0% ± 5.9%; p = 0.636; spikelet number:

102.6% ± 5.3%; n = 6; p = 0.652; Figures 2B and S2). Repeated

current injection did not result in significant input resistance

changes (dendrite: 90.2% ± 8.2%; p = 0.276; soma: 96.3% ±

6.9%; p = 0.613; n = 7; Figure S3). Patch-clamp recordings

from the rat cerebellum in vivo show that sensory stimulation

results in brief high-frequency bursts in granule cells, identifying

a physiologically relevant activity pattern of PF synaptic signals

(Chadderton et al., 2004). PF burst stimulation (50Hz bursts;

5 pulses; repeated at 5Hz for 3 s) caused an increase in the

CF response (112.2% ± 2.7%; p = 0.010) that was associated

with an increase in the spikelet number (128.7% ± 9.6%; n = 5;

p = 0.040; Figures 2C and 2D). Moreover, the PF burst protocol

enhanced the number of depolarization-evoked spikes (Fig-

ure S4). Taken together, these data show that dendritic plasticity

can be triggered by synaptic or nonsynaptic activity patterns.

Repeated depolarizing current injections into the soma also

increased the amplitude of dendritic Na+ spikes that were eli-

cited by somatic test current pulses (139.5% ± 15.2%; n = 10;
120, July 12, 2012 ª2012 Elsevier Inc. 109



Figure 2. Dendritic Patch-Clamp Recordings Reveal Activity-Dependent Changes in Dendritic Responsiveness

(A) Recording configuration for the experiments shown in (B). Responses to CF activation were recorded before and after repeated injection of depolarizing

currents into the soma.

(B) The somatic depolarization protocol enhances CF responses (arrow). Lower left: time graph showing changes in the amplitude of dendritically recorded CF

responses after tetanization (closed dots; n = 7) and under control conditions (open dots; n = 6). Lower right: time graph showing associated changes in the

number of spikelets in the complex spike after tetanization (closed dots; n = 7) and under control conditions (open dots; n = 6).

(C) Recording configuration for the experiments shown in (D). Responses to CF activation were recorded before and after 50 Hz PF tetanization.

(D) 50 Hz PF burst stimulation causes an increase in dendritic CF response amplitudes (lower left) and the spikelet number (lower right; n = 5). Arrows indicate

tetanization. Error bars indicate SEM.

See also Figures S1–S4 and Table S1.
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p = 0.029; Figure 3). This enhancement was accompanied by

an increase in the number of evoked spikes (spike count) in

somatic and dendritic recordings (179.4% ± 29.7%; n = 10;

p = 0.028; Figure 3). Under control conditions, both the dendritic

spike amplitude (96.7% ± 8.3%; p = 0.711) and the spike

count remained constant (105.5% ± 10.1%; n = 5; p = 0.613;

Figures 3 and S2). The finding that somatic depolarization, a

nonsynaptic activation protocol, causes an increase in the ampli-

tude of dendritic Na+ spikes, a nonsynaptic response, indicates

that the underlying process involves modifications of intrinsic

membrane properties, and that this modification occurs in

Purkinje cells.
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Dendritic Plasticity Requires SK2 Channel
Downregulation
SK channel activity influences Purkinje cell firing frequency and

regularity (Edgerton and Reinhart, 2003; Womack and Khoda-

khah, 2003). It has previously been shown that Purkinje cell

intrinsic plasticity, measured as an increase in the number of

spikes evoked by depolarizing current pulses, involves SK

channel downregulation (Belmeguenai et al., 2010). To examine

whether the changes in dendritic Na+ spike and CF response

amplitudes described here are also mediated by downregulation

of SK channel activity, we used the selective SK channel blocker,

apamin. Bath-application of apamin (10nM) enhanced the



Figure 3. Repeated Somatic Injection of

Depolarizing Currents Enhances the Fre-

quency and Dendritic Amplitude of Na+

Spikes

(A) Recording configuration. Na+ spikes evoked

by single depolarizing current pulses injected into

the soma were recorded in the test periods before

and after repeated somatic current injection at

5 Hz.

(B) The depolarization protocol enhances the

number of action potentials and the amplitude of

dendritic Na+ spikes (red traces; enlarged in the

insets). Lower left: time graph showing Na+ spike

amplitude changes recorded in the dendrite after

tetanization (closed dots; n = 10) and under control

conditions (open dots; n = 5). Lower right: time

graph showing associated changes in the spike

count after tetanization (closed dots; n = 10) and

under control conditions (open dots; n = 5). Arrows

indicate tetanization. Error bars indicate SEM.

See also Figure S2.
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amplitude of dendritic CF responses (119.0% ± 6.2%; p = 0.028;

Figure 4A) and the number of spikelets in the somatic complex

spike (137.5 ± 14.1; n = 6; p = 0.045; Figure 4A). In the presence

of apamin, repeated depolarizing current injections (5 Hz; 3–4 s)

neither caused a significant increase in CF response amplitudes

(98.0% ± 2.1%; p = 0.373), nor in the spikelet number (120.3% ±

16.4%; n = 6; p = 0.283; Figure 4B). These observations

show that plasticity of IE was, at least partially, occluded by

apamin blockade of SK channels. Apamin also increased the

amplitude of dendritically recorded Na+ spikes (151.9% ±

21.6%; p = 0.043), as well as the spike count (222.8% ±

16.9%; n = 9; p = 0.00009; Figure 4C). SK2 (Kcnn2) is the only

member of the SK family expressed in Purkinje cells (Cingolani

et al., 2002). To directly test the role of SK2 channels in dendritic

plasticity, we performed dual patch-clamp recordings from SK2

null (SK2�/�) mice (Bond et al., 2004) or wild-type littermates

(P17–P35). In these mouse experiments, dendritic recordings

were obtained 40–110 mm from the soma. Dendritic responses

to CF stimulations had amplitudes of 20.59 ± 6.27mV (n = 10).

Application of the depolarization protocol caused a significant

increase in CF response amplitudes for wild-type (137.5% ±

14.4%; n = 6; last 5min; p = 0.048; Figure 4D) but did not elicit

an increase of CF responses in SK2�/� mice (84.7% ± 14.9%;

n = 4; p = 0.379; Figure 4D). The difference between these two

groups was significant (p = 0.01; Mann-Whitney U test). These

results specifically implicate SK2 channels in this form of intrinsic

plasticity. CF stimulation from SK2�/� mice frequently triggered

prolonged spike firing rather than an isolated complex spike,

preventing an accurate measure of the spikelet number. In

summary, experiments in the presence of apamin as well as

the recordings from SK2�/� mice and wild-type littermates

show that the increase in dendritic IE depends on a decrease

of SK2 channel activity. The apamin wash-in experiments

show that SK channel blockade, in the absence of tetanization,

causes a similar excitability increase, suggesting that a reduction

in SK2 channel activity underlies, at least in part, the expression

mechanism for this type of intrinsic plasticity.
Dendritic Plasticity Affects PF-EPSP Trains,
but Not Individual EPSPs
To examine the effect of dendritic plasticity on PF synaptic

responses, we applied 10 Hz stimulation (5 pulses) to the PF

input, resulting in a train of EPSPswith amplitudes that increased

over the first responses. Stimulus strength was adjusted so that

the first EPSP in the train was of low amplitude and remained

subthreshold (dendritic EPSP 1 = 1.4 ± 0.37mV; n = 9; Figures

5A and 5B). In the somatic recordings, action potentials

appeared toward the end of the EPSP trains, which were also

seen as small spikelets on top of the dendritically recorded

EPSPs (Figure 5B). Depolarizing current injections (5 Hz, 3–4 s)

did not change the amplitude of EPSP 1 (dendrite: 99.7% ±

19.3%; p = 0.988; soma: 104.5% ± 6.4%; p = 0.868; n = 9; Fig-

ure 5B), but significantly amplified the facilitation of EPSPs 2–5

in both dendritic and somatic recordings (% change EPSP 5

relative to EPSP 1; dendrite; before: 207.9% ± 17.6%; after:

356.2% ± 44.9%; n = 9; p = 0.011; soma; before: 182.9% ±

16.6%; after 336.8% ± 65.2%; n = 9; p = 0.036; Figure 5D).

When 5 PF pulses were applied at 50 Hz (dendritic EPSP 1 =

0.91 ± 0.12mV; n = 8; Figure 5C) we observed a similar EPSP

facilitation, which, however, resulted in more pronounced spike

activity in the dendritic recordings (Figure 5C), rendering analysis

of EPSP amplitudes impractical. After repeated current

injections, the number of spike components per EPSP was

significantly increased for EPSPs 4 + 5 (n = 8; EPSP 4: p =

0.040; EPSP 5: p = 0.036; Figure 5E). In the presence of apamin

(10 nM), the EPSP increase during a 10 Hz EPSP train was

enhanced as compared to control (% change EPSP 5 relative

to EPSP 1; dendrite; control: 229.6% ± 25.2%; n = 10; apamin:

322.8% ± 12.9%; n = 7; p = 0.006; soma; control: 193.2% ±

12.7%; n = 10; apamin: 304.8 ± 15.8; n = 7; p = 0.0001; Figures

6A and 6C). In the presence of apamin, the number of spikes

evoked by EPSPs 4+5 in a 50Hz train was also increased

compared to control (control: n = 10; apamin: n = 7; EPSP 4:

p = 0.015; EPSP 5: p = 0.042; Figures 6B and 6D). These obser-

vations show that dendritic plasticity does not affect single
Neuron 75, 108–120, July 12, 2012 ª2012 Elsevier Inc. 111



Figure 4. Dendritic Plasticity Is Mediated by SK2 Channel Downregulation

(A) Bath application of the SK channel blocker apamin (10 nM) enhances CF responses. Lower left: time graph showing changes in dendritic CF response

amplitudes (red dots). Lower right: time graph showing changes in the spikelet number (blue dots; n = 6).

(B) In the presence of apamin in the bath, dendritic plasticity (depolarization protocol) is occluded. Lower left: time graph showing dendritic CF responses (red

dots) when apamin was present in the bath. Lower right: time graph showing spikelet number changes (blue dots; n = 6).

(C) Apamin application enhances the spike count and the dendritic Na+ spike amplitude (red traces; enlarged in the insets). Lower left: time graph showing

changes in the Na+ spike amplitude (n = 9). Lower right: time graph showing spike count changes (n = 9). Bars indicate the presence of apamin in the bath.

(D) Dendritic plasticity is absent in SK2�/� mice, but can be elicited in WT littermates. Top: typical traces obtained before (left) and after tetanization (right) from

WT (top row) and SK2�/� Purkinje cells (bottom row). Bottom: time graph showing changes in dendritic CF response amplitudes in SK2�/�mice (blue dots; n = 4;

n = 5 up to t = 4 min) and WT mice (green dots; n = 6).

The recording configuration for (A), (B), and (D) corresponds to the configuration shown in Figure 2A. The recording configuration for (C) corresponds to the

configuration shown in Figure 3A. Arrows indicate tetanization. Error bars indicate SEM. See also Figure S3.
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PF-EPSPs, but increases EPSP trains, thereby enhancing the

probability that strong PF inputs reach spike threshold. A similar

amplification is seen in the presence of apamin, suggesting that

SK channel downregulation enhances PF burst signaling.

Dendritic Plasticity Can Be Restricted to Selectively
Activated Compartments
The data show that dendritic responses as diverse as CF-evoked

potentials, PF-EPSP trains and Na+ spikes can be amplified, via

downregulation of SK2 channel activity, by spatially unspecific

activation patterns such as somatic depolarization or strong PF

activation, suggesting that this type of dendritic plasticity can
112 Neuron 75, 108–120, July 12, 2012 ª2012 Elsevier Inc.
occur throughout large neuronal domains. Consistent with this,

immunostaining shows SK2 expression throughout the Purkinje

cell dendrite (Belmeguenai et al., 2010). To determine whether

dendritic plasticity may be restricted to selectively activated

areas of the dendritic tree, we performed triple-patch experi-

ments in which recordings were simultaneously obtained from

two distinct dendritic locations and the soma. The two dendritic

patch electrodes were either placed on two different branches

(Figures 7A and 7B), or on the same branch, but at different

distances from the soma (Figure 7C). Figure 7D shows depolar-

ization-evoked Na+ spikes (left) and synaptically evoked CF

responses (right) that were monitored on the same branch. As



Figure 5. Dendritic Plasticity Enhances Parallel Fiber Burst Signaling
(A) Recording configuration. PF responses were measured before and after application of the somatic depolarization protocol.

(B) Repeated somatic depolarization does not alter the first EPSP in a 10 Hz EPSP train but enhances amplification of subsequent EPSPs. Left traces: dendritic

(red) and somatic (black) baseline responses. Right traces: 20 min after tetanization.

(C) Tetanization enhances the facilitation within 50 Hz EPSP trains.

(D) EPSP facilitation within 10Hz trains before (open dots) and after tetanization (closed dots) in the dendrite (left) and soma (right; n = 9). In the presence of spikes,

the EPSP amplitude was measured as the amplitude of the slow response component. EPSP amplitudes were normalized to the amplitude of EPSP 1 in the

same train.

(E) The probability of spike firing was enhanced for the late EPSPs within a 50 Hz EPSP train (n = 8). The PF-EPSP train measures were obtained during the

experiments shown in Figures 2B and 3. Three to nine sweeps were collected at minutes�10 to�7 (baseline), three sweeps were collected at minute�1 (before

tetanization), and nine sweeps or more were collected at minutes +20 to 30 (after tetanization). Error bars indicate SEM.
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predicted from double-patch recordings performed at various

distances from the soma (Figures 1A–1D), the Na+ spike ampli-

tude was smaller at more distal dendritic locations (here

125 mmas compared to 70 mm), whereas the CF response ampli-

tude was distance independent. To simultaneously monitor

dendritic gain changes at two separate dendritic locations, we

performed triple-patch recordings of CF responses (n = 5; in

three recordings the two dendritic patch electrodes were placed

on different branches of the dendrite as shown in Figure 7B). We
took advantage of CF responses because of their large ampli-

tudes (advantage over dendritic Na+ spikes) and because they

can be equally well recorded on different branches of the

dendrite (advantage over the spatially restricted PF responses).

To selectively activate one recording site, we used modified

versions of the two protocols described above: (1) depolarizing

current pulses injected through one of the dendritic patch elec-

trodes, rather than into the soma, (2) 50 Hz PF stimulation

protocol, with the stimulus electrode placed lateral to the
Neuron 75, 108–120, July 12, 2012 ª2012 Elsevier Inc. 113



Figure 6. Apamin Bath Application En-

hances Parallel Fiber Burst Signaling

(A) When apamin was bath applied, the EPSP

amplification within a 10 Hz EPSP train was

enhanced (n = 10) as compared to control (n = 7).

The recording configuration corresponds to the

configuration shown in Figure 5A, but in the

experiments shown here no tetanization protocol

was applied. The traces shown on the right were

recorded 20min after wash-in of apamin.

(B) In the presence of apamin in the bath, EPSP

facilitation was observed in 50 Hz EPSP trains.

(C) EPSP facilitation under control conditions

(open dots; n = 7) and in the presence of apamin

(10 nM; closed dots; n = 10) in the dendrite (left;

purple dots) and the soma (right; black dots).

(D) The facilitation within 50 Hz trains resulted in an

enhanced spike number in the late EPSPs (control:

n = 7; apamin: n = 10). Error bars indicate SEM.
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dendritic target area (for an example, see Figure 7B), and the

stimulus intensity adjusted to evoke smaller PF-EPSPs (n = 5;

depolarization: n = 2; 50 Hz PF tetanization: n = 3). In comparison

to the dendritic responses obtained with 50 Hz PF stimulation

in the previous recordings (12.5 ± 1.0 mV; n = 5; Figure 2D), in

which the stimulus electrode was randomly placed in the

molecular layer, application of the modified PF tetanization

protocol resulted in smaller peak response amplitudes (5.3 ±

0.7 mV; n = 3; p = 0.036; Mann-Whitney U test). For simplicity,

we use the terms ‘‘strong’’ and ‘‘weak’’ in this study, referring

to the dendritic response strength, to address these two

induction protocols. Figure 7E shows an example of weak PF

activation resulting in an EPSP train at the conditioned site (red

trace), but not at the unconditioned site (blue trace). For compar-

ison, the gray trace on top shows a 50 Hz EPSP train evoked by

strong PF activation. Figure 7F shows typical responses to the

depolarization protocol. For both protocols, the peak depolariza-

tion at the conditioned site was significantly larger than at the

unconditioned site (conditioned: 5.5 ± 0.5 mV; unconditioned:

1.6 ± 1.4 mV; n = 5; p = 0.042; Figure 7G). In both conditions,

we observed a selective increase in the CF response amplitude

at the activated dendritic recording site (134.7% ± 11.6%; n = 5;

last 5 min; p = 0.013; paired Student’s t test), while at the uncon-

ditioned site the responses were not significantly affected

(82.7% ± 11.5%; n = 5; p = 0.207; Figures 7H and 7I). These
114 Neuron 75, 108–120, July 12, 2012 ª2012 Elsevier Inc.
data show that dendritic plasticity can

selectively occur at dendritic locations

that receive sufficient activation.

To obtain a second measure of

compartment-specific dendritic plas-

ticity, we performed confocal imaging

experiments. The experimental layout

was similar to the triple-patch recordings

in that CF-evoked complex spikes were

measured in the soma using patch-clamp

recordings, and local CF responses were

monitored in the dendrites. However, in

this case, dendritic CF responses were
measured using calcium transients. Purkinje cells were loaded

with the green, calcium-sensitive fluorescent dye Oregon Green

BAPTA-2 (200 mM; excitation wavelength: 488nm) and the red,

calcium-insensitive fluorescent dye Alexa 633 (30 mM; excitation

wavelength: 633 nm; Figure 8A). Calcium transients were

calculated as DG/R = (G(t) – G0)/R (Yasuda et al., 2004), where

G is the green fluorescent signal of Oregon Green BAPTA-2

(G0 = baseline signal) and R is the red fluorescent signal of Alexa

633. CF stimulation (2 pulses; 50 ms interval) evoked complex

spikes (Figures 8B and 8C) which were associated with wide-

spread calcium transients that could be recorded throughout

large parts of the dendritic tree (Figure 8D). To trigger excitability

changes, we applied the local 50 Hz PF tetanization (weak

protocol) as used in the triple-patch recordings. A first region

of interest (ROI) for calcium measurements was chosen within

a distance of % 10 mm from the stimulus electrode. This ROI-1

represents the conditioned site. Additional ROIs were selected

at greater distances, with values determined relative to the

center of ROI-1 (measured along the axis of the connecting

dendritic branch). As shown in Figures 8E and 8F, local 50 Hz

PF tetanization caused a pronounced calcium transient in

ROI-1, but not at two ROIs that were located at distances of

29.8 and 50.2 mm, respectively, from ROI-1 (Figure 8A).

Following tetanization, CF-evoked calcium transients recorded

at ROI-1 were enhanced, but calcium signals monitored at



Figure 7. Triple-Patch Recordings Reveal Location-Specific Dendritic Plasticity

(A) Recording configuration. CF responses were recorded in two dendritic locations and the soma before and after either weak PF activation or repeated current

injection at one of the dendritic recording sites.

(B) DIC image showing how simultaneous recordings are obtained from two different branches (blue and red patch pipettes), and the soma (white).

(C) DIC image showing the second configuration, in which recordings were obtained from two sites on the same branch. In (B) and (C), arrows indicate the course

of the primary dendrite.

(D) Responses to somatic depolarization (left) and CF stimulation (right). These recordings were obtained at two sites on the same branch (70 and 125 mm).

(E) Example of responses to weak 50 Hz PF activation at the conditioned (red trace) and the unconditioned site (blue trace). For comparison, the gray trace on top

shows a typical response resulting from strong 50 Hz PF activation as used for global excitability changes.

(F) Example responses to current injection (+80 pA) at one recording site (red trace), but not the other (blue trace).

(G) Bar graphs showing response amplitudes monitored at the conditioned and the unconditioned dendritic recording site (n = 5).

(H) The increase in CF response amplitudes was restricted to the locally conditioned (here: PF tetanization protocol) recording site (red traces), while CF

responses recorded at the unconditioned site (blue traces) remained unchanged.

(I) Time graph showing changes in CF response amplitudes at the conditioned dendritic site (red dots), the unconditioned site (blue dots) and the soma (black

dots; n = 5). On the right, the amplitude changes are separately shown for the two stimulus protocols (average: last 5 min; 50 Hz PF bursts: closed squares; n = 3;

depolarization: open squares; n = 2). The arrow indicates tetanization. Error bars indicate SEM.
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ROIs 2 and 3 were not (Figure 8D). On average, PF tetanization

resulted in an increase in the peak amplitude and the area

under the curve of calcium transients recorded at ROI-1

(peak: 130.5% ± 9.0%; p = 0.010; area: 165.7% ± 13.1%;

p = 0.001; n = 9; t = 10–15 min; Figures 8G–8I), but not at ROIs

that were 30–60 mm away from ROI-1 (peak: 90.7% ± 5.8%;

p = 0.020; area: 100.6% ± 8.1%; p = 0.925; n = 9; Figures

8G–8I). At intermediate distances (10–30 mm), peak calcium tran-

sients were not significantly affected, while the area under the

curve was increased (peak: 110.9% ± 11.0%; p = 0.366; area:

137.3% ± 13.8%; p = 0.049; n = 9; Figure 8I). Thus, consistent

with the triple-patch recordings, the imaging data show that

dendritic plasticity may be restricted to the activated areas of

the dendritic tree.

DISCUSSION

We have shown that synaptic or nonsynaptic stimulation proto-

cols trigger plasticity of IE in the dendrites of cerebellar Purkinje

cells. This amplification of dendritic signaling reflects downregu-

lation of SK2 channel activity and can occur in a compartment-

specific manner. Importantly, depolarizing current injections,
nonsynaptic stimulations, enhance the amplitude of passively

propagated Na+ spikes, a nonsynaptic response. This demon-

strates that the underlying mechanism is an alteration of intrinsic

Purkinje cell properties.

The amplification of dendritic CF responses is likely to affect

Purkinje cell output. CF signaling elicits widespread dendritic

calcium transients, which, in PF-contacted spines, reach supra-

linear levels when PF and CF synapses are coactivated

(Wang et al., 2000). Both LTD and LTP are calcium-triggered

processes, but there is a higher calcium threshold for LTD

than for LTP induction (Coesmans et al., 2004). CF coactivation

therefore facilitates LTD induction, and additional alterations in

CF and/or PF signaling will shift the induction probabilities

for LTD and LTP. Our confocal imaging studies indeed show

that CF-evoked calcium transients can be locally amplified in

dendritic plasticity. Similarly, we have recently shown that

repeated depolarizing current injections at 5 Hz for 3 s, one of

the protocols that was also used in the present study, enhance

PF-evoked spine calcium transients, and lower the probability

for the subsequent induction of LTP (Belmeguenai et al.,

2010). These data suggest that excitability changes in the

dendrite result in altered calcium signaling and can modulate
Neuron 75, 108–120, July 12, 2012 ª2012 Elsevier Inc. 115
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Figure 8. Confocal Calcium Imaging Shows Location-Specific Dendritic Plasticity
(A) Top: Purkinje cell filled with Alexa 633. The lines indicate the location of the somatic patch electrode aswell as the glass pipettes that were used for PF (left) and

CF stimulation (right). Scale bar: 50 mm.Middle: enlarged view of the area indicated by the white box in the top picture. Left: red fluorescence of Alexa 633 (30 mM).

Right: green fluorescence of Oregon Green BAPTA-2 (200 mM). Scale bars: 10 mm. Bottom: image illustrating the location of the stimulus pipette (red dot), and of

ROIs 1–3. The red line indicates the dendritic axis along which the distance of ROI-2 and -3 (center of the ROI box) from ROI-1 was determined. Scale bar: 10 mm.

(B) Complex spikes recorded during the baseline (left) and after tetanization (middle). Right: overlay of the traces.

(C) Weak PF activation did not change the number of spikelets in the complex spike waveform (n = 9).

(D) CF-evoked calcium transients at ROI-1 (top), ROI-2 (middle) and ROI-3 (bottom) before (left) and after tetanization (middle). Right: overlay of the traces.

(E) Top: calcium transients monitored during the PF tetanization protocol (first two seconds) at ROIs 1–3. Bottom: somatic response to PF tetanization. Stimulus

artifacts and antidromic spikes were suppressed.

(F) Bar graphs indicate calcium transients evoked during PF tetanization at ROI-1 (%10 mm distance from stimulus pipette), ROI-2 (10–30 mm distance from

ROI-1), and ROI-3 (30–60 mm distance from ROI-1). Calcium transients were recorded during tetanization in 3/9 cells.

(G) Time graph showing changes in the peak amplitude of CF-evoked calcium transients after PF tetanization at ROI-1 and at ROIs located at a distance of

30–60 mm from ROI-1 (n = 9).

(H) Time graph showing corresponding changes in the area under the curve of CF-evoked calcium transients (n = 9).

(I) Left: bar graphs summarizing peak amplitude changes at ROI-1 as well as ROIs located at 10–30 mm and 30–60 mm distance from ROI-1, respectively (n = 9).

Right: corresponding changes in the area under the curve (n = 9). Error bars indicate SEM. Asterisks indicate significant difference from baseline (paired Student’s

t test). *p < 0.05 and **p < 0.01.
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the LTD/LTP balance. In addition, our previous study (Belmegue-

nai et al., 2010) showed that this form of intrinsic plasticity can

be triggered by repeated current injections or PF tetanization,

is measured as an increase in the number of depolarization-

evoked spikes (see Figure 3) and is mediated, at least in part,

by downregulation of SK channel activity (Belmeguenai et al.,

2010; Hosy et al., 2011). Thus, it is possible that intrinsic

plasticity in the soma and the dendrites share an underlying

cellular mechanism. Intrinsic plasticity as recorded in Purkinje

cell somata depends on postsynaptic calcium transients, the

activation of protein phosphatases 1, 2A, and 2B, as well as

the activation of protein kinase A (PKA) and protein kinase CK2

(Belmeguenai et al., 2010). PKA and CK2 have both been shown

to directly downregulate SK2 channel activity, although by

distinct molecular mechanisms.While PKA regulates the surface

expression of SK2 channels (Lin et al., 2008), CK2 reduces

their calcium sensitivity (Allen et al., 2007; Giessel and Sabatini,

2010).
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In addition to its effect on dendritic processing, dendritic plas-

ticity alters the complex spike waveform, increasing the number

of spikelets. This, in turn, could increase the number of spikes

that propagate down the axon. Previous studies have shown

that the first and the last spikelets are most likely to successfully

propagate, because of their relatively high amplitudes (Khaliq

and Raman, 2005; Monsivais et al., 2005). The spikelets added

as a result of enhanced dendritic IE are typically seen toward

the end of the waveform (see Figure 2B) and might thus be

reflected in the axonal spike pattern. Therefore, changes in the

complex spike waveform will not only modify the Purkinje cell

interpretation of CF activity, butmight also change their electrical

output function, affecting the inhibition of target neurons in the

cerebellar nuclei (Aizenman and Linden, 1999; Pedroarena and

Schwarz, 2003; Pugh and Raman, 2009).

PF responses are modified by dendritic plasticity, depending

on the position of a PF-EPSP within an EPSP train. Due to

paired-pulse facilitation, the amplitude of EPSPs increases
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during an EPSP train. Our recordings show that dendritic

plasticity does not enhance single PF-EPSPs. Rather, the

enhanced excitability further amplifies EPSP facilitation within

a train. This effect selectively boosts strong PF inputs and alters

the filtering properties of the dendrite.

Modifications of intrinsic properties are based on changes in

ion channel activity, and are known to alter dendritic response

characteristics and signal processing (Fan et al., 2005; Frick

et al., 2004; Lin et al., 2008; Nelson et al., 2005; Ramakers and

Storm, 2002; Rancz and Häusser, 2010). Here we find that,

similar to our previous study of somatically recorded IE plasticity

(Belmeguenai et al., 2010), bath application of the highly

selective SK channel blocker, apamin, mimics and occludes

dendritic IE plasticity, asmonitored by changes in CF responses,

PF-EPSP trains and Na+ spikes, suggesting a common

underlying molecular process. Moreover, dendritic excitability

changes were lost in SK2�/� mice, specifically implicating

SK2-containing channels.

Apamin-sensitive SK channels activate rapidly with onset

within 1 ms (t�10ms in saturating calcium; Bond et al., 2004;

Sah and Faber, 2002; Xia et al., 1998), sufficiently fast to affect

the peak amplitude of CF responses (time to peak: 3.4 ms ±

0.1 SEM; n = 40; averaged baseline values from all rat record-

ings) as well as the amplitude of even the earliest Na+ spikelets

evoked by depolarizing current pulses. Thus, apamin bath appli-

cation causes an increase in both parameters. It remains

possible that SK channels may be located on CF terminals and

additionally affect glutamate release. Nevertheless, both the

plasticity of dendritic IE and apamin bath application were

associated with an increase in the amplitude and frequency of

depolarization-evoked Na+ spikes, suggesting a postsynaptic

modification. Moreover, release at CF synapses operates at

near saturation (Dittman and Regehr, 1998), which makes

a contribution by a presynaptic potentiation mechanism unlikely.

Rather, the data suggest that a regulation of SK2 channels

located on Purkinje cell dendrites mediates this form of intrinsic

plasticity. It remains to be determined whether the increase in

dendritic IE reflects changes in the biophysical properties of

SK2 channels and/or reduced SK2 surface expression (Lin

et al., 2008; Allen et al., 2007). Moreover, future work will have

to address the question whether intermediate conductance

calcium-activated K channels (Engbers et al., 2012) or large

conductance BK-type K channels (Rancz and Häusser, 2006,

2010) play similar or complementary roles in activity-dependent

plasticity of dendritic IE.

Triple-patch recordings were used to simultaneously monitor

CF responses in the soma and at two dendritic locations. These

experiments show that local activation by dendritic current injec-

tion or weak PF activation can trigger increases in dendritic IE

that are restricted to the conditioned site. This observation was

confirmed by our confocal imaging experiments, which show

that local PF activation results in an amplification of CF-evoked

calcium transients at the ROI closest to the stimulation site

(ROI-1; % 10 mm), but that this amplification is not seen at

ROIs that are located 30–60 mm away from ROI-1. At interme-

diate distances (10-30 mm), CF responses were still enhanced

on average, but to a lower degree than at ROI-1. In both types

of experiments, local amplification of dendritic CF responses
was used as a measure of excitability changes, because CF

signaling provides large, widespread signals that can be re-

corded at multiple dendritic locations. In addition to its use

as an indicator of dendritic plasticity, this location-specific

amplification process is physiologically interesting, because an

enhancement of the instructive CF signal and the associated

calcium transient could locally affect the LTD/LTP balance at

nearby PF synapses (Ohtsuki et al., 2009). It has previously

been demonstrated in vivo that brief high-frequency bursts

constitute a typical granule cell response to sensory stimulation

(Chadderton et al., 2004). Thus, the PF burst pattern used

(5 pulses at 50 Hz; repeated at 5 Hz for 3 s) likely provides a

physiological input pattern, suggesting that the spatial restriction

of dendritic plasticity reported here (on average no amplification

at distances of > 30 mm from the conditioned site) reflects

a physiologically relevant degree of localization. It should be

noted, however, that this finding does not exclude the possibility

that dendritic excitability changes can be even more spatially

restricted.

In CA1 hippocampal pyramidal neurons, local changes in

A-type K channels result in long-term adjustments of branch

coupling strength that have been suggested to play a role in

the storage of specific input patterns (Losonczy et al., 2008;

Makara et al., 2009). Another study showed that A-type K

channels and SK channels play complementary roles in limiting

dendritic responses to the stimulated branch (Cai et al., 2004).

However, there is a fundamental difference in the way that

SK channels and voltage-gated K channels control dendritic

responsiveness. SK channels are exclusively activated by

calcium and, in turn, regulate the amplitude and kinetics of

EPSPs and curtail spine calcium transients (Belmeguenai et al.,

2010; Lin et al., 2008; Ngo-Anh et al., 2005). Thus, SK channel

activation is part of a negative feedback loop that is closely

tied to calcium signaling and provides a unique brake mecha-

nism to influence dendritic processing. Our data provide the first

demonstration that the gain of this dendritic brake mechanism

may be adjusted in an activity-dependent way. Moreover, we

show that this form of plasticity of dendritic IE can be restricted

to selectively activated compartments of the dendrite. The

concept of individual dendritic branches (or subcompartments

of branches) as computational units of modification andmemory

storage is also highlighted in the Clustered Plasticity Hypothesis,

which states that changes in synaptic strength preferentially

occur at synapses that are clustered at discrete locations on

the dendrite (Govindarajan et al., 2006, 2011). Activity-depen-

dent clustered synaptic plasticity has been observed in neural

circuit development as well as in young adult learning and might

enable grouping of functionally related input patterns onto

dendritic subcompartments (Fu et al., 2012; Kleindienst et al.,

2011; Makino and Malinow, 2011; Takahashi et al., 2012).

Together, these data show that forms of activity-dependent

synaptic and nonsynaptic plasticity can selectively regulate

dendritic input processing at the level of dendritic subdomains.

In this scenario, SK2 channel plasticity might assume the

role of a local amplification mechanism that participates in

dendritic input gain control. The data presented here show that

in Purkinje cell dendrites, SK2 channel plasticity provides such

an additional, nonsynaptic gain control mechanism that could
Neuron 75, 108–120, July 12, 2012 ª2012 Elsevier Inc. 117
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complement LTD and LTP in information storage (Hansel et al.,

2001; Jörntell and Hansel, 2006; Schonewille et al., 2011) and

is an example of how active dendritic conductances contribute

to the computational power of neurons.

EXPERIMENTAL PROCEDURES

Slice Preparation

Sagittal slices of the cerebellar vermis (220 mm) were prepared from Sprague-

Dawley rats (P25–P37) after isoflurane anesthesia and decapitation. This

procedure is in accordance with the guidelines of the Animal Care and Use

Committees of the University of Chicago and Erasmus University. In some

experiments, SK2�/� mice (Bond et al., 2004) and wild-type littermates

(P17–P35) were used. Slices were cut on a vibratome (Leica VT1000S) using

ceramic blades. Subsequently, slices were kept in ACSF containing the

following (in mM): 124 NaCl, 5 KCl, 1.25 Na2HPO4, 2 MgSO4, 2 CaCl2,

26 NaHCO3 and 10 D-glucose, bubbled with 95% O2 and 5% CO2.

Patch-Clamp Recordings

Slices recovered for at least 1 hr and were then transferred to a recording

chamber superfused with ACSF at near-physiological temperature (31�C–
34�C). The ACSF was supplemented with 100 mM picrotoxin to block

GABAA receptors. Patch recordings were performed under visual control

with differential interference contrast optics in combination with near-infrared

light illumination (IR-DIC) using a Zeiss AxioCam MRm camera and a 340

IR-Achroplan objective, mounted on a Zeiss Axioscope 2FS microscope

(Carl Zeiss MicroImaging). Patch-clamp recordings were performed in

current-clamp mode (Rs compensation off/fast capacitance compensation

on) using an EPC-10 quadro amplifier (HEKA Electronics). Membrane voltage

and current were filtered at 3 kHz, digitized at 25 kHz, and acquired

using Patchmaster software (HEKA Electronics). Patch pipettes (borosilicate

glass) were filled with a solution containing (in mM): 9 KCl, 10 KOH, 120 K-

gluconate, 3.48 MgCl2, 10 HEPES, 4 NaCl, 4 Na2ATP, 0.4 Na3GTP, and 17.5

sucrose (pH 7.25). Resting [Ca2+]i determined under these experimental

conditions was 67.3 ± 14.7 nM (n = 9; for technical details, see below).

Membrane voltage was corrected for liquid junction potentials (11.7 mV).

Somatic patch electrodes had electrode resistances of 2–5 MU, while

dendritic patch electrodes had electrode resistances of 7–10 MU. Hyperpola-

rizing bias currents (100–350 pA) were injected to stabilize the membrane

potential at about �75 mV and to prevent spike activity. Depolarizing current

steps (250–400 pA/350–550 ms) were applied to the soma to evoke action

potentials when experimentally required. For CF stimulation (4–12 mA/200 ms

pulses), glass pipettes filled with ACSF were placed in the granule cell layer.

For PF stimulation (1–8 mA/200 ms pulses), glass pipettes were placed in

the molecular layer. To trigger widespread dendritic plasticity with the 50 Hz

PF tetanization protocol (Figure 2D), the stimulus electrode was randomly

placed in the molecular layer (dendritic response amplitude: 12.5 ± 1.0 mV;

stimulus intensity: 13.4 ± 1.4 mA; n = 5). In contrast, to trigger local excitability

changes (Figure 7), the stimulus electrode was placed lateral to one dendritic

recording site (see Figure 7B), and the stimulus intensity was adjusted

to evoke smaller PF-EPSPs (dendritic response amplitude: 5.3 ± 0.7mV;

stimulus intensity: 19.5 ± 6.2 mA; n = 3; note different location of the stimulus

electrode). Thus, the protocol attributes ‘‘weak’’ and ‘‘strong’’ were selected

to refer to the dendritic response strength and do not reflect differences in

the stimulus intensity/electrode location. In contrast to the imaging experi-

ments, where stimulus pipettes could be placed very close to the dendritic

target area (%10 mm distance), stability of dendritic recordings required elec-

trode placement at larger distances where the stimulus electrode would not

interfere with the dendritic patch recordings (>20 mm distance). Spikelets

(complex spike; dendritic Na+ spikes) were identified as positive deflections

in the somatic and dendritic recordings, respectively. The amplitude of

dendritic Na+ spikes was measured from the base of the action potentials as

determined by a sudden acceleration of the depolarizing phase. Input resis-

tance was monitored by injecting 100 pA and 20 pA hyperpolarizing pulses

(50 ms duration) at the somatic and dendritic recording sites, respectively

(Figure S3).
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Confocal Calcium Imaging

Calcium transients were monitored using a Zeiss LSM 5 Exciter confocal

microscope equipped with a 363 Apochromat objective (Carl Zeiss MicroI-

maging). For calcium imaging experiments, sagittal slices of the cerebellar ver-

mis (220 mm) were prepared from P20–P25 rats. Calcium transients were

calculated as DG/R = (G(t) – G0)/R (see Yasuda et al., 2004), where G is

the calcium-sensitive fluorescence of Oregon Green BAPTA-2 (200 mM;

G0 = baseline signal), and R is the time-averaged calcium-insensitive

fluorescence of Alexa 633 (30 mM). The green fluorescence G was excited at

488 nm using an argon laser (Lasos Lasertechnik). The red fluorescence R

was excited during subsequent sweeps at 633 nm using a HeNe laser (Lasos

Lasertechnik). Purkinje cells were loaded with Oregon Green BAPTA-2 and

Alexa 633 by adding these dyes to the pipette solution. The experiments

were initiated after the dendrite was adequately loaded with the dyes and

the fluorescence at the selected ROIs reached a steady-state level, which typi-

cally requiredR 30min. The recordings were performed at room temperature.

Resting calcium levels were calculated as

½Ca2+ �=KD

ðG=RÞ � ðG=RÞmin

ðG=RÞmax� ðG=RÞ
where KD is the dissociation constant of Oregon Green BAPTA-2, and (G/R)max

and (G/R)min are the fluorescence ratios at saturating and zero (external)

calcium concentrations, respectively. For this calculation, we used the

following values: KD = 485 nM (cuvette measurements), G/Rmax = 0.9440

(in situ measurement; injection of depolarizing currents in [Ca2+]o = 4mM),

and G/Rmin = 0.0196 (in situ; no stimulation; [Ca2+]o = 0 mM).

Data Analysis

Data were analyzed using Fitmaster software (HEKA Electronics) and Igor

Pro software (WaveMetrics). Linearity was assessed by using Pearson’s

correlation coefficient, and statistical significance was determined by using

the paired Student’s t test (to test for significance of changes after an

experimental manipulation in comparison to baseline) and the Mann-Whitney

U test (between-group comparison), when appropriate. All data are shown as

mean ± SEM.
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Rancz, E.A., and Häusser, M. (2006). Dendritic calcium spikes are tunable

triggers of cannabinoid release and short-term synaptic plasticity in cerebellar

Purkinje neurons. J. Neurosci. 26, 5428–5437.
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